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Foreword
The American Geosciences Institute (AGI) represents and serves the geoscience community by providing collaborative leadership and information to connect Earth, science, and people. In 2003, AGI,
in cooperation with our member societies and several federal agencies, released a publication called
Petroleum and the Environment to give the general public, educators, and policy makers a better understanding of environmental concerns related to petroleum resources.
In the years that followed, the shale boom yielded a huge increase in domestic energy production,
which came with new environmental challenges, opportunities, and uncertainties. We realized that
our 2003 publication no longer provided the breadth or depth of information needed to understand
how today’s oil and gas operations interact with the environment.
This update to the original Petroleum and the Environment provides a completely rewritten overview of
many environmental considerations associated with current practices as of 2018 in oil and gas exploration, production, processing, refining, transportation, and use. Designed as a series of factsheets that
can be read individually or as a single publication, online or in print, this update is an accessible and
impartial explanation of a complex subject. It can serve as a starting point for someone interested in
learning more about petroleum and the environment, or as a reference work.
We gratefully acknowledge funding from the American Association of Petroleum Geologists Foundation, which made this publication possible. I would also like to recognize Edie Allison, an experienced
petroleum geologist and writer, and Ben Mandler, from AGI, who collaborated to write and produce
this revised version of Petroleum and the Environment.
Eve Sprunt
President, American Geosciences Institute, 2017-2018
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Foreword
For more than fifty years the American Association of Petroleum Geologists (AAPG) Foundation has
focused on advancing the science of geology, particularly petroleum geology, by supporting educational and research programs to benefit the geoscience profession and the public.
Petroleum, both oil and natural gas, form the base of our energy infrastructure, which provides the
foundation for modern society. There is a strong correlation between energy consumption and economic growth. And as nations seek to provide better lives for their citizens and coming generations,
it’s essential that they have access to affordable, reliable energy supplies developed and produced in
an environmentally-responsible manner.
The AAPG Foundation is pleased to support this publication by the American Gesociences Institute that
seeks to enhance public understanding of petroleum resources and their relation to environmental,
human, and societal health.
David Curtiss
Executive Director, American Association of Petroleum Geologists Foundation

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

iv

Petroleum and the Environment
Written by E. Allison and B. Mandler for AGI, 2018

Contents

Part		

Title

1

Petroleum and the Environment: an Introduction

2

Water in the Oil and Gas Industry

3

Induced Seismicity from Oil and Gas Operations

4

Water Sources for Hydraulic Fracturing

5

Using Produced Water

6

Groundwater Protection In Oil and Gas Production

7

Abandoned Wells

8

What Determines the Location of a Well?

9

Land Use in the Oil and Gas Industry

10

The Pinedale Gas Field, Wyoming

11

Heavy Oil

12

Oil and Gas in the U.S. Arctic

13

Offshore Oil and Gas

14

Spills in Oil and Natural Gas Fields

15

Transportation of Oil, Gas, and Refined Products

16

Oil Refining and Gas Processing

17

Non-Fuel Products of Oil and Gas

18

Air Quality Impacts of Oil and Gas

19

Methane Emissions in the Oil and Gas Industry

20

Mitigating and Regulating Methane Emissions

21

U.S. Regulation of Oil and Gas Operations

22

Health and Safety in Oil and Gas Extraction

23

Subsurface Data in the Oil and Gas Industry

24

Geoscientists in Petroleum and Environment

		

Glossary of Terms

		References

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

v

Petroleum and the Environment
Written by E. Allison and B. Mandler for AGI, 2018

Petroleum and the Environment
Part 1

Petroleum and the Environment: an Introduction
Relationships between oil and gas and the environment in historical context
Introduction

Despite rapid advances in renewable energy technologies, in
2016 oil and gas accounted for two thirds of U.S. energy consumption1 and over half of all the energy consumed worldwide.2
Annual U.S. oil and gas production is expected to increase
beyond 2040.3 Developments in policy, technology, and public
opinion may change this trend, but oil and gas will likely play
a fundamental role in U.S. and global energy production and
consumption for much of the 21st century.

When oil and gas were first extracted and used on an industrial
scale in the 19th century, they provided significant advantages
over existing fuels: they were cleaner, easier to transport, and more
versatile than coal and biomass (wood, waste, and whale oil). Diesel
and gasoline derived from oil revolutionized the transportation
sector. Through developments in chemical engineering, oil and
gas also provided the raw materials for a vast range of useful
products, from plastics to fertilizers and medicines. By the 20th
century, oil and gas had become essential resources for modern
life: as both fuel and raw material, the versatility and abundance of
oil and gas helped to facilitate unprecedented economic growth
and improved human health around the world.

How can the environmental and public health risks of the energy
sector be minimized while ensuring a consistent and abundant
energy supply? An important step in addressing environmental
and health concerns is understanding the risks and the options
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Sources of energy used in the United States, 1850-2016. “Other Renewable” includes solar, wind, and geothermal energy. Image credit: American
Geosciences Institute. Data source: Energy Information Administration.4,5
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Part 1: Petroleum and the Environment: an Introduction
Recent Developments

available to reduce them. In this series, 24 factsheets and case
studies provide an overview of the many intersections between
the oil and gas industry and the environment. Specific attention
is paid to: (1) environmental and human health issues in the
exploration, production, refining and processing, and transportation of oil and natural gas; and (2) some of the technologies,
management practices, and regulations that can help to address
these issues.

Oil and gas exploration, production, and use have radically
changed since the beginning of the 21st century. The use of
horizontal drilling with hydraulic fracturing to access previously
uneconomic oil and gas deposits led to unprecedented increases
in oil and gas production: from 2006 to 2015, U.S. natural gas
production increased by 40%,6 while from 2008 to 2015, U.S.
oil production increased by 88%.7 This growth in production
has led to commensurate growth in oil and gas transportation,
processing and refining, use in agriculture and manufacturing,
and energy exports.8.9

A Note on Climate Change
The combustion of fossil fuels (coal, oil, and natural gas)
releases large quantities of carbon dioxide (and other greenhouse gases) into the atmosphere, which has a wide range
of environmental impacts. The full extent of these impacts is
not yet known, but they include rising global temperatures,
ocean acidification, sea level rise, and a variety of other
impacts on weather, natural hazards, agriculture, and more,
many of which are likely to increase into the future.10,11,12
While agriculture and land use change also emit carbon
dioxide and other greenhouse gases (especially methane),
fossil fuels, especially coal and oil, produce the majority of
anthropogenic (human-caused) emissions of greenhouse
gases on a global scale.13

However, the recent growth in oil and gas production has
increased or renewed some longstanding concerns over their
impact on the environment, while also giving rise to some new
concerns. Areas of major change and/or public concern include:
• Hydraulic fracturing (“fracking”) – this technique of
fracturing rocks to extract oil and gas has been used since
the 1940s, but its combination with horizontal drilling to
extract oil and gas from shale led to a surge in hydraulic
fracturing starting around 2005. The widespread use of
hydraulic fracturing has raised questions about the large
amount of water used in the process, which may compete
with other fresh water demands in some areas, and has
motivated research into alternative fluids. Hydraulic
fracturing has also highlighted the issue of groundwater

Since peaking in 2007, U.S. emissions of greenhouse gases
have decreased largely due to changes in electric power
generation (decreased electricity demand and decreased
use of coal for electricity generation in favor of natural gas
and, more recently, renewables).14 With continued changes
in how energy is generated and used, emissions from
the energy sector as a whole may continue to decrease.
Meanwhile, there are actions that can be taken to reduce
the carbon emissions from the oil and gas sector, such as
reducing gas leaks, using less energy-intensive exploration
and production techniques, and capturing and storing
carbon emissions. These efforts are addressed throughout this series where relevant to each subtopic. For those
interested in learning more about climate change and its
relationship to the combustion of fossil fuels as an energy
source, a selection of resources is provided at the end of
this introduction.
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Schematic showing the various types of oil and gas deposits. Recent
advances in directional (especially horizontal) drilling and hydraulic
fracturing have led to substantial increases in production from shale
as well as tight oil and gas sandstone. Image credit: U.S. Environmental
Protection Agency.15
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Petroleum and the Environment
Part 1: Petroleum and the Environment: an Introduction
largest source of electricity in the United States.21 Burning
natural gas releases less carbon dioxide than coal, so in
this sense the transition from coal to natural gas has had
a positive environmental impact. However, methane,
the main component of natural gas, is itself a potent
greenhouse gas, so any leaks during natural gas production
and distribution will partially offset this benefit. Improved
monitoring of methane emissions, targeted repair and
replacement of equipment, and potential regulations all
play a role in minimizing methane leaks.

protection, partly due to concerns over the fracturing
process itself and partly due to the use of toxic chemicals in
some hydraulic fracturing fluids. This adds a new element
of concern to a longstanding problem: old or poorly
constructed wells may leak a variety of fluids if the cement
or steel portions of the well are compromised, whether
they are hydraulically fractured or not. Identifying instances
and sources of groundwater contamination is an ongoing
challenge for research scientists, regulators, and industry.
• Induced earthquakes – many human activities can trigger
earthquakes, including geothermal energy production,
filling up reservoirs behind dams, and groundwater
extraction.16,17 Oil and gas operations can trigger
earthquakes through two main processes: underground
wastewater injection and hydraulic fracturing. The largest
induced earthquakes from oil and gas operations have been
caused by the underground injection of large volumes of
wastewater extracted along with oil and gas (“produced
water”).18 This water is often too salty to release into surface
waterbodies so it is instead injected deep underground,
where it can increase the likelihood of earthquakes on
existing faults. Hydraulic fracturing very rarely causes
noticeable earthquakes, but it has triggered some small
but noticeable earthquakes in parts of the United States
and Canada.19 Some states, particularly Oklahoma and
Kansas, have observed a decrease in induced seismicity
since 2015 due to decreased oil production (and therefore
less wastewater in need of disposal) and new regulations
constraining wastewater injection volumes and rates.20

• Heavy oil and oil sands – some of the largest oil resources
in the world consist of thick, heavy oil that is extracted and
processed with specific, energy-intensive techniques. In the
United States, California has long produced heavy oil from
the Kern River Oil Field outside Bakersfield,22 but the largest
heavy oil producers are Venezuela and Canada. In Canada,
a significant proportion of oil production comes from oil
sands (also known as “tar sands”), which are a mixture of
clay, sand, water, and bitumen (a very thick oil). Canadian
oil sand production has increased substantially since 2005.
Deeper oil sand deposits are commonly extracted by
heating the oil, which thins it so that it can flow up through
a well. Shallower deposits are extracted by open-pit mining
of the oil sands, which are then processed to remove the oil.
Regardless of the production technique, oil sand production
is energy-intensive and therefore results in higher overall
emissions of carbon dioxide and combustion-related
air pollutants. Open-pit mining of oil sands in particular
presents additional environmental concerns, such as risks to
air and water quality from dust and waste ponds.

• Land use – advances in horizontal drilling mean that wells
don’t need to be placed directly above a resource, so
the location of well sites can be planned to reduce their
surface impact, and multiple wells can be drilled in different
directions from a single site. However, the boom in horizontal
drilling and hydraulic fracturing has led to increased oil and
gas activity in many areas, including some areas that had
previously had little activity, resulting in increased overall
land disturbance in some parts of the country.

• Transportation and spills – increases in oil and gas
production and consumption require enhanced
transportation infrastructure. About 90% of crude oil
and refined products, and essentially all natural gas,
are transported through millions of miles of (mostly
underground) pipelines. Spills of crude oil and refined
products represent less than 0.001% of the total amount
transported, but this small percentage amounts to millions
of gallons spilled each year.23 Most spills are small but some
can have significant local impacts and require extensive and
expensive cleanup efforts.

• Methane emissions – the surge in U.S. natural gas
production has led to natural gas replacing coal as the
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Part 1: Petroleum and the Environment: an Introduction
• Offshore drilling – advances in offshore drilling technology
have allowed oil and gas to be produced in increasingly
deep water. These extreme conditions pose particular
technological and environmental challenges. For example,
in 2010, a defective well in the Macondo prospect of the
Gulf of Mexico caused the largest marine oil spill in history
and killed 11 workers on the Deepwater Horizon drilling
rig. Since this spill, regulations and industry practices have
changed substantially to reduce the environmental risks of
offshore oil and gas production, but many concerns remain.

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment
Petroleum and the Environment (2018) is a completely rewritten update of AGI’s 2003 publication, Petroleum and the
Environment. You can access the 2003 publication at https://
www.agiweb.org/environment/publications/petroleum.pdf

The Purpose of This Series
This series of factsheets and case studies discusses developments
in the topics listed above, as well as some less visible topics, such
as the importance of data, non-fuel products of oil and gas, the
positive and negative impacts of refining and processing, and
the many factors that determine the location of a well. Our aim
is to provide an overview of the many ways in which the oil
and gas industry interacts with people and the environment,
including major risks and hazards; progress that has been made
in addressing these issues; and how the geosciences, technology,
and regulations are used in attempts to balance the need for
abundant, affordable energy with the need to protect and
preserve environmental and human health.

Additional resources are provided in each of the 24 sections
of this series where they are most topically relevant. Below
is a selection of resources that relate to petroleum and the
environment but are not provided elsewhere in this series.
Intergovernmental Panel on Climate Change – Fifth Assessment Report. http://www.ipcc.ch/report/ar5/
U.S. Environmental Protection Agency – Global Greenhouse
Gas Emissions Data. https://www.epa.gov/ghgemissions/
global-greenhouse-gas-emissions-data
International Energy Agency - World Energy Flows Sankey
Diagram. https://www.iea.org/Sankey/

The information provided herein represents the most current
reliable information available to the authors at the time of
publishing (Spring 2018). Data relating to petroleum and the
environment change through time: government statistics may be
updated weekly, monthly, annually, or less frequently; research on
aspects of energy and the environment is regularly published in
peer-reviewed journals; and regulations affecting energy exploration, production and use are developed and/or legally contested in
an ongoing but slow process. Details that are more likely to change
in the near future or are associated with substantial uncertainty
are indicated. Every attempt has been made to provide references
and recommend additional resources that are freely available
online, to allow the interested reader to dive deeper into each
topic. Not all topics have been covered in the same level of detail:
for some topics for which high-quality, accessible resources are
freely available (e.g., oil spills in marine settings), the reader is
directed toward these existing resources for further information.
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Institute of Physics (2008). The Role of Physics in Improving
the Efficiency of Electricity Generation and Supply. https://
www.iop.org/publications/iop/2008/file_38218.pdf
World Resources Institute – Resource Watch. https://
resourcewatch.org/
International Energy Agency (2017). CO2 Emissions from Fuel
Combustion 2017. http://www.iea.org/bookshop/757-CO2_
Emissions_from_Fuel_Combustion_2017
Raimi, D. (2017). The Fracking Debate: The Risks, Benefits, and
Uncertainties of the Shale Revolution. Columbia University
Press, 280 pp.
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Part 2

Water in the Oil and Gas Industry
An overview of the many roles of water in oil and gas operations
Introduction

Quick Facts: Water Volumes

The oil and gas industry consumes and produces water. Water
is used to drill and hydraulically fracture (“frack”) wells, refine
and process oil and gas, and produce electricity in some natural
gas power plants. Water is also naturally present in the rocks
that contain oil and gas and is extracted along with the oil and
gas as “produced water”, sometimes in large quantities. The
quantity and quality of water used, produced, and disposed
of or re-used varies enormously depending on local geology,
financial constraints, and regulations, with implications for the
environmental impacts of oil and gas production.

In 2010, total U.S. water use was about 355 billion gallons
per day, or 1,100 gallons per person per day.1 Major water
users were:
• Thermoelectric power: 45%
• Irrigation: 38%
• Public supply: 14%
• Mining, including oil and gas extraction: 2%
Hydraulic fracturing water use per well varies from about
1.5 million gallons to about 16 million gallons.2 For comparison, a million gallons would cover a football field to a
depth of almost 4 feet.

Many aspects of water use in the oil and gas industry are covered
in more detail elsewhere in this series – see the list at the end of
this section for more information on each.

In the U.S., 2.5 billion gallons of produced water are extracted
along with oil and gas every day,3 most of which is then
injected underground, either to enhance oil recovery or
simply for disposal.4

Sourcing Water
Water used in the production of oil and gas is often locally
sourced from groundwater, rivers, or lakes (both natural and
artificial). Where fresh water is in high demand for other uses,
water reuse and alternative water sources (e.g., brackish groundwater) are attractive options.

Transporting Water
Water is often transported by trucks, which bring water to the oil
or gas well for drilling and hydraulic fracturing, and take used or
produced water away for treatment, reuse, and disposal. In areas
with many established wells, pipelines may be installed to transport water, improving efficiency and safety, and decreasing traffic.

Using Water
Water is used during drilling to lubricate and cool the drill and
remove drilling mud and rock debris. For hydraulic fracturing
operations, water is mixed with chemicals that improve its ability
to create fractures in the rock, and with sand to hold the fractures
open and allow oil or gas to flow into the well. Although most
wells do not leak, some old or poorly constructed wells may pose
a contamination risk to nearby groundwater supplies.

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

Tanks like these in the Fayetteville Shale area (Arkansas) are commonly
used to supply the water required for hydraulic fracturing operations.
Image credit: Bill Cunningham, USGS.
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Part 2: Water in the Oil and Gas Industry
Produced Water

Changes in Water Use

Water produced along with oil and gas is often naturally salty
and may contain oil residues, chemicals from hydraulic fracturing
and drilling fluids, and natural contaminants from the rocks
themselves. It is usually either disposed of deep underground
or treated and reused, though some is allowed to partially
evaporate in surface pits. The amount of water produced by a
well can vary from almost none to over 100 barrels of water per
barrel of oil. Nationally, an average of about 10 barrels of water
are produced for each barrel of oil.3

Although some hydraulic fracturing (“fracking”) has been used
since the 1940s, the boom in hydraulic fracturing since 2005
(especially using multiple frack treatments within single wells)
has changed how water is used in oil and gas production. Fracked
and non-fracked oil wells use similar amounts of water over
their lifetime,6 but the timing of water use is different. Water use
increases over the life of a non-fracked well – large volumes of
water may be injected into older wells to push out additional
oil, a process called water flooding. Conversely, water use in
many hydraulically fractured wells is very high at first but often
decreases over time. Many hydraulically fractured gas wells use
more water than non-fracked gas wells,7 although water use
varies substantially between different wells in different places.6

Water Treatment, Reuse, and Disposal
Produced water must be either re-used or disposed of. Re-use
typically requires some treatment to remove oil residues, salts,
and other chemicals, depending on how the water will be reused.
In some cases, produced water is temporarily stored in surface
pits to evaporate some of the water. This can affect local air quality,
and if pits leak, they can contaminate groundwater supplies. In
many places, large amounts of produced water are disposed of
through deep underground injection wells. This has triggered
earthquakes in Oklahoma, Kansas, and some other parts of the
country. Access to disposal wells, earthquake prevention, water
needs for other wells, produced water volumes, and treatment
costs are all important factors when deciding how to dispose
of or treat and reuse produced water.

Regulation of Water
In general, individual states regulate oil and gas operations on
state and private land, while federal agencies oversee operations
on federal lands. Underground injection of produced water is
regulated by the U.S. Environmental Protection Agency (EPA)
or by states to which the EPA has delegated authority. The
regulation and ownership of water in the U.S. varies greatly from
place to place, but all water withdrawals from public or private
water sources require approval from the relevant owner and/or
regulatory agency.

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment
Water in the Oil and Gas Industry: elsewhere in this series:
Part 3: Induced Seismicity in the Oil and Gas Industry
Part 4: Water Sources for Hydraulic Fracturing
Part 5: Using Produced Water
Part 6: Groundwater Protection in Oil and Gas Production
Part 14: Spills in Oil and Natural Gas Fields
Part 15: Transportation of Oil, Gas, and Refined Products
Part 21: U.S. Regulation of Oil and Gas Operations

Wastewater is often transported by truck to disposal facilities such as this
one near Platteville, Colorado. After some treatment, most wastewater is
disposed of deep underground. Image credit: William Ellsworth, USGS.5
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Petroleum and the Environment
Part 3

Induced Seismicity from Oil and Gas Operations
Earthquakes caused by wastewater disposal and hydraulic fracturing
Manmade Earthquakes

Earthquakes Caused by Wastewater Disposal

Any activity that significantly changes the pressure on or fluid
content of rocks has the potential to trigger earthquakes. This
includes geothermal energy production, water storage in large
reservoirs, groundwater extraction, underground injection of
water for enhanced oil recovery, and large-scale underground
disposal of waste liquids.1 The fact that underground fluid
injection can trigger damaging earthquakes has been understood since the 1960s, but historically such earthquakes have
been very rare.2 The sharp rise in noticeable earthquakes in the
central United States from 2008 to 2015 was caused by massive
increases in the underground disposal of produced water from
the oil and gas industry.3 Since mid-2015, declining rates of
produced water disposal have led to fewer earthquakes in the
central United States.

In the central United States, particularly in central Oklahoma
and south-central Kansas, the oil and gas boom in the early
2000s vastly increased the amount of produced water in need of
disposal. Across the region, as more water was injected in deep
disposal wells, earthquake activity increased:
• In Oklahoma, wastewater disposal rates tripled from
1 million barrels per day in 2010 to almost 3 million in 2014.
Before 2008, Oklahoma had only a few earthquakes larger
than magnitude 3 (M>3) per year; in 2014 the state had 579;
and in 2015 there were 903 M>3 earthquakes in Oklahoma.
These earthquakes clustered in areas with many largevolume disposal wells, strengthening the link between
underground water disposal and induced earthquakes.3 In
2015, underground water disposal began to decline, and
in 2016 the number of M>3 earthquakes decreased to 623.
This decline in underground disposal of produced water
reflects both reduced production (due to lower oil prices)
and state regulations.3

Hydraulic fracturing has caused some small earthquakes, but
these are comparatively unusual: in a 2016 study of Canadian
wells, 0.3% of hydraulically fractured wells were linked to earthquakes of at least magnitude 3.4

Induced Seismicity: Fast Facts and Figures
• 2.5 billion gallons of water are produced every day in
the U.S. from about 900,000 oil and gas wells.6 That’s
7.5 gallons per U.S. resident per day.
• Roughly 90% of all produced water is injected6 into
roughly 150,000 wells: 40,000 are used only for
wastewater disposal and the rest inject water for
enhanced oil recovery.7
• Earthquakes caused by underground wastewater disposal
have been most common and powerful in Oklahoma.8
• In Oklahoma, earthquake activity peaked in early 2015,
with roughly three M>3 earthquakes every day.9 From
early 2015 to early 2017, earthquake activity decreased
to less than one M>3 earthquake per day as less
wastewater was injected underground.3

The sharp rise in small but noticeable earthquakes in the central United
States, caused largely by huge increases in the underground disposal of
produced water from oil and gas production. M = magnitude (see blue
box). Image credit: U.S. Geological Survey5
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Petroleum and the Environment
Part 3: Induced Seismicity from Oil and Gas Operations
• In Ohio, both Poland Township (2014) and Harrison County
(2015) have experienced M3 earthquakes caused by
hydraulic fracturing.3,15
• In Oklahoma, some small (mostly ≤ M3) earthquakes have
been linked to hydraulic fracturing in a small proportion of
hydraulically fractured wells.3

Earthquake Risk Management and
Mitigation by States
State regulators focus on identifying the precise location and
magnitude of an earthquake and then determining its cause. If
earthquakes are linked to wastewater injection, regulators can
instruct operators to cease or limit injection rates and water
volumes in nearby wells.16,17 Many regulators also require that new
injection wells avoid areas near known active faults. In Oklahoma,
these techniques have effectively reduced the number of felt
earthquakes.3 Similar procedures have been applied to hydraulic
fracturing operations in some states (e.g., Ohio): if earthquakes are
detected, operations must be modified or suspended.3

Damage caused by the magnitude 5.7 earthquake near Prague, Oklahoma, November 6, 2011. Unreinforced stone and brick buildings
(especially chimneys) are some of the most vulnerable structures in any
earthquake. Image credit: Brian Sherrod, USGS10

• In south-central Kansas, deep wastewater disposal volumes
increased roughly tenfold from 2011 to 2014. In Harper and
Sumner counties, which historically do not experience M>3
earthquakes in most years, over 100 M>3 earthquakes were
recorded in 2015.11 From 2015, decreasing injection volumes
were followed by a decrease in earthquakes, and in 2016
there were fewer than 20 M>3 earthquakes in all of Kansas.12
In 2017, Kansas saw slightly more earthquakes, but overall
earthquake activity remained low.
• Texas went from having roughly two M>3 earthquakes per
year before 2008 to around 12 per year from 2011 to 2016.13

Produced Water
Most oil- and gas-bearing rocks also contain water. When
this is extracted along with oil and gas, it is called “produced
water”. For more on produced water reuse and disposal, see
“Using Produced Water” in this series.

Earthquake Magnitude
Earthquake magnitude (M) describes the amount of energy
released by an earthquake. For every two units of magnitude,
the energy release is roughly 1000 times larger. M3 and
larger can often be felt, and M5 can cause moderate damage.
The largest earthquakes are all naturally occurring and can
reach M9 or greater. Underground wastewater disposal has
been linked to earthquakes as large as M5.8 in Oklahoma.18

Other areas that have seen noticeable earthquakes induced by
wastewater disposal (in much lower numbers than Oklahoma)
include Colorado, New Mexico, Arkansas, Ohio, and Wyoming.

Earthquakes Caused by Hydraulic Fracturing
Hydraulic fracturing does not generally cause earthquakes large
enough to be felt (M>3), but there have been some exceptions:

References & More Resources

• A study in Canada linked roughly 0.3% of hydraulically
fractured wells to M>3 earthquakes.4 Although most of
these earthquakes occur close to and at the same time
as hydraulic fracturing operations, a small percentage of
induced earthquakes may occur months later.14
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Water Sources for Hydraulic Fracturing
Reducing the oil and gas industry’s need for fresh water
Hydraulic Fracturing and Water Demand

oil.6 This produced water is often naturally salty, contains residual
oil, and, for hydraulically fractured wells, may contain “flowback”
water and chemicals from the original hydraulic fracturing fluid.
Most produced water cannot be safely released into the surface
environment, so over 90% is disposed of in deep underground
injection wells.6 Storing, treating, and re-using this water for
hydraulic fracturing and other oilfield operations can help reduce
the need for both disposal wells and fresh water.

Hydraulically fracturing a modern well can require millions
of gallons of water for the initial fracturing process. This is a
potential problem in arid regions with competing demands for
fresh water (i.e. high water stress), such as Colorado and West
Texas (see map). Today, advanced technologies allow the use of
saline or brackish water (including groundwater and recycled
oilfield water) for hydraulic fracturing, decreasing the demand
for fresh water.

Regional variations in the amount and composition of produced
water, as well as differences in state regulations, affect the use
of produced water in hydraulic fracturing and other oilfield
applications such as waterflooding (injecting water into oil
formations to help push out more oil):

Using Brackish Groundwater
Roughly 14% of all the water used in the United States is too salty
to drink. Most of this is seawater used for cooling at coastal power
plants. Much of the rest is brackish (slightly salty1) groundwater,
used in the oil and gas industry for hydraulic fracturing, for water
injection to improve oil recovery, and in refineries.2

• In the Bakken area of North Dakota only about 5% of the
wells drilled in 2014 used produced water in their fracturing
fluid. This is partly due to state regulations that prohibit
storage of salty produced water in open-air pits,7 and partly
because the extreme salinity of produced water in this area
makes treatment and reuse difficult and expensive.8

Using Produced Water
Oil and natural gas co-exist underground with varying amounts
of water, so in some cases significant amounts of water may be
extracted, or “produced”, along with the oil and/or gas – nationally
an average of 10 barrels of water are produced for each barrel of

Left: Water stress in the United States3 - in brown areas of the map, total water demand for all uses ranges from 40-80 percent of available supply.4
Right: Hydraulic fracturing water use per well across the country.5 Image credits: Left: Copyright, Union of Concerned Scientists, used with permission;
Right: U.S. Geological Survey.
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• The Marcellus shale in the northern Appalachians produces
very little water compared to other major oil- and gasproducing regions.9 Almost all of the produced water is
reused in hydraulic fracturing operations, but the small
amount of water produced compared to the amount used
means that produced water can provide only a small fraction
of the water needed for hydraulic fracturing in this area.10

In semi-arid West Texas, companies have long used brackish
groundwater and reused produced water for both conventional
and hydraulically fractured wells.14 The abundance of brackish
groundwater in Texas has also given rise to large-scale desalination operations to produce fresh water for industrial and
municipal use.15,16

• In Texas, reusing produced water is less attractive because
the state has large amounts of brackish groundwater. It is
cheaper to extract and use this groundwater than to store,
transport, and treat produced water for reuse in hydraulic
fracturing operations. Underground disposal of produced
water is also relatively easy and inexpensive, and water
ownership issues have discouraged transfer of produced
water between operators.11 As a result, companies in Texas
are more likely to dispose of produced water than to treat,
transport, and reuse it.

A variety of alternative fluids are being developed for hydraulic
fracturing:

Alternative Hydraulic Fracturing Fluids

• To decrease environmental impacts caused by leaks and
spills, less harmful additives are being developed and fewer
additives are now added.
• To decrease water use, alternatives include fluids foamed
with nitrogen or carbon dioxide, which can be used in lowpressure oilfields,17 and high-pressure carbon dioxide. Some
of these alternatives require specialized equipment and may
be more expensive than standard hydraulic fracturing fluids.

• The Eagle Ford shale in semi-arid South Texas has been
a significant source of both oil and gas in the hydraulic
fracturing boom. In this area, water needs for hydraulic
fracturing are high, but less than 5% of this need is met by
reusing produced and flowback water.12 In 2013, hydraulic
fracturing in the Eagle Ford was responsible for roughly
16% of total water consumption in the area. Much of this
water was initially drawn from fresh groundwater supplies:
between 2009 and 2013, one area saw groundwater levels
drop by up to 200 feet due largely to extraction of fresh
groundwater for hydraulic fracturing. Some operators here
have switched to using abundant, non-potable brackish
groundwater for hydraulic fracturing.12
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Disclosing the Composition of Hydraulic
Fracturing Fluids
FracFocus, an online chemical disclosure registry lists the
chemicals used in hydraulic fracturing operations for over
124,000 wells (although some proprietary ingredients are
undefined).13 The registry is searchable by location, operator,
or chemical.
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Using Produced Water
Recycling oilfield water in the oil and gas industry and beyond
Opportunities and Concerns in Using
Produced Water

solids or salts. The chemistry and quantity of produced water
vary greatly from place to place and may also vary over the
lifetime of a single well.

Produced water is natural groundwater that is extracted along
with oil and gas. It is commonly salty and mixed with oil residues,1
so it must be either disposed of or treated and reused. About
2.5 billion gallons of produced water are extracted every day
from all types of oil and gas wells, including coalbed methane
wells.2 If treated appropriately, produced water may be a valuable
water source for agriculture, industry, and energy production,3,4
but currently less than one percent of produced water is reused
outside the oilfield.5 This is due both to the high cost of treatment
and to public concerns over the environmental and human safety
of produced water.

The salinity of produced water, a major constraint on reuse,
ranges from nearly fresh (≤1%) to about 50% – 15 times saltier
than seawater. Most produced water is currently disposed of in
deep underground injection wells,2 so access to disposal wells
may also influence reuse decisions: in 2015, Texas had about 8,100
active oilfield wastewater disposal wells,6 but in 2017, Pennsylvania
had only 11 wells permitted for this purpose.7 Under the Safe
Drinking Water Act, underground injection of oil- and gas-related
fluids for disposal or enhanced oil recovery is regulated by the EPA
for nine states (including two oil-producing states: Pennsylvania
and Virginia) or individually by the 41 states and two tribes to
which the EPA has delegated authority.8

Chemistry and Quantity of Produced Water
Determine its Fate
Produced water reuse depends on the water’s chemistry and
quantity, the cost of treatment, transportation, and storage,
and state and federal regulations. Produced water can contain
varying amounts of dissolved oil and gas, toxic chemicals such as
benzene, naturally occurring radioactive material, and dissolved

Produced Water Treatment
Before being reused, produced water must be treated to remove
oil residues, salts, suspended solids, and other chemicals. The level
of treatment required depends on what the water will be used for.
When reusing produced water for new hydraulic fracturing operations, often relatively little treatment is required.5 For irrigation
or groundwater recharge, most of the salt must be removed. The
more treatment required, the more expensive the process; it is
possible to produce distilled water from produced water, but this
would be very expensive. New technologies are continuously
being developed and refined; for example, methods are being
developed to remove boron, which is toxic to plants and can
degrade some gels used for hydraulic fracturing.5

Salinity (%)
0-1
1-5

Flowback Water

5 - 10
10 - 20

In addition to naturally occurring produced water, some
of the water that comes up a hydraulically fractured oil or
gas well is flowback of the previously injected hydraulic
fracturing fluid.

20 - 46

Salinity (total dissolved solids) of produced waters in the United States.
The composition of produced water depends strongly on where it
comes from and influences options for treatment and reuse. For comparison, seawater has a salinity of 3.5%. Image credit: Tracey Mercier,
U.S. Geological Survey.
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Reuse in the Oil and Gas Industry

• Some states allow the spreading of highly saline produced
water on roads for winter ice control.13,14 The EPA
recommends against this practice because the water may
contain other pollutants in addition to salt.15

• By far the most common application for reusing produced
water is for injection into oil-producing rock formations
to enhance oil production. Nationally, about 45% of all
produced water is reused for this purpose.2

A Complicated Legal Framework

• In the Marcellus shale of Pennsylvania, West Virginia, and
surrounding states, high water demand for hydraulic
fracturing but low produced water volumes mean that
almost all produced water is reused for hydraulic fracturing.
Produced water only provides about 15% of the water
needed to fracture new wells; the rest of the water comes
largely from fresh surface waterbodies.9

If produced water has economic value (as a water or mineral
source rather than a waste product), its reuse is complicated by
water rights laws and regulations, which vary from state to state.
Another legal concern for production companies is liability for
the reused water, which, depending on the level of treatment,
may be unsuitable for certain uses.5

Mining Resources from Produced Water

• In the Permian basin of West Texas, companies that operate
large numbers of wells reuse millions of gallons of produced
water. Centralized treatment and storage facilities served
by a network of pipelines help to reduce truck traffic, thus
decreasing associated emissions and road damage.2

Treatment of produced water typically involves removing
a wide variety of dissolved salts and other compounds to
improve the quality of the water. Some of these compounds
may themselves have value; for example, several Oklahoma
operations extract and sell iodine from highly saline produced
water.16 Other potentially valuable elements, such as lithium,
also occur in produced water, but extraction of most elements
is not currently economical.

Reuse Beyond the Oilfield
Depending on the level of treatment, produced water may be
used for many purposes. Some recent examples include:
• Thousands of acres in the Powder River Basin (Wyoming
and Montana) are irrigated using treated produced water
from coalbed methane wells to restore overgrazed range
land or produce livestock forage. Some treated coalbed
methane water is used to provide drinking water for
livestock and wildlife.10
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• In Wellington, Colorado, treated produced water is used
in an aquifer storage and recovery project to maintain
groundwater supplies in the region.11

U.S. Geological Survey – National Produced Waters Geochemical
Database. https://energy.usgs.gov/EnvironmentalAspects/
EnvironmentalAspectsofEnergyProductionandUse/
ProducedWaters.aspx#3822349-data

• In California, low-salinity produced water is reused for
enhanced oil recovery, groundwater recharge, and
agriculture. Of the 80 billion gallons of oilfield water
produced in California in 2013, about 20% (entirely from
wells that are not hydraulically fractured) was treated and
used for irrigation of crops for human consumption. State
regulations specifically prohibit the use of water from
hydraulically fractured wells to irrigate food crops.12

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

National Academies of Science, Engineering, and Medicine
(2017). Flowback and Produced Waters: Opportunities and
Challenges for Innovation: Proceedings of a Workshop. Washington DC: The National Academies Press. https://www.nap.
edu/catalog/24620/flowback-and-produced-watersopportunities-and-challenges-for-innovation-proceedings

5–2

Petroleum and the Environment, Part 5/24
Written by E. Allison and B. Mandler for AGI, 2018

Petroleum and the Environment
Part 6

Groundwater Protection In Oil and Gas Production
Identifying and mitigating contamination of groundwater from oil and gas activity
Introduction

have long played a crucial role in protecting environmental and
human health during oil and gas production. More recently, oil
and gas operations, particularly hydraulic fracturing, have raised
concerns about the potential for aquifers to be contaminated by
methane, produced water, or hydraulic fracturing fluid. This has
led to more extensive research into the mechanisms, likelihood,
and prevention of groundwater contamination.

The United States relies on groundwater for roughly 25% of its
fresh water.1 This groundwater is found in porous, permeable
rocks (aquifers) that often lie close to the Earth’s surface – the
deepest freshwater aquifers are found more than 6,000 feet
underground,2 but most are much shallower, from near the land
surface to a few hundred feet below the surface.3 In contrast,
many of the largest oil and gas deposits are deeply buried many
thousands of feet below the Earth’s surface. As a result, oil and
gas production involves drilling through aquifers to access the
oil and gas farther below. Groundwater protection techniques

Potential Contaminants
Hydraulic fracturing chemicals – hydraulic fracturing fluid is
roughly 99% water. The remaining 1% typically consists of 3 to
12 chemical additives that improve the effectiveness of the fluid
during hydraulic fracturing operations.5 Some of these additives
are toxic, and because a single hydraulically fractured well may
use several million gallons of fluid, even a small leak may pose
a risk to local groundwater supplies. Compositions of hydraulic
fracturing fluids for most recent wells are listed in the FracFocus
chemical disclosure registry,6 although some components are
kept confidential except in an emergency – this confidentiality
exists to protect companies’ investments in developing more
effective fluids.
Drilling fluids – used to lubricate drills, remove rock chips, and
maintain pressure in the well during drilling, usually consist mostly
of mud and water with smaller amounts of minerals and chemicals
that change the physical properties of the fluid to improve its
function. Most of the substances in drilling fluids are not harmful
to humans, and states typically impose restrictions on additives
that can be used when drilling through freshwater aquifers.
However, there have been rare cases in which unauthorized use
of drilling fluid additives while drilling through freshwater aquifers
has been found to contaminate groundwater.7

Schematic cross-section of a hydraulically fractured gas well in the Uinta
Basin, Utah. The spatial relationships between the producing shale and
overlying aquifers shown here are common for many, but not all, shales:
operators must drill through fresh water aquifers to access the shales far
beneath. Steel “casing” pipes are used to prevent the transfer of fluids
between the well and the aquifer being drilled through. Hydraulically
generated fractures in the shale may extend upwards for hundreds to
more than 1,000 feet, but in most cases this still leaves thousands of feet
of undisturbed rock between the hydraulic fractures and fresh groundwater. Image credit: Courtesy of the Utah Geological Survey.4
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Methane – methane is a naturally occurring, flammable gas
that is non-toxic but explosive at high concentrations. It is also
a potent greenhouse gas. Methane is the main component of
natural gas but it is also produced by microbes in sediments
and wetlands, so methane found in groundwater may come
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from nearby oil and gas operations, natural microbes, or both.8
Methane can also enter groundwater due to natural leakage
from coal or gas-rich rocks. Determining the contributions of
these different methane sources is a crucial step in assessing the
environmental impacts of oil and gas production.

rocks it is theoretically possible for fluids and/or gas to move up
through the rocks and into an aquifer.

Do hydraulically generated fractures create
pathways for groundwater contamination?
The horizontal and vertical extents of hydraulically generated
fractures are often determined during the fracturing process.
Studies of thousands of hydraulic fracturing operations in the
Barnett Shale (Texas) and the Marcellus Shale (Ohio, Pennsylvania, and West Virginia) have found that hydraulic fracturing
operations took place more than 3,000 feet below any aquifers,
and that the fractures generated during these operations
generally extended upwards for only a few hundred feet.11 A few
fractures extended more than 1,000 feet, but in all cases there
were still thousands of feet between the maximum extent of the
fractures and the freshwater aquifers. Hydraulic fracturing for
oil and gas in most areas therefore does not appear to generate
fractures that allow for the migration of hazardous chemicals
into freshwater aquifers. However, developing a complete
understanding of these processes is an ongoing endeavor, and
a procedure that is safe in one area or at one well may present
risks in another.

Oil and produced water – any fluid that can enter a well also has
the potential to leak out of it if the well is compromised. This may
include natural gas (see above), oil, or the often salty water that
coexists with oil and gas in many rocks (called “produced water”
when it is extracted along with oil and gas). Oil and saltwater
leaks are rare but are of greater risk in improperly abandoned
or “orphaned” wells than in active ones.9

Potential Mechanisms for Groundwater
Contamination
There are three main ways in which oil and gas wells may contaminate groundwater: (1) if a well leaks (see “Preventing Well
Leaks”, below), (2) if oil or other fluids are spilled at the surface
(see “Spills in Oil and Natural Gas Fields” in this series), or (3) if a
hydraulic fracturing operation generates cracks in the overlying

Identifying Causes of Groundwater
Contamination
Are hydraulic fracturing and/or leaking wells responsible for
the contamination (primarily by methane) observed in some
aquifers? This question has been extensively studied, debated,
and litigated in a number of major oil- and gas-producing areas,12
including Pavillion, Wyoming;13 Dimock, Pennsylvania;14 and
Parker County, Texas.15 In many cases, water quality samples were
not collected prior to hydraulic fracturing, making it difficult to
establish whether or not the aquifer contamination is related to
hydraulic fracturing, earlier oil and gas production, or natural
seepage. Most states now require (and many companies choose
to conduct) pre-drilling testing of domestic and public water
supplies so that the source of any future contamination can be
more reliably identified.

One of the main ways in which groundwater contamination may result
from oil and gas activity is if fluids spilled on the surface seep down
into groundwater. Above: the area affected by the 1979 pipeline spill
in Bemidji, Minnesota, is now managed by the U.S. Geological Survey
(USGS), which conducts research into the long-term effects of major
spills. In this picture, USGS scientists are collecting a groundwater
sample from a well to monitor how the different components of crude
oil that has contaminated groundwater are broken down over time by
biological activity. Image credit: U.S. Geological Survey.10
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Preventing Well Leaks
Oil and gas wells are constructed with multiple steel pipes
(“casings”) and cement barriers to prevent leaks of oil, water, or
gas into aquifers. Casing and cement also prevent contamination
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of the well itself by material from the surrounding rock formations. An oil or gas well can leak if the steel casing or cement
are damaged or poorly constructed. This is true of all wells, old
and new, whether or not they are hydraulically fractured. The
U.S. Environmental Protection Agency (EPA) has found that the
hydraulic fracturing process itself is not a major contributor to
well leaks from oil and gas operations.12 More recent analyses
have supported this finding, while also noting that surface spills
are more common due to the large amounts of various different
fluids being handled at and near the well site16 (see “Spills in
Oil and Natural Gas Fields” in this series for more information).

aquifers, and contamination risk. Some oil- and gas-producing
states, such as Pennsylvania, have updated their well casing and
cementing regulations since 2008 to reduce the risk of leaks
into aquifers.17

Examples of Methane Leaks from Wells
Although methane is often naturally present in aquifers, leaks
from oil and gas wells are possible and may include other, more
hazardous chemicals. A variety of attempts have been made to
determine the number and causes of these leaks:
• The Denver-Julesburg area north of Denver, Colorado,
contains about 54,000 oil and gas wells. Data from over 900
water wells in the area found dissolved methane in almost
600 of them. In the vast majority of cases, this methane
occurred naturally in the groundwater due to microbial
activity. However, in roughly 40 water wells measured
between 2001 and 2014, the chemistry of the methane
indicated that it came from leaking, often older, oil and
gas wells.18 The boom in horizontal drilling and hydraulic
fracturing began in 2010, but from 2010 to 2014 no increase
in contamination rates was observed, suggesting that these
practices did not increase well leaks.

Federal or state regulators specify the depth of casing and
cement layers based on local geology, depth of any freshwater

• In the Marcellus shale area of Pennsylvania, West Virginia,
and surrounding states, the picture is similar. Most
methane found in groundwater is naturally produced by
microbes, but in rare cases leaking wells can contaminate
groundwater (see above).19
• The EPA’s 2016 assessment of the impacts of hydraulic
fracturing on water resources found that hydraulic
fracturing can increase the risk of leaks in poorly
constructed wells. In 2007, improper cementing of a new
well in Ohio and subsequent hydraulic fracturing allowed
gas to enter a freshwater aquifer and then migrate into a
house through a domestic water well. Accumulation of this
gas caused an explosion that damaged the house.20
• Old, abandoned wells may be less well constructed
and may not have been properly plugged before being
abandoned. Leaks from these wells may be more likely – see
“Abandoned Wells” in this series for more information.

Several layers of steel casing and cement are used to prevent leaks out
of or into an oil or gas well. Image not to scale. Image credit: Courtesy
of Texas Oil and Gas Association.
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Naturally Occurring Methane in Aquifers

References & More Resources

In oil- and gas-producing areas, the presence of methane in
aquifers can cause significant local concern over the safety
of oil and gas operations. In many cases, however, methane
is naturally present in the local rocks and soil:
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• In the Marcellus shale area of Pennsylvania, West
Virginia, and parts of adjacent states, methane was
commonly found in aquifers before any hydraulic
fracturing took place in the area. Measurements
taken before nearby hydraulic fracturing activities
began found methane in 24% of 189 water wells in
Pennsylvania.21 Pre-drilling methane contamination
in the Marcellus region is caused by both microbial
activity and the slow, natural leaking from gas-rich
rocks in the area.22

Ground Water Protection Council (2017). State Oil and Natural Gas Regulations Designed to Protect Water Resources.
Third Edition, November 2017. http://www.gwpc.org/sites/
default/files/State%20Regulations%20Report%202017%20
Final.pdf
National Ground Water Association (2013). Water Wells
in Proximity to Natural Gas or Oil Development. NGWA
Information Brief, updated September 2017. http://
www.ngwa.org/Media-Center/briefs/Documents/
Info-Brief-Hydraulic-Fracturing.pdf

• A 2017 study by the U.S. Geological Survey found
that in the main natural-gas-producing areas of Texas,
Louisiana, and Arkansas, most methane found in water
wells is produced by microbes, not leaking gas wells.23
This was determined by studying the chemistry of the
methane and associated gases, which can be used to
distinguish microbial methane from natural gas.
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Abandoned Wells
What happens to oil and gas wells when they are no longer productive?
Introduction

orphaned wells have been plugged by state and federal regulators, as well as some voluntary industry programs. These efforts
are ongoing, and many orphaned wells have yet to be properly
plugged. The exact number is not known: some 3.7 million wells
have been drilled in the U.S. since 1859,6 and their history is not
always well documented. Older wells, especially those drilled
before the 1950s, are particularly likely to have been improperly
abandoned and poorly documented.

In 2017, there were one million active oil and gas wells in the
United States.1 When a well reaches the end of its productive
life, or if it fails to find economic quantities of oil or gas, the well
operator is required by regulators to remove all equipment and
plug the well to prevent leaks.2 Usually, cement is pumped into
the well to fill at least the top and bottom portions of the well
and any parts where oil, gas, or water may leak into or out of the
well. This generally prevents contamination of groundwater and
leaks at the surface. State or federal regulators define specific
plugging procedures depending on the local conditions and
risks, and may monitor the plugging operation.

Risks to Groundwater, Air, and the Surface
Environment
Orphaned wells are often abandoned without any plugging
or cleanup, but even plugged wells may leak, especially those
plugged in the past, when plugging procedures were less rigorous
and used less durable materials. Unplugged or poorly plugged
wells may affect:

However, there are many cases in which wells are not properly
plugged before being abandoned, especially if the well operator
goes bankrupt, leaving its wells “orphaned”.3 This is more common
when oil prices fall rapidly, making many wells uneconomical, as in
the 1980s oil glut, the 2008 financial crisis, and the 2014 downturn.

• Groundwater – old wells may have degraded well casing
or cement that can allow oil, gas, or salty water to leak into
freshwater aquifers. An assessment of 185 groundwater
contamination incidents in Ohio from 1983 to 2007
found 41 incidents caused by leakage from orphaned
wells, compared to 113 incidents caused during drilling
and production.7

In the late 1980s, the U.S. Environmental Protection Agency
estimated that 200,000 of 1.2 million abandoned wells may not
have been properly plugged.4 Since then, tens of thousands of

• Methane emissions – a study of 138 abandoned wells in
Wyoming, Colorado, Utah, and Ohio found that over 40%
of unplugged wells leaked methane, compared to less than
1% of plugged wells. This study estimated that abandoned
wells account for 2-4% of the methane emissions from oil
and gas activity.8
• The surface environment – orphaned sites may still have
old equipment, contaminated soil from small spills, and
other waste at the surface. In some unplugged or poorly
plugged wells, oil, gas, drilling mud, or salty water can rise
up the well and spill at the ground surface or, in the case of
offshore wells, into open water.9

Inoperable pumpjack at an abandoned well in Texas. Image credit:
Steve Hillebrand, U.S. Fish and Wildlife Service.5
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Abandoned Wells and Hydraulic Fracturing

drilling permit application fees,14 while Texas adds a 5/8-cent Oil
Field Cleanup surcharge to the state’s 4.6% oil production tax.15
The Oklahoma Energy Resources Board remediates abandoned
well sites using voluntary industry contributions amounting to
0.1% of oil and gas sales.16

Hydraulic fracturing uses the high-pressure injection of fluids
into oil- or gas-bearing rocks to fracture them and allow oil and/
or gas to flow out. The increased pressure in the rocks during
this process can push oil or salty water up nearby unidentified
or improperly plugged abandoned wells. In one of the more
extreme cases of this, the U.S. Environmental Protection Agency
cited an abandoned well in Tioga county, Pennsylvania, that
produced a 30-foot geyser of brine for more than a week as a
result of hydraulic fracturing of a nearby well.10 In addition to
these fluids contaminating soil and potentially reaching groundwater, the unexpected pressure release caused by this fluid escape
reduces the effectiveness of the hydraulic fracturing operation, so
there are both environmental and economic incentives to identify
and plug wells near a planned hydraulic fracturing operation.

Examples of Plugging Programs
• From 1984 to 2008, the Railroad Commission of Texas
(RRC, the state’s regulatory agency for oil and gas) plugged
almost 35,000 orphaned wells, including offshore wells,
at a cost of over $163 million.17 In fiscal year 2017, the RRC
plugged 918 orphaned wells at a cost of over $11.6 million.18
As of December 2017, there were roughly 10,000 known
orphaned wells in Texas that required plugging; the RRC
aims to plug 1,500 of these in fiscal year 2018.19

Abandoned Well Plugging Campaigns

• From 1989 to 2017, the Pennsylvania Well Plugging Program
plugged over 3,000 orphaned wells.20

For several decades, states have increased enforcement of
plugging and cleanup requirements. States generally require a
performance bond or other financial assurance from the operator
that a well will be plugged and the well site restored. However,
bond amounts may not meet the plugging and cleanup expenses
if an operator goes bankrupt.11 Most states therefore collect fees
or a production surcharge from operators specifically for remediation of orphaned wells and associated surface equipment.12
For example, Pennsylvania adds an orphaned well surcharge to

• The voluntary Oklahoma program mentioned above has
cleaned up and restored 15,000 orphaned and abandoned
well sites in Oklahoma since 1994 at a cost of almost
$100 million.21
• California has plugged more than 1,350 orphan wells since
1977 at a cost of over $27 million. In 2016, many wells
remained to be plugged, including about 900 in the city
of Los Angeles. The California Department of Conservation
is authorized to spend $1 million per year to remediate
orphan wells.22
• The U.S. Bureau of Land Management (BLM) reclaimed
295 orphaned well sites in ten states from 1988 to 2009 at
a cost of $3.8 million. As of 2010, BLM estimated that there
were 144 orphan wells yet to be reclaimed in seven states.23

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment

An abandoned well site in Oklahoma before (top) and after (bottom)
being remediated. Image credit: Courtesy of the Oklahoma Energy
Resources Board.13
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Part 8

What Determines the Location of a Well?
Geology, leasing, permitting, technology, economics, and the environment
Introduction

ancient lakes, seas, and oceans. As the organic-rich sediments
accumulate over time, the deeper portions become buried.
Once the sediments reach depths of 5,000 to 30,000 feet, heat
and pressure are high enough to convert the organic matter to
oil and gas. The buoyant oil and gas may rise toward the surface
and become trapped by overlying impermeable rocks or may
remain trapped in the rocks where they formed (typically shales).
These processes have produced the large oil and gas fields in
California, within and east of the Rocky Mountains, and in the
Gulf of Mexico and the Appalachian Basin.

Oil- and gas-rich rocks are only found in certain parts of the
United States, so most of the country has no oil or gas wells.
Where oil and gas production is commercially viable, many factors
determine the exact location of each well, including leasing,
permitting, competing land uses, environmental protection,
economics, and drilling technology. These factors are strongly
interlinked: the best well location for environmental protection
may be on land that the owner will not lease for drilling, may be
more expensive to drill on, or may be too close to a school for the
state to issue a drilling permit. The most profitable location may
endanger a local waterway or encroach on important agricultural
land. The final location for most wells is usually chosen to balance
the requirements of federal, state, and local regulators, landowners,
oil and gas operators, and the local community.

Within oil-rich areas, finer-scale variations in the geology of
the area will produce regions of greater or lesser productivity,
as shown on the next page for the Marcellus and Utica/Point
Pleasant plays in the Appalachian Basin.3

Finding the Right Rocks

Leasing: Permission from the Landowner

Oil and gas cannot form in all rocks; significant quantities can
only form from organic matter (the remains of living organisms)
trapped in thick layers of sediments. While peat and coal are
formed from plant matter, oil and gas are mostly formed from
large accumulations of tiny plankton that lived and died in

Mineral rights – the ownership of rocks, minerals, oil, and gas
beneath an area of land – may belong to private individuals or
local, state, or federal government. Before exploring for and
producing oil and gas, operators must obtain a lease from the
mineral rights owner. The mineral rights owner may be different

Left: Areas of historical oil (red), gas (green), or mixed (yellow) production in the contiguous United States as of 2005 (immediately prior to the shale
boom). Right: Current (solid orange, plus blue and black outlines) and prospective (solid red) shales for oil/gas production, overlain on major sedimentary basins (tan), as of 2016. Image credits: Laura R.H. Biewick, U.S. Geological Survey;1 U.S. Energy Information Administration.2
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to be compatible with other public uses and the protection of
wildlife, scenery, water, and land.5 Federal leases are offered in
regularly scheduled competitive lease sales. State lands may
also be leased, usually in a competitive process. For example,
the Marcellus and Utica shales underlie 1.5 million acres of
Pennsylvania state forest land; in 2017, over 130,000 of these
acres were under lease for shale gas production.6 In addition,
Native American tribes, individual Native American mineral
owners, and Alaska Native Corporations may lease their lands
for oil and gas development.7

Drilling Permits
Regardless of leasing agreements, operators must obtain permission from the state to drill a well on any land within that
state, whether it is private or owned by the local, state, or federal
government.8 If the land is federally owned, federal approval is
also required (see below). In some cases, the well will also require
county or local government permission to drill. Although state
drilling regulations vary widely, common regulations include:

Map of wells in the Marcellus and Utica/Point Pleasant formations
(Pennsylvania, Ohio, and West Virginia) through April 2017. Although
potentially oil- and/or gas-bearing shales (brown outline and blue
field) underlie almost the entire region, a wide variety of factors
(discussed throughout the text) determine exactly where and in what
concentration wells are drilled. Image credit: U.S. Energy Information
Administration.4

from the surface landowner, and in some cases the owner of
one mineral, such as coal, differs from the owner of oil and gas.
These cases of “split estate,” where there are different owners of
surface and underground resources, result from the fact that
mineral ownership can be sold or transferred like other property.

• Restrictions on drilling in or near parks or historic sites
• Rules on how closely wells can be spaced, to prevent
operators from extracting resources that belong to adjacent
leases and mineral rights owners

Obtaining a lease does not mean that a well will be drilled. Typically,
an operator acquires a large number of leases in an area to give
them the flexibility to drill wells in a range of locations based on
the results of exploration and early drilling.

• Minimum distances or setbacks between wells and homes,
businesses, schools, roads or public areas – some local and
county governments also set minimum distances within
their jurisdictions

Private mineral owners can choose to lease or not to lease their
land for drilling, and can negotiate the terms of the lease, including
an up-front “bonus” payment of less than one hundred to as much
several thousands of dollars per acre. The lease also sets the royalty
payments (the proportion of the value of resources produced that
will be paid to the mineral owner, often 12.5%). Lease terms may
also include requirements to protect crops, livestock, or buildings,
all of which may affect the location of the well.

In some states, the application to drill a well may be open for
public comments before being approved.
If the operator plans to hydraulically fracture a well, they may
be subject to additional regulations such as taking groundwater
measurements before drilling. This provides information about
the pre-drilling composition of local groundwater, which allows
potential groundwater contamination from hydraulic fracturing
fluids to be identified.9 As of 2018, hydraulic fracturing has been
banned in two states with resources that could be produced
using the technology (New York10 and Maryland11) and one state
with no known oil or gas resources (Vermont12).

The federal government restricts oil and gas activities in national
parks, monuments, and areas where Congress or the President has
suspended such activities. In other areas, the federal government
leases public land for oil and gas development when it is deemed
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Drilling Restrictions on Federal Land

Protecting Forests while Producing Energy
in Appalachia

Drilling on public land is controlled by the federal government,
which aims to balance a wide variety of land uses, including oil
and gas exploration and production, livestock grazing, hunting
and fishing, coal and mineral development, recreation, and
natural or cultural conservation.13 Laws passed by Congress
and signed by the President – or executive orders signed by the
President – can restrict or ban leasing and/or drilling in federally
controlled areas. Recent and historical restrictions and bans
of this nature have been implemented in national parks and
monuments, wilderness areas, the Great Lakes, and offshore
(see “Offshore Oil and Gas” in this series for more information
on offshore drilling).

Forests and streams in Appalachia support diverse plant
and animal populations that may be threatened by habitat
fragmentation caused by oil and gas activity. Environmental
organizations in partnership with industry and academia are
working to reduce the surface impact of oil and gas operations
in this region by optimizing the placement of drilling and
production sites, roads, and pipelines. For example:
• The Landscape Environmental Energy Planning tool
(LEEP)18 was developed by The Nature Conservancy
(TNC) in collaboration with the University of Tennessee
at Knoxville, the Cadmus Group, and industry advisors.
LEEP is an interactive, web-based GIS program that
industry planners can use to assess the relative costs
and environmental impacts of different configurations
for wells, access roads, and gathering pipelines.

Oil and gas development of onshore federal land is largely
overseen by the Bureau of Land Management (BLM). There are
roughly 100,000 active wells in areas managed by BLM; between
2000 and 2016, on average 3,000 new wells were drilled each
year.13,14 The Forest Service, the National Park Service, the Army
Corps of Engineers, the military, or the Bureau of Reclamation may
impose additional restrictions on lands under their management.
Regardless of land ownership, if operators intend to drill beneath
a navigable waterway or add new material (e.g., for roads or
well pads) that might affect a waterway or wetland, they must
first obtain permission from the U.S. Army Corps of Engineers.15

• A 2015 workshop hosted by TNC and Carnegie
Mellon University brought together a group of over
70 organizations to develop siting recommendations
for energy infrastructure to protect Appalachian
biodiversity. The publication, “Advancing the Next
Generation of Environmental Practices for Shale
Development,”19 was a collaborative effort between
the energy industry, non-governmental organizations,
academic institutions, and federal, state, and
local government.

The National Environmental Policy Act of 1970 (NEPA) requires
federal agencies to assess the environmental effects of their
proposed actions, including oil and gas leasing or drilling on
federal land.16 For NEPA compliance and other requirements, BLM
develops regional, long-term land-use plans, called Resource
Management Plans, with input from other government agencies,
individuals, organizations, and local governments (see “The
Pinedale Gas Field, Wyoming” in this series for example elements
of a Resource Management Plan).17

uses. More recently, advances in horizontal drilling have allowed
operators to drill horizontally underground for up to several
miles.20 This has the potential to provide increased flexibility in
choosing the surface location of drill sites based on other factors,
such as environmental protection (see sidebox).

Drilling Technology

Enhanced Recovery Wells and Pooling

Early oil and gas wells were drilled straight downward, meaning
that oil and gas resources could only be extracted if a well site could
be installed directly above them. Over time, drilling technology
continuously advanced, and by the first half of the 20th century,
wells could be drilled at an angle, allowing the location of the
wellhead to be placed away from sensitive areas or competing land
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an operator to drill injection wells some distance from
producing wells.22

and gas have major implications for the number and location
of new wells that are drilled. For example, declining natural
gas prices from 2008 to mid-2016 led operators to focus on
more oil-rich areas. The drop in the price of oil in late 2014
reduced the total number of new wells being drilled and led
the industry to focus operations in areas with highly productive
wells and lower operating costs. Even with decreased drilling
costs and improved drilling efficiency,24 the number of new
wells plummeted. For example, in Texas, the number of new
wells drilled per year dropped from over 27,000 in 2014 to less
than 9,000 in 2016.25

• Since the early 2000s, the proliferation of horizontal wells
extending a mile or more away from the vertical portion of
the well has required operators to work with mineral rights
owners in leases adjacent to those where the producing
well sites are located.
“Pooling” refers to the combining of leases and sharing of
operational costs and production revenues within those leases
by all parties involved. Mineral owners adjacent to an area leased
for oil and gas development may be legally forced to lease their
subsurface minerals if theirs are necessary for development of
the first lease – this is referred to as “forced pooling”. All mineral
rights owners in the pool share in the costs and revenues, even
if there are no producing wells on their land.23

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment

Economic Considerations
For oil and gas operations to be financially viable, the expected
cost to explore for, drill, and extract the resource must be less
than the value of oil and gas expected to be produced over the
life of the well. National and global demand and price for oil

Biewick, L.R.H. (2008). Areas of Historical Oil and Gas Exploration and Production in the United States. U.S. Geological
Survey Digital Data Series DDS-69-Q. https://pubs.usgs.gov/
dds/dds-069/dds-069-q/text/pdfmaps.htm
The Nature Conservancy – LEEP: The Nature Conservancy’s Appalachian Shale Siting Tool. https://www.
nature.org/ourinitiatives/regions/northamerica/areas/
centralappalachians/leep-summary.pdf
The Nature Conservancy and Carnegie Mellon University
(2016). Advancing the Next Generation of Environmental Practices for Shale Development: Workshop Deliberations and Recommendations. May 27-29, 2015. Pittsburgh,
PA. https://www.cmu.edu/energy/documents/Shale_
Workshop_Deliberations_and_Recommendations_Final.pdf
Pennsylvania Department of Conservation and Natural
Resources (2017). Natural Gas Development and State
Forests: Shale Gas Leasing Statistical Summary, May 2017.
http://www.docs.dcnr.pa.gov/cs/groups/public/documents/
document/dcnr_20029363.pdf

U.S. oil and natural gas drilling activity by number of drilling rigs in
operation, 1988-2018. Natural gas drilling boomed with the use of
horizontal drilling and hydraulic fracturing in the early 2000s, then fell
in response to the 2008 recession and continued to fall due to excess
gas production. Drilling in oil-rich shale areas picked up after the 2008
recession but fell with low oil prices in 2014-2015. Image credit: U.S.
Energy Information Administration.21
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Land Use in the Oil and Gas Industry
How is land used? How do technologies and regulations minimize land use?
Introduction
All energy production requires land. Reducing the land-use
“footprint” of the energy industry is an important part of limiting
environmental impacts while meeting our energy needs. Advanced
exploration technologies such as 3D seismic imaging, and drilling
technologies such as horizontal and slanted wells, reduce the
amount of land disturbed for a given amount of oil or gas produced.

The Size Of Well Sites
Drilling and hydraulically fracturing a well requires several acres
around the well for the drilling rig, drill pipe storage, trailers for
equipment and staff, pump trucks, data vans, and pits or tanks
for water and waste storage. Once drilling is finished and the well
is producing oil or gas, much of the drill site can be reclaimed.
State and federal regulators require and oversee these reclamation efforts.1,2,3,4 The size of a well site, or “pad”, will depend on
many factors, including location, land use restrictions, and the
type and number of wells being drilled from the site. To take
just one example, the total land footprint of a typical well site
in Pennsylvania’s portion of the Marcellus Shale is five to eight
acres – this includes the land taken up by water impoundments
for hydraulic fracturing, access roads, and other equipment.5
For more information on how the land footprint of a well site

Marcellus Shale Energy and Environment Laboratory drill site near
Morgantown, West Virginia. Image credit: Photo courtesy of Northeast
Natural Energy.

may change over time, see “The Pinedale Gas Field, Wyoming”
in this series.

Advances in Drilling Technology:
Fewer, Smaller Well Sites
Modern drilling technology allows a drill to be guided horizontally underground for up to several miles.7 This allows operators
to avoid sensitive environments and drill multiple wells in
different directions from a single site. As drilling technology
continues to improve, longer horizontal wells will continue to
reduce the number of sites needed.

Schematics showing how multiple wells can be drilled in different angles and directions from a single site, reducing land use. Left: directional drilling
to reach multiple lens-like gas reservoirs. Right: horizontal drilling and hydraulic fracturing of shale. Image credit: Government Accountability Office.6
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Advances in Seismic Imaging:
Fewer Unproductive Wells

companies go out of business. Improperly abandoned wells
pose particular environmental risks – see “Abandoned Wells” in
this series for more details.

Exploration for oil and gas requires a detailed image of the rocks
below the Earth’s surface. Seismic imaging – like an ultrasound
for the Earth – helps geoscientists to identify rock layers that
are most likely to contain oil and gas, reducing the number of
unproductive wells that are drilled. This in turn improves the
land-use efficiency of oil and gas production. In the early 1970s,
only 60% of wells drilled in the U.S. successfully hit an economically
viable oil or gas deposit. By 2005, this had improved to 90%, due
largely to improvements in 2-D and then 3-D seismic imaging,
as well as other tools for monitoring and analysis.8 This improvement has been seen not only in newly explored areas but also in
existing oilfields, where a more detailed image helps operators
to drill new wells in the most productive parts of the field.

Roads, Plants, and Pipelines
The land footprint of oil and gas extends far beyond the wells:
• New production areas require new access roads, pipelines,
and other infrastructure.
• Natural gas must be purified and crude oil must be refined
before they are used. As of 2014, there were over 550
gas processing plants10 and over 140 oil refineries11 in the
United States.
• Processed/refined products must be distributed by truck,
rail, pipeline, or boat. Each mode of transport has different
impacts on land- and energy-use – see “Transportation of
Oil, Gas, and Refined Products” in this series for more on
this topic.
• Other land uses include facilities for the treatment and
disposal of wastewater; natural gas power plants; and
gasoline service stations.

Changes in a Well’s Footprint Over Time
The initial development of an oil- or gas-producing area involves
acquiring seismic information and drilling wells to identify the
total size of the oil or gas reservoir and define the areas likely to
be most productive. This process largely uses single-well drilling
sites with a high land-use footprint.

The modern energy system is vast. In areas of intense production,
land dedicated to oil and gas activity can be very high as a
proportion of total land use. Overall, however, the high energy
density of oil and gas results in relatively little land disturbance
for a large amount of energy production.12 As the national and
global energy sectors evolve over time, minimizing the land footprint of all energy technologies remains a key issue in attempts
to balance energy production and environmental protection.

Once this initial effort is completed, the relative land disturbance
decreases as multiple wells are drilled from each site, unproductive
areas are avoided, companies use centralized equipment and
fluid handling facilities, and pipelines replace trucks for moving
water, oil, and gas.
Once a well starts producing oil and/or gas, the drilling equipment
is removed and much of the site is remediated. Supporting infrastructure, such as tanks, pipelines, and access roads, remain in
place as long as the well is active, which may be many decades.
Automated data collection can reduce the number of trips
needed and the resulting land disturbance.

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment

When a well is decommissioned, states require the operator to
remove all surface equipment and plug the well with cement.
State regulatory agencies maintain plugging records, which are
commonly publicly available.9

Jones, N.F. et al. (2015). The Energy Footprint: How Oil,
Natural Gas, and Wind Energy Affect Land for Biodiversity and the Flow of Ecosystem Services. BioScience,
65(3), 290-301. https://academic.oup.com/bioscience/
article/65/3/290/236920

Unproductive wells may sit idle for years, and are sometimes
abandoned without being adequately sealed, especially when
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The Pinedale Gas Field, Wyoming
A case study of changes in land use during exploration and production
Introduction
The Pinedale field is the sixth-largest gas field in the United
States.1 The core development area covers about 70 square miles
in a sparsely populated area of southwest Wyoming, 70-100 miles
north of Rock Springs.2 In 2015, the Pinedale field produced
4 million barrels of gas condensate and 436 billion cubic feet of
natural gas,3 making it the largest natural gas-producing field
in Wyoming (for comparison, the vast Marcellus Shale in the
Appalachian basin produced 6 trillion cubic feet of natural gas
in 20154). Through 2012, the field had produced 3.9 trillion cubic
feet of natural gas – only 10% of its potentially recoverable gas
reserves – so operations may continue for many years.5
Field operations impact nearby small towns and large populations
of sage grouse (under special protections6), pygmy rabbits
(endangered in some of their range7), and pronghorn.1 The field is
also an important winter range for thousands of mule deer.8 Since
the field started production in the late 1990s, improvements in
drilling, land use, air emissions, and water handling practices
have reduced the physical, societal, and environmental impacts
of drilling and production in the Pinedale field.

Up to 50 Wells from
One Surface Pad

Shared
Production
Facility on
Surface Pad

Although Pinedale provides a good example of improvements
in low-impact gas production, continued improvements will be
important to the long-term preservation of this region throughout the field’s production, eventual closure, and restoration to
its pre-drilling state.

Directional Drilling from Multi-Well Pads
The gas-producing zone of rocks in the Pinedale field is almost
6,000 feet thick and made of many lens-shaped layers of sandstone. Over 2,500 curved wells have been drilled to tap into the
producing zone, 8,500-14,000 feet underground, at distances
thousands of feet horizontally from the drilling site. These wells
are hydraulically fractured to allow gas to flow out of the otherwise impermeable sandstone.

Federal Management Plan
Over 80% of the field area is federal land overseen by the U.S.
Bureau of Land Management (BLM), which must approve an
operator’s plan of operations and reclamation before drilling.
Commercial development of the field was enabled by the use of
hydraulic fracturing techniques that were applied starting in the
1990s. Early operations were governed by a 1988 Resource Management Plan/Environmental Impact Statement9,10 developed by
BLM with input from the public and other government agencies.
The Resource Management Plan/Environmental Impact Statement
was updated in 200811 to require or promote environmentally
beneficial changes while allowing additional drilling.

Innovations that Reduce the Land Use and
Environmental Impact of Operations12
Sandstone
Gas
Reservoirs

Schematic showing how curved wells allow a large area of gas-producing
rock to be accessed from a single well site. Image credit: AAPG Wiki.5
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• The 2008 Resource Management Plan (RMP) allows for
the construction of multi-well sites concentrated in
designated development areas, located away from streams
and nesting, calving, and winter grazing areas. This allows
drilling and other operations throughout the year in the
designated development areas while reducing habitat
fragmentation and leaving 92% of the Pinedale area
undisturbed. Well sites used in early field development
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• The shift to year-round operations in designated
development areas encourages a stable, less transient
workforce, which benefits nearby communities.

Aerial photos of a well site in the Pinedale Field. Left: Well site during
drilling in 2009. Right: Same site in 2015 – the site contains 17 wells,
its area has been reduced from 15.3 to 6.04 acres, and the reclaimed
9.26 acres are being revegetated. Image credit: Courtesy of Timothy
Zebulske, BLM Pinedale Field Office.

required about 4 acres per well and usually contained one
or two wells. New multi-well sites approved in the RMP
are permitted to have up to 60 wells per site. As of 2012,
long-term disturbance per well was 0.44 acres and total
disturbance per well was 1.26 acres, with incremental
improvements in these numbers each year.5
• A few new wells have also been drilled horizontally, and
a small number of horizontal wells may be drilled in the
future. Horizontal wells can tap a larger area of gas-rich
rocks, so fewer wells are required to extract the gas.

• The Pinedale field is part of the Upper Green River Basin
Ozone Nonattainment Designation Area designated by
the U.S. Environmental Protection Agency (EPA) in 2012. In
response to this designation, Wyoming expanded its efforts
to reduce ozone levels in the area. State regulations included
emission controls on storage tanks, pneumatic controllers,
and drilling rig engines, as well as “green” well completions
that capture the gases and fluids produced as a well is
cleaned of fluids and debris after hydraulic fracturing.15 These
requirements helped reduce ozone levels in the Pinedale
area, and in 2016 the EPA determined that the Green River
Basin area had met the required ozone standards.16
• BLM rules require ongoing site reclamation. When active
drilling operations end, well sites need less space and
smaller access roads. Operators are required to promptly
restore and revegetate unused areas under BLM oversight.

References & More Resources

• Recycling of produced water began in 2006. Idle gasgathering pipelines were repurposed to move produced
water to central processing facilities and move processed
water to new hydraulic fracturing sites. This system
removed the need for hundreds of thousands of truck trips
and reduced air pollution and wildlife disruption.13 Several
years later, water processing facilities were updated to clean
some of the produced water to drinking water standards.
This water is used for cement and other field operations
that demand fresh water. Large amounts of treated water
are also released into the local river – over one million
gallons in the first year of operation.14 Such water treatment
and re-use practices are particularly important in semi-arid
southwest Wyoming.

For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment
Wyoming State Geological Survey – Cultural Geology Guide:
Pinedale Anticline. http://www.wsgs.wyo.gov/public-info/
guide-pinedale
U.S. Bureau of Land Management (2008). Pinedale Resource
Management Plan. https://eplanning.blm.gov/epl-frontoffice/eplanning/planAndProjectSite.do?methodNam
e=dispatchToPatternPage&currentPageId=88620

• More efficient drilling techniques have reduced drilling
times from 45-50 days per well to 10-11 days per well, which
reduces some environmental impacts such as air pollutant
emissions from engines and truck traffic.
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U.S. Department of Energy, Office of Oil and Natural Gas –
Footprint Reduction. https://www.energy.gov/sites/prod/
files/2016/07/f33/Footprint%20Reduction.pdf
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Part 11

Heavy Oil
Abundant but hard to work with, heavy oil has some specific environmental impacts
Introduction
Naturally occurring crude oil comes in many forms. The most
familiar to many people is light crude oil, which is less dense
than water and flows easily at room temperature. Heavy oil and
bitumen are forms of crude oil that are more viscous (thicker) and
dense. The largest crude oil deposits in the world are heavy oil,
extra-heavy oil, and bitumen oil sands (also called tar sands) in
Venezuela and Canada. The U.S. also has heavy oil and oil sands,
mostly in California, Alaska, and Utah. Globally, almost 1.1 trillion
barrels of heavy oil, extra-heavy oil, and natural bitumen may
be technically recoverable, compared to 950 billion barrels of
light crude oil.1
Vast heavy oil resources pose an environmental conundrum: they
are major energy resources and important to their host countries’
economies, but they require more energy and water to produce
and refine than lighter oils. They also contain sulfur and a range
of polluting or toxic contaminants, including heavy metals, which
must be removed and disposed of, further increasing costs and
environmental impacts.1,2

Production Techniques
Because heavy oils are very viscous, they are difficult to extract
from rocks. Different techniques are used depending on the type
of oil and the properties and depth of the rocks:
Oil sand from
Athabasca,
Canada. The oil
in these sands is
so thick (viscous)
that special
processing is
required to
separate it from
the sand.
Image credit:
Wikimedia
Commons user
Int23.3
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• Open-pit mining – used for oil sands that are very close
to the Earth’s surface (typically less than 250 feet deep).
The oil sands are mined in bulk, crushed, and transported
to processing facilities that separate the oil from the
sand using hot water and/or solvents. The ultra-thick
oil (bitumen) is then refined or diluted with light oil for
pipeline transport.4 Open-pit mining is used for about
20% of Canadian oil sand production.4 The Uinta basin in
Utah also contains large, shallow oil sand deposits, but
many efforts to produce oil from these sands have failed
commercially.5
• Injection of water, steam, and/or solvents – used where
heavy oil is deep below the surface, or where surface mining
is not viable for environmental or commercial reasons.
Waterflooding – the injection of water through one well
to push oil towards another well where it is extracted – has
been used to produce over 100 million barrels of heavy
oil in Alaska since the early 1990s.5 Steam flooding works
in the same way, but the steam’s heat softens the oil,
allowing the process to be used for more viscous oils than
waterflooding. This method is used in central California6 and
parts of Alberta. A special steam injection method called
steam-assisted gravity drainage (SAGD) is used for 80% of
Canadian oil sand production. SAGD involves the injection
of steam into a horizontal well at the top of the oil sands.
The heated and thinned oil then drains down into another
horizontal well at the base of the oil sands, which then
pumps the oil to the surface.4 Any of these processes may
be enhanced by adding solvents to the water.
• Cold heavy oil production with sand (CHOPS)7 – used
for mushy heavy and extra-heavy oil sands that can be
extracted in their entirety through a well using intensive
pumping. The oil, water, and sand are then separated at
the surface. This technique has been tested in oilfields in
Alaska’s North Slope but not yet commercially developed
due to low oil prices.5
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Environmental Impacts Specific to Heavy Oil

Open-pit mining
of oil sands in
Alberta, Canada.
The ponds in the
photo are “tailings
ponds”, containing
a mixture of water,
fine sand, clay,
and residual oil
components after
the sands have
been processed
to remove most
of the oil. Image
Credit: Dru Oja
Jay, Dominion.14

Energy – heavy oils require much more energy to produce and
refine than light crude oil. This leads to higher overall greenhouse
gas emissions per barrel of oil produced, especially due to gasfired steam generators and the energy-intensive processing
required to lighten or break down heavy oil into forms that
can be transported and used. Total “lifecycle emissions” from
production, refining, transportation, and use for light vs. various
heavy oils are:8
• Typical light West Texas oil - 480 kg CO2 per barrel
• Canadian oil sands bitumen produced by SAGD, and
Venezuelan extra-heavy oil, both diluted with lighter oil for
ease of transport – 600 kg CO2 per barrel
• Heavy oil produced by steam injection in California’s
Midway Sunset field - 725 kg CO2 per barrel
• Canadian oil sands produced by open-pit mining and
upgraded to a light synthetic crude oil (“syncrude”) before
transporting – 729 to 736 kg CO2 per barrel

U.S. Imports of Heavy Oil
The United States is the largest consumer of Canadian and
Venezuelan heavy oil, extra-heavy oil, and bitumen. In 2017,
the United States imported 2.7 million barrels of heavy oil
per day from Canada15 and 618,000 barrels per day from
Venezuela.16 Heavy oil imports from these two countries
represented over 40% of U.S. crude oil imports in 2016.16

Open pits – open-pit mining of oil sands poses some specific
environmental challenges that are less common elsewhere in
the oil industry:
• Large volumes of tailings (residual clay, bitumen, and other
chemicals) are stored in open surface ponds, presenting a
potential risk to wildlife9 and groundwater.10,11
• Tailings ponds, piles, and exposed heavy oil in the open mine,
along with the heavy industrial activity common to all mining
operations, are a major source of air pollution,12 and dust from
the mines can contaminate nearby surface waterbodies.9
• Open-pit mining of oil sands disturbs more of the land
surface than oil wells. This impact is temporary if the mine
land is fully reclaimed after the oil sands are extracted (as is
currently required by the Government of Alberta, Canada),
but has the effect of fragmenting or destroying habitats.13

For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment
Gosselin, P. et al. (2010). Environmental and Health Impacts
of Canada’s Oil Sands Industry. The Royal Society of Canada Expert Health Panel, December 2010. https://rsc-src.
ca/en/expert-panels/rsc-reports/environmental-and-healt
h-impacts-canadas-oil-sands-industry
Natural Resources Canada – Environmental Challenges.
https://www.nrcan.gc.ca/energy/oil-sands/5855

Consistency of Heavy Oils
Heavy oil - like molasses
Extra-heavy oil – like peanut butter
Oil in oil sand – like window-sealing caulk or putty
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Part 12

Oil and Gas in the U.S. Arctic
Managing resources in an oil- and gas-rich but harsh and fragile environment
Introduction

Arctic Resources by the Numbers1,33

The Arctic hosts large oil and natural gas resources both onshore
and offshore.1 However, the harsh climate, extreme weather,
remote locations, and limited infrastructure make exploration
and production expensive and sometimes hazardous. In recent
decades, decreased summer sea ice has resulted in increased
shipping traffic and may encourage more offshore oil and gas
exploration and production. Many concerns over the environmental impact of these activities are based on the Arctic’s fragile,
undisturbed ecosystems and the difficulty of monitoring and
responding to spills due to remote locations, long, cold winters,
and the lack of an Arctic deepwater port to handle emergency
response vessels and equipment.2

• The Arctic accounts for 6% of the Earth’s surface but
10% of the conventional oil and gas discovered and
produced to date.
• Undiscovered but recoverable “conventional” resources
in the Arctic are estimated at 90 billion barrels of oil
(16% of global total), 1,669 trillion cubic feet of gas
(30%), and 44 billion barrels of natural gas liquids (38%).
84% of this is offshore.
• In 2016, Alaska’s North Slope region produced about
5.5% of U.S. oil: 173 million barrels onshore and 6.2
million barrels offshore.
• North Slope peak oil production in 1988 was 720
million barrels, over 23% of all U.S. production.
• Alaskan oil production dropped over 75% from 1988 to
2015 as fields discovered in the 1960s were gradually
depleted. New discoveries may change this trend.

In 2018, the intersection between oil, gas, and the Arctic environment is a topic of much current discussion due to recent federal
decisions to expand federal oil and gas leasing in the coastal area
of the Arctic National Wildlife Reserve (the “1002 area”), in a larger

Estimated undiscovered oil (green, left) and gas (red, right) in the Arctic, according to the U.S. Geological Survey (2008). Greenland is in the top-right of
each map, Alaska in the bottom-right (“AA” region covers Alaska’s North Slope). Colors: undiscovered oil (greens) – dark = >10 billion barrels, medium =
1–10, light = <1; undiscovered gas (reds) – dark = >100 trillion cubic feet; medium = 6–100; light = <6. Image credit: U.S. Geological Survey1
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Oil and gas in the North Slope region of Alaska (north of the dotted blue line). Red lines are pipelines. Federal lands include the National Petroleum
Reserve–Alaska (NPRA) and the Arctic National Wildlife Refuge (ANWR), which includes wilderness (darker green) and 1002 (light yellow) areas.4 See
text for more information about the features in this map. Image credit: U.S. Geological Survey5

area of the National Petroleum Reserve-Alaska (NPRA), and offshore.3 Concerns over increased environmental risks in a region
already experiencing rapid environmental and climatic changes
are often weighed against the economic benefits of increased
exploration and production. Attempting to balance these
priorities, the National Environmental Policy Act (NEPA) requires
that, before any exploratory studies are authorized, federal
agencies must consider impacts on sociocultural, economic, and
other natural resources in consultation with other government
agencies and the public.

Land Ownership and U.S. Arctic Development
Although the federal government controls 60% of Alaskan land
and all the ocean between the limits of state and international
waters (i.e., from 3 to 200 nautical miles offshore), much of the
oil and gas development to date has been on state and Native
land around Prudhoe Bay in Alaska’s North Slope.
National Petroleum Reserve-Alaska (NPRA):4 The Reserve is a
23.6-million-acre tract of federal land set aside in 1923 to ensure
future oil supplies for the U.S. Navy. Oil and gas resources in NPRA
are significant but difficult to pinpoint because estimates change
as exploration proceeds and additional data become available.6
Leasing for oil and gas production in NPRA began in the 1980s,
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but development has been slow due to complex regulatory
processes and the difficulty of operating in environmentally
sensitive areas far from established infrastructure.
Arctic National Wildlife Refuge (ANWR): The Refuge was initially
protected in 1960; in 1980, it was expanded and parts were designated as wilderness to preserve their unique wildlife, wilderness,
and recreational value.7 At the same time, Congress set aside
an area on the North Coast (the “1002 area”) to allow for future
development of potentially large oil and gas resources.8 The tax
reform bill of 2017 (Public Law 115-97) opened the 1002 area to
energy development.9 This is the first time since 1980 that the
1002 area has been open to leasing or any activity (such as geophysical surveys) that could lead to producing oil or natural gas.3
State and Native Lands: 28% of Alaska is state-owned and 12%
is Native land. As of early 2018, all onshore Alaskan North Slope
oil production is on either state or Native lands, including from
Native lands on the boundaries of NPRA. Production from federal
lands in NPRA is expected to start in the near future.
Offshore: The state of Alaska regulates resources up to 3 nautical
miles from the coast. From 3 to 200 nautical miles offshore,
resources are regulated by the federal government.10 One
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notable offshore oilfield is the Northstar Oil Pool, which is located
in both state and federal waters near Prudhoe Bay. Production
in federal waters started here in 2001 from a man-made gravel
island 6 miles offshore.11 Future production is expected in both
state and federal waters near existing onshore oil fields in the
North Slope area. In 2017, the U.S. Department of the Interior
started a multi-year process to develop a new five-year leasing
plan that would allow large areas of offshore Alaska to be leased.12

Regulation of U.S. Arctic Drilling
Oil and gas development on federal land is regulated by the
U.S. Bureau of Land Management. On state and Native lands,
and in state waters, drilling and production of oil and gas and
the underground disposal of oilfield waste are overseen by the
Alaska Oil and Gas Conservation Commission.13
In federal waters, the U.S. Bureau of Ocean Energy Management
(BOEM) manages leasing, including resource assessments to estimate potential lease value, and review and approval of drilling
plans, including any necessary environmental assessments. The
Bureau of Safety and Environmental Enforcement (BSEE) regulates
all offshore drilling and production activities. The Arctic Drilling
Rule released by BSEE in 201614 requires rigorous safety controls
beyond those required in other offshore areas. These include
having equipment on hand to cap an out-of-control well and
capture any leaking oil, and having access to a separate rig that
can drill a relief well and plug a compromised well permanently
before seasonal ice encroaches on the drill site or within 45 days,
whichever is sooner. Although improvements have been made,
the safety and environmental impacts of offshore oil and gas
development in the Arctic remain highly controversial.15,16

site. For example, the Alpine field, which was discovered in 1994
to the west of the older oilfields,18 uses about 100 acres of gravel
drill pads, facilities, and roads to tap a 25,000-acre oil reservoir
– as of early 2018, the field had produced 465 million barrels of
oil.19 In 2018, Greater Mooses Tooth-1, a field located in NPRA,
west of Alpine, will begin producing oil from a single 12-acre
gravel drill pad designed to support 33 wells.20 Eight miles of
gravel road and parallel above-ground pipeline, including two
bridges, will connect the pad to existing Alpine field facilities,
for a total gravel footprint of 73 acres.

Oil Pipelines
North Slope oil is collected by a network of local pipelines and
then sent 800 miles through the Trans-Alaska Pipeline System
(TAPS) to the south coast of Alaska. Except for small quantities
refined in Alaska, most of the oil is loaded onto tankers and
shipped to refineries on the West coast or occasionally in Hawaii.
In areas where the soil is either permanently frozen (permafrost)
or never freezes, the Trans-Alaska Pipeline is buried; in areas
where the ground freezes and thaws with the seasons, the
pipeline is generally elevated above ground.21 Where highways,
animal crossings, or unstable hillslopes required pipeline burial
in unstable permafrost, insulation or refrigeration is used to keep
the ground cold.22 Safety features include systems that monitor
variations in pipeline flow and pressure to alert response teams

Reducing Surface Impacts on Alaska’s
North Slope
Oil production on the North Slope of Alaska began in 1977. The
developed area is focused on a narrow coastal strip running
about 100 miles east to west in the vicinity of Prudhoe Bay (see
map). In the 1970s and 80s, access roads, well sites, oil and gas
processing facilities, and support facilities were constructed
using gravel. By the early 2000s, roughly 9,200 acres were under
gravel.17 More recent exploration reduces the surface impact by
using ice roads and ice drilling sites that are constructed each
winter, and small gravel production sites with multiple wells per
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The Trans-Alaska oil pipeline is mounted on sliders where it crosses the
Denali fault. During a large (magnitude 7.9) earthquake in 2002, this
system allowed the pipeline to move without breaking. Image credit:
Tim Dawson, U.S. Geological Survey25
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to the location of probable leaks;22 tracks that allow the pipeline
to move without breaking during earthquakes (see photo);23 and
heat transfer pipes that move heat from the buried pipe to the
air, helping keep permafrost cold and stable.22

Oil Spills
A 2013 BOEM analysis of oil spills in the North Slope area
between 1971 and 2011 identified 1,577 spills larger than 42
gallons (one barrel), 10 spills larger than 21,000 gallons, and
two spills larger than 42,000 gallons.25 In 2017, the Alaska
Division of Spill Prevention and Response recorded 18 crude
oil spills on the North Slope, releasing a total of 1,010 gallons
of oil.26 Spills of other operational fluids are more common: in
2017 there were 147 recorded spills of diesel, engine lube oil,
gasoline, hydraulic oil, and produced water on the North Slope,
totaling 43,000 gallons.

Regulations now require double-hulled tankers, tugboat escorts
with spill response capability, U.S. Coast Guard electronic tracking
throughout Prince William Sound and 60 miles into the Gulf of
Alaska, and local availability of response and recovery equipment
and trained personnel.30 The National Oceanic and Atmospheric
Administration continues to monitor the ongoing wildlife recovery
from the Exxon Valdez spill.31

The largest North Slope oil spill occurred in 2006, when a pipeline
leaked 267,000 gallons of crude oil onto the tundra in the Prudhoe
Bay field. The leak was caused by the operator (BP)’s failure to
prevent internal corrosion in a 29-year-old pipeline that had
not been properly maintained and inspected. BP was fined
$25 million and required to implement a system-wide pipeline
integrity management program.27 Cleanup operations included
removing oil from snow and vegetation without disturbing the
tundra and underlying soils, preventing the spread of leaked oil
into nearby lakes, and restoring the site of the spill.28

Who are the Arctic Oil & Gas Producers?
As of 2018, three nations produce oil and gas north of the
Arctic Circle: the U.S. (Alaska), Russia, and Norway. Canada,
Greenland, Iceland, Sweden, and Finland currently have no
Arctic production. Production may expand to other Arctic
nations in the future. Canada, Finland, Iceland, the Kingdom
of Denmark (Greenland), Norway, Russia, and the United
States exchange information, best practices, and regulatory
experiences through the Arctic Offshore Regulators Forum.32

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment

The U.S. Bureau of Safety and Environmental Enforcement
supports research into offshore spill response in the presence
of sea ice, cold temperatures, and the hazardous conditions of
the Arctic. Studies on improved spill cleanup include mechanical cleanup, in-situ burning, and chemical treating agents.
Research also investigates improved oil detection methods for
locating spills.29

National Academies Ocean Studies Board (2014). Responding
to Spills in the U.S. Arctic Marine Environment. http://dels.
nas.edu/Report/Responding-Spills/18625

In 1989, the Exxon Valdez oil tanker was carrying North Slope
oil when it ran aground and ruptured, spilling 11 million gallons
of crude oil into Prince William Sound in southern Alaska. This
spill was the largest oil spill in the United States until the 2010
Deepwater Horizon disaster, which was almost 20 times larger.
Shipping regulations developed in response to the spill, and
supplemented in 2009, primarily focus on Alaskan oil exports.

National Petroleum Council (2015). Arctic Potential: Realizing
the Promise of U.S. Arctic Oil and Gas Resources. http://www.
npcarcticpotentialreport.org
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Offshore Oil and Gas
Technological and environmental challenges in increasingly deep water
Introduction

Offshore Oil and Gas Production in Brief

Many of the world’s oil and gas resources lie beneath the oceans.
Advances in exploration, drilling, and production technologies
allow production in water more than 10,000 feet deep and more
than 100 miles offshore. Major spills are rare but damage sensitive
ocean and coastal environments, affect local economies, and
are difficult and expensive to clean up. Federal regulations and
industry standards have advanced to improve the safety and
reduce the environmental impacts of offshore oil and gas production, particularly since the 2010 Deepwater Horizon disaster
and oil spill. As drilling and production become possible under
increasingly extreme physical conditions, the issues surrounding
environmental protection and safety in offshore oil and gas
continue to evolve.

• U.S. offshore oil production in 2017: 602 million barrels
(18% of U.S. total)2
• U.S. offshore natural gas production in 2016: 1.7 trillion
cubic feet (5.2% of U.S. total)3
• Federal revenues from offshore oil and gas (2017):
$3.8 billion4
• Globally, offshore oil production in 2015 was roughly
10 billion barrels, about 29% of total global production.5
• Largest offshore producers: Saudi Arabia, Brazil, Mexico,
Norway, U.S.5
• Largest producers in deepwater (>125 m, roughly 400
ft) and ultra-deepwater (>1500 m, roughly 5000 ft):
Brazil, Angola, Norway, U.S.6

Seaward Progress of Oil and Gas Exploration
Over the last 120 years, offshore drilling has advanced seaward
from drilling rigs mounted on shoreline piers, to rigid platforms
mounted on the seafloor, to floating and seafloor systems (see
figure) in water depths up to 10,000 feet. The complexity and
high cost of drilling in deep water – several hundreds of million
dollars per well – can be justified by the high productivity of the
oil fields if the oil price is sufficiently high to make them profitable.1
Oil and gas exploration has also moved offshore in the Arctic, an
area with shallow water depths but severe weather hazards. The
challenges relating to Arctic offshore drilling differ substantially
from those in other offshore regions – see “Oil and Gas in the U.S.
Arctic” in this series for more on this topic.

U.S. offshore oil and gas production is focused in the central
and western Gulf of Mexico, with some production off
the coast of southern California and in the Cook Inlet and
Beaufort Sea of Alaska.
Globally, offshore leaks and spills account for a small amount
of the total oil that gets into ocean waters. Natural oil seeps
on the seafloor contribute up to half of the oil in the ocean,
although these are distributed widely and so do not have
the same local effects as a large spill. Other sources include
boat engines, discharged ballast water from tankers, contaminated river water and wastewater drainage on land,
and oil drips and exhaust from automobiles.7

Economic Constraints
Deepwater oilfield development may take ten years from the first
exploratory well to the first barrel of oil sold, and pre-production
costs, including development wells and specially designed
production facilities, may be several billion dollars.1 Safe and
successful offshore drilling and production requires extensive
seismic imaging and geologic analysis, engineering design and
planning, construction of highly specialized equipment, and
compliance with federal or state environmental regulations, all
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Major spills are rare but can cause extensive damage to
sensitive ocean ecosystems due to the large amount of oil
leaked in a small area.

of which take a lot of time and money. Companies therefore
make decisions about offshore drilling and development based
on expected future (rather than current) oil prices. Offshore oil
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A wide variety of technologies are used to drill offshore in increasingly deep water. Image credit: Bureau of Ocean Energy Management.2

production therefore does not respond to oil prices in the same
way as onshore production. For example, while oil prices fell and
onshore U.S. oil production plateaued in 2014-2015,9 production
on the Gulf of Mexico Outer Continental Shelf (OCS) increased by
almost 25% from November 2014 to December 2016.10

Technological Advances in Offshore Drilling
Drilling and producing technologies for progressively more
complex operating environments are often developed by
collaborations between industry, service companies, academia,
and research institutions sponsored by the federal government11
or industry.12 Some of the deepest Gulf of Mexico wells are in
water more than a mile deep, with some wells extending more
than 20,000 feet below the seafloor.13 Companies are planning
to explore in deeper and more hazardous regions in the U.S. and
around the globe, which will depend on continuing technological
advances. Frontiers in this area include:
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• Seismic imaging beneath salt layers – in the Gulf of Mexico
and offshore Brazil, some oil reservoirs are found in complexly
folded and faulted rock formations beneath thick layers
of salt. Salt layers reflect seismic waves, making it difficult
to image underlying rock layers with those waves. New
analytical techniques are continuously being developed to
improve imaging beneath salt layers, using supercomputers
to process huge quantities of seismic data.14 Salt also dissolves
in drilling fluids, and at high temperatures and pressures the
salt itself can flow, squeezing and damaging the wellbore and
drilling equipment, so drilling through salt requires advanced
well stabilization and drilling techniques.15
• High-temperature, high-pressure materials and electronics
– current technologies allow for drilling at temperatures
up to 350°F, but future deep wells may require operating
temperatures as high as 500°F: good for baking pizza, but
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• Improved systems to prevent the drilling mud that travels
between the drilling rig and the seafloor wellhead from
putting too much pressure on the well itself.13

not so friendly for sophisticated electronics or drilling mud.
Wells can currently operate under very high pressures, up
to 15,000 pounds per square inch (psi), but future ultradeep
wells will be expected to withstand as much as 30,000 psi
(2000 times atmospheric pressure).16 Very high temperatures
require special materials for drilling, but the major constraint
on operating in these extreme conditions may be the
fragility of the electronics that guide directional drilling
equipment inside the well.17

Oil Spills
Major offshore oil spills are rare but can cause great harm
to coastal and marine wildlife and the people who depend
on marine and coastal resources. Developments in offshore
environmental policy and activity over the last 50 years have
been punctuated by a few major events:

• Installation and monitoring – deepwater production
is shifting from floating platforms to seafloor wellheads
connected to seafloor pipelines. These systems rely on
improved autonomous installations and remote monitoring
equipment, including unmanned underwater vehicles.18

• In 1969, an offshore well blowout near Santa Barbara,
California, deposited thick layers of oil along 35 miles of
coastline and killed thousands of birds and marine animals.
The spill paved the way for major environmental laws and
was one of the events that led to the establishment of the
U.S. Environmental Protection Agency in 1970.21

• Preventing well blowouts – especially since the Deepwater
Horizon disaster, an ongoing concern is ensuring that well
blowout preventers (BOP) are reliable, and that well designs
and operations are safer to reduce the need for a BOP (see
“U.S. Regulation of Oil and Gas Operations” in this series).13

• Three shipping oil spills in 1989, including the Exxon
Valdez accident in Alaska, prompted developments in
environmental-protection regulations, including the
requirement for all new tankers to have double hulls.22

• Hurricanes regularly cross oil-rich parts of the Gulf of Mexico
and are expected to increase in intensity in the future.19
Improvements to equipment reliability and performance,
and remote underwater systems, will be key to improving
the resilience of offshore oil and gas infrastructure.

Transocean Development Driller drilling a relief well in the Gulf of
Mexico to relieve the pressure on the leaking Macondo well, 2010. This
rig can drill to depths of 37,500 feet in as much as 7,500 feet of water.
Image credit: U.S. Coast Guard.20
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• In April 2010, the Macondo well blowout and oil spill
occurred 50 miles off the coast of Louisiana in approximately
5,000 feet of water. Eleven crew on the Deepwater Horizon
drillship were killed and approximately 4.9 million barrels
of oil were spilled (205 million gallons, equivalent to 320
Olympic-size swimming pools or 3 days of all Gulf of Mexico
oil production). In response to the spill, industry and state
& federal agencies launched massive cleanup operations; a
National Academies assessment of the spill recommended
changes for the industry and regulators;23 and federal
regulatory agencies were reorganized.24 Regulators have
continued to issue revised requirements for equipment
and procedures from 2012 to the present day. In 2016,
a $20.8 billion environmental damage settlement was
reached between the United States, the five Gulf states,
and the well operator (BP).25 This settlement provided $1.86
billion for ecological and economic recovery; $1.6 billion
for region-wide restoration; over $130 million for research
and technology development by the National Oceanic and
Atmospheric Administration to support Gulf ecosystems,
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Planning areas (blue), region
blocks (grey), and active
leases (green) in the Gulf
of Mexico as of February 1,
2018, as administered by
the U.S. Bureau of Ocean
Energy Management.
There are several thousand
leases in the Gulf of Mexico,
covering almost 15 million
acres. Image credit: U.S.
Bureau of Ocean Energy
Management.26

recreation, and fishing; and $133 million to establish “Centers
of Excellence” for Gulf science and technology. BP also
provided $500 million in 2010 for the Gulf of Mexico Research
Initiative, a 10-year effort to improve understanding of the
environmental stresses and public health implications of spill
events.27 The Gulf of Mexico Research Institute and others
continue to assess the fate of the spilled oil and impacted
land and wildlife.28

out to 200 nautical miles offshore, or to the border with another
country’s exclusive economic zone (e.g., in the Gulf of Mexico).
The U.S. Bureau of Ocean Energy Management, established in
2011, issues OCS leases for oil, gas, and wind energy development. The U.S. Bureau of Safety and Environmental Enforcement
(BSEE), also established in 2011, regulates energy activities on
the OCS. Other federal agencies contribute biologic, geologic,
environmental, and security expertise and regulatory authority.

Some large spills have occurred in the Gulf of Mexico since the
Deepwater Horizon disaster. An underwater pipeline near the
Delta House production facility, 40 miles southeast of Venice, Louisiana, is estimated to have spilled as much as 672,000 gallons in
October 2017.29,30 Most of the oil dispersed into the surrounding
ocean rather than reaching the shore. In 2004, the Taylor Energy
Mississippi Canyon 20A platform, with 25 connected wells, was
seriously damaged by Hurricane Ivan. Since then, the company,
the U.S. Coast Guard, and several federal agencies have worked
to remove the platform, decommission the oil pipeline, and
decommission 9 of the 25 connected wells (as of early 2015) using
funds provided by Taylor Energy. The remaining wells continue
to leak oil into the Gulf of Mexico: in 2014-2015, it was estimated
that the leak rate varied from 42 to 2,329 gallons per day.31

BSEE issued its Well Control Rule in 2016 to improve the effectiveness of the equipment that prevents well blowouts.32 Other 2016
rules included updated regulations for production facilities and
equipment, and for Arctic drilling. All rules are developed with
public input, including public comment sessions. As of 2018, these
regulations are being reviewed and revised by the Administration.
In 2016, President Obama banned new offshore oil and gas
activities in parts of the Atlantic and Alaska. In 2017, the
Administration started work on a revised offshore leasing plan
that may expand areas open for oil and gas development.33

Regulation
Individual states control waters from the coast outward to 3 to 9
nautical miles, depending on the state. Federal regulation covers
the Outer Continental Shelf (OCS) – the area beyond state waters
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Part 14

Spills in Oil and Natural Gas Fields
Spill types, numbers, sizes, effects, and mitigation/cleanup efforts
Introduction
Oilfield spills can harm wildlife and pose a risk to human health
if they reach fresh water sources or contaminate soil or air. The
enormous size of the oil and gas industry and the huge volumes of oil and produced water that are handled, stored, and
transported result in thousands of spills every year.1,2,3 But not
all spills are created equal: the size, location, and type of spill,
and how quickly the spill can be cleaned up, all influence the
overall environmental impact.
Spills occur in two main settings: at or near the well site, or in
transit between the oilfield, refineries, and consumers. Spills in
the oilfield are usually smaller4 and easier to clean up than those
related to bulk transportation: drill sites are purpose-built “pads”
made of gravel and other materials designed to deter spills from
reaching soil or groundwater; additional containment measures
are used around liquid storage tanks or pits to help contain
spills; and equipment and personnel are commonly on hand to
address spills quickly.
Other parts of this series provide more information on spills
related to transportation and offshore oil and gas production.
Spill cleanup in the ocean is particularly complex and is not
addressed in detail in this series. Instead, we refer the interested
reader to the excellent introductory resources provided by the
National Oceanic and Atmospheric Administration – see “References & More Resources” at the end of this section for more
information.5 Spill cleanup on land is described in the following
pages, as similar methods are used both on and off the oilfield.

Number and Size of Spills
Spill data for different states are difficult to compare because
each state has different reporting requirements based on the
volume, type of material, location, and spread of the spill. A
study of over 31,000 horizontal, hydraulically fractured wells in
Colorado, New Mexico, North Dakota, and Pennsylvania from
2005-2014 found that, on average, there were 55 reported
oilfield spills per 1000 wells per year.2 Most spills are small: the
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Spill from a leaking oil well in the Salt Wash oilfield, Utah, 2014. Image
credit: U.S. Bureau of Land Management.6

median reported spill size was 120 gallons in Pennsylvania, 210
gallons in North Dakota, 798 gallons in Colorado, and 1,302
gallons in New Mexico (note again that state numbers should
not be directly compared because of different reporting requirements in each state). Roughly half of all spills documented in
this study came from storage tanks, storage pits, or the pipes
that transport used drilling fluid around and away from a drill
rig. Most spills involved produced water (the naturally occurring
water – sometimes very salty – that is present in oil and gas
reservoirs and so is extracted along with the oil/gas); in some
cases this can include flowback of hydraulic fracturing fluid.
The same study found that 75–94% of spills occurred during
the first three years of a well’s life. This is the time during which
a well is drilled, hydraulically fractured, and has the highest
production rate. These factors result in larger volumes of fluids
being stored, handled, and transported, all of which increase
the risk of a spill.
A U.S. Environmental Protection Agency (EPA) assessment of
spill data from January 2006 to April 2012 studied 36,000 spills
from state and industry data sources in an attempt to identify
spills specifically related to the hydraulic fracturing process.
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Of the 36,000 spills studied, roughly 24,000 were unrelated to
hydraulic fracturing, 12,000 had insufficient data to make this
determination, and 457 spills were documented as directly
related to hydraulic fracturing.7 Of these 457 spills, 40% were
smaller than 500 gallons and 5% were larger than 10,000 gallons;
half consisted of flowback and produced water; and almost half
were from storage tanks or pits. The most common cause of
spills was human error.

What is Being Spilled?
Many different fluids are handled in the oilfield. The most commonly spilled fluid is produced water (sometimes including flowback of hydraulic fracturing fluid). Other commonly spilled fluids
include crude oil, fluids to be used for hydraulic fracturing, and
drilling waste (slurries of rock chips and drilling mud produced
during drilling).8 For more information on the composition and
handling of produced water, see “Using Produced Water” in this
series. For detailed information on the composition of hydraulic
fracturing fluids, the FracFocus database provides a registry of
fluid compositions used in over 120,000 wells across the United
States since 2011.9

Environmental Impacts of Spills
The environmental impact of a spill depends strongly on the size,
location, type of fluid, and spread of the spill, including whether
or not it contaminates ground- or surface water, which allows it
to spread further and makes cleanup more difficult:
• Spilled oil or refined fuel can coat plants, soils, microbes,
and animals. Oil prevents plant growth and hinders the
movement of water, oxygen, and nutrients through soils.
Some components of oils and liquid fuels are toxic to plants,
animals, and humans.10,11
• Some light oils and refined fuels such as gasoline or diesel
may evaporate, releasing toxic fumes that may degrade air
quality or pose a fire hazard.
• Highly saline produced water (up to 15 times saltier than
seawater) can kill vegetation and prevent plants from
growing in contaminated soil.

Spill Prevention and Mitigation
States regulate oil and gas exploration and production operations and specify spill reporting and cleanup requirements. In
addition, the EPA oversees the reporting and cleanup of spills
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Storage tanks for produced water from natural gas drilling in the Marcellus Shale of Western Pennsylvania are surrounded by spill-containment structures. Storage tanks are one of the main sources of oil- and
gas-field spills. Image credit: Doug Duncan, U.S. Geological Survey.12

that impact inland waters of the United States. The U.S. Coast
Guard is the lead response agency for coastal waters and ports.
Some spills are caused by technical failures, but the most common cause of oilfield spills is human error. Safe and effective
operating procedures are therefore an important part of spill
prevention. All operators at sites that could potentially discharge oil into or near navigable waters are required by the
EPA (or state regulators delegated by the EPA) to implement
Spill Prevention, Control, and Countermeasure (SPCC) plans.13
Equipment monitoring and the development of newer, safer
equipment aim to reduce the number of spills due to technical
and mechanical failures.
In areas prone to spills, such as wastewater storage tanks, containment methods such as berms and plastic sheeting are used
to prevent spills from entering the surrounding environment.
Similar measures can be set up quickly around a spill to reduce
contamination and speed cleanup.

Oil Spill Cleanup
The first step in oilfield spills is typically to capture spilled
fluid using booms, vacuum tanks, or absorbent material, and
then to remove any contaminated rocks, plants, and soil.14 If
this is done quickly, spilled material can be prevented from
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More detailed information about spill cleanup techniques used
by the petroleum industry and their advantages and disadvantages can be found in the American Petroleum Institute’s Oil
Spill Prevention and Response Cleanup Toolkit - see “References
& More Resources” for more information.19

Brine Spill Cleanup
State records do not give details about the composition of
spilled water.9 However, the U.S. Geological Survey database
of produced waters shows that the majority are saline.20 Saline
water spills have long been known to kill existing vegetation
and prevent revegetation, which can lead to deep soil erosion.21
Produced water may also contain other toxic components, such
as barium, and elevated concentrations of naturally occurring
radioactive elements, such as radium.

A contractor works to remove oil pools left after a spill from a refinery
in Coffeyville, Kansas, contaminated floodwaters of the Verdigris River
in 2007. Image Credit: Leif Skoogfors/U.S. Federal Emergency Management Agency.15

spreading further into soil or entering ground- or surface
water. Of the 457 spills studied by the EPA from 2006 to 2012,
64% reached the soil, 7% entered surface water, and one spill
entered groundwater.14

In January 2015, three million gallons of produced water leaked
from a shallow underground pipeline in the Williston Basin, North
Dakota.22 The produced water in the pipeline was almost nine
times saltier than seawater and contained residual oil. The leak
occurred near Blacktail Creek, posing a risk to aquatic life at the
site and further downstream. Remediation was conducted by

Oil and refined fuels are degraded by air, sunlight, and bacteria, so for these kinds of spills, fertilizers may be added to spill
areas to speed up bacterial activity and more rapidly remediate
the spill.16 If an oil spill occurs in a contained area, the oil may
be burned off, or the area may be flooded with water so that
the oil can float to the water surface for easier removal. Larger
animals such as birds, fish, and mammals can be individually
collected, cleaned, and treated to prevent toxins from being
absorbed through their skin, but this is expensive and has a
low success rate.17
In 1979, 420,000 gallons of crude oil spilled from a pipeline in
Bemidji, Minnesota. The area has since become the National
Crude Oil Spill Research Site, managed by the U.S. Geological
Survey’s Toxic Substance Hydrology Program to investigate the
effects of a land-based oil spill. Research conducted at this site
is used to develop new remediation techniques.18
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Cleanup crew at the 2015 Blacktail Creek spill, Marmon, North Dakota.
This spill was caused by a leaking pipeline that was transporting
produced water in the oilfield. Image credit: U.S. Environmental
Protection Agency.24
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the pipeline operator under the oversight of the North Dakota
Department of Health and included:23
• Recovering small quantities of oil from surface water
• Removing up to a foot of soil from several acres around the site
• Impounding Blacktail Creek to allow for the contained
collection of contaminated water
• Pumping out potentially contaminated groundwater near
Blacktail Creek for several miles downstream
Samples collected four months after the spill showed only slightly
elevated salinity levels downstream from the spill. These levels
were above background levels but well below the EPA’s drinking
water standards. However, some toxic elements (such as barium
and radium) stuck to soil particles, reducing the immediate
spread of those elements but presenting a longer-term risk if
those elements are later remobilized by water passing through
the soil. Overall, some minor harm to the creek ecosystem was
observed, but fish survival rates appeared to be largely unaffected by the spill, suggesting that the remediation efforts were
generally effective.

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment
National Oceanic and Atmospheric Administration – How
Do Oil Spills out at Sea Typically Get Cleaned Up? https://
response.restoration.noaa.gov/about/media/how-do-oilspills-out-sea-typically-get-cleaned.html
API Energy – Oil Spill Prevention and Response: Toolkit. http://www.oilspillprevention.org/oil-spill-cleanup/
oil-spill-cleanup-toolkit
Information on research into the composition and risks of
oilfield spills is available from the U.S. Geological Survey
research program, Understanding the Potential Risks to Water
Resources and Environmental Health Associated with Wastes
from Unconventional Oil and Gas Development. https://toxics.
usgs.gov/investigations/uog/more_uog/research_goals_
and_approach.html
For even more detail on the sources, prevention, assessment,
cleanup, and economic and legal context of spills, see: Testa,
S.M. and Jacobs, J.J (2014). Oil Spills and Gas Leaks: Emergency Response, Prevention, and Cost Recovery. McGraw
Hill Publishers, 578 p.
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Transportation of Oil, Gas, and Refined Products
The methods, volumes, risks, and regulation of oil and gas transportation
Introduction
The U.S. has millions of miles of oil and gas pipelines, thousands of
rail cars, vessels, and barges, and about 100,000 tanker trucks that
move oil and gas from wells to processing facilities or refineries,
and finally to consumers. The U.S. also imports and exports large
volumes of oil, refined products, and natural gas by pipeline and
ship. This vast transportation web includes regional and national
storage sites for crude oil, heating oil, gasoline, and natural gas,
which help with unexpected demand or delivery interruptions.
Across the U.S., natural gas is transported almost entirely by
pipeline, and over 90% of crude oil and refined petroleum
products are transported by pipeline at some point. If you have
gas-powered heat in your home, there are almost certainly gas
distribution lines running down your street and into your house.

If you live in a large city or a major oil-producing region, there
are almost certainly oil and/or gas transmission pipelines in your
area. Pipelines are all around us; like water pipes or electricity
lines, they form a critical part of our national infrastructure and
generally operate without most people noticing.
When pipelines are well constructed and maintained, spills and
leaks are very rare, but no transportation system is 100% safe.
Oil spills on land can have significant local impacts; spills in the
ocean can have regional impacts; and gas leaks emit methane,
which is a potent greenhouse gas and contributor to ozone
pollution. Spills and leaks also waste resources (and therefore
money), so there are environmental, public health, and economic
incentives for maintaining a safe and efficient transportation
system for our energy resources.
Gas transmission
(blue) and
hazardous liquid
(red) pipelines
in the United
States as of March
2018. Image
does not include
gas distribution
lines. Hazardous
liquid pipelines
are mostly those
used for crude oil,
refined products,
and other
petroleum liquids,
but also include
pipelines used to
transport
ammonia and
carbon dioxide.
Image credit:
Pipeline and
Hazardous
Materials Safety
Administration.1
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Pipelines

Rail

The U.S. has over 200,000 miles of pipeline for crude oil, refined
products, and natural gas liquids. There are over 300,000 miles
of pipeline for gathering and transmitting natural gas, and
2.2 million miles for distributing gas to homes, businesses, and
other industrial sites.2

In 2017, roughly 140 million barrels of crude oil were transported
by rail in the United States, a 64% decrease compared to 2014
volumes.5 This decline was due to the opening of new crude oil
pipelines and fewer shipments from the Midwest to the East Coast
as coastal refineries imported more crude oil.6 Crude oil imports
by rail from Canada were about 48 million barrels in 2017.7

In 2014, U.S. pipelines transported almost all of the natural gas
produced and used in the United States, as well as over 16 billion
barrels of crude oil and refined products3 (this number is about
twice the total U.S. consumption of crude oil and refined products
because they are transported multiple times between well,
refinery, and retail outlet4).
Except for above-ground shut-off valves, most pipelines are
buried and marked by signs that warn against digging, identify
the line location, and provide emergency contact information
in case of a leak or spill.

Trucks
In 2013, trucks carried about 1.2 billion tons (about 380 billion
gallons or 9 billion barrels) of gasoline, diesel, and aviation fuel.8
Many of the shipments were from refineries or bulk storage facilities to over 160,000 retail outlets.9 Trucks are the most versatile
form of transportation because they don’t rely on the presence
of pipelines, railways, or water. As a result, they are used for
most short-distance transportation of oil and refined products.
However, trucks are not particularly energy-efficient, requiring
three times as much energy as a train (which is itself less efficient
than a barge or pipeline) to move the same amount of material,10
so trucks are less attractive for long-distance transportation.

Barges
Barges have traditionally moved small amounts of crude oil from
the Gulf Coast to Midwest refineries, and are also used to transport some refined products. Barge usage increased dramatically
with the rapid development of the Bakken Shale (North Dakota
and Montana) in the early 2010s, as crude oil could be shipped
south by river to refineries in the lower Mississippi and Gulf
Coast. In 2010, barges delivered 46 million barrels of crude oil

Sign indicating a buried refined-product pipeline in Alexandria, Virginia.
The Plantation Pipeline runs from Gulf Coast refineries to Northern Virginia; the pipeline shown in this picture is an extension of the Plantation
Pipeline that delivers jet fuel to Washington National Airport. Image
credit: Ben Mandler, American Geosciences Institute.
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Oil barge at the Cape Cod Canal, 2011. Image credit: Pvalerio, Wikimedia
Commons11
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to U.S. refineries. This rose to 244 million barrels in 2014, before
decreasing with the downturn in the industry, with 165 million
barrels delivered in 2016.12 Inland water transportation uses
roughly 75% less energy than trucks and 25% less energy than
rail, but is only viable where navigable rivers are close to both
the source of oil and its destination.10

International Transportation
Crude oil, refined products, and natural gas move largely by
pipeline between the U.S., Canada, and Mexico. In 2017, Mexico
and Canada accounted for 44% of all U.S. petroleum imports13
and 30% of all U.S. petroleum exports.14
Canada – the U.S. largely imports Canadian crude oil and
exports refined products. Pipelines crossing the U.S.-Canada
border include 31 oil and 39 natural gas pipelines, plus 16
pipelines moving other commodities such as carbon dioxide
and industrial chemicals.15 In 2016, 91% of all oil imported into
the U.S. from Canada was transported by pipeline, 3% by rail,
and 5% by marine vessels.16
Mexico – the U.S. largely imports Mexican crude oil and exports
refined products, both by ship and by rail. The U.S. exports natural
gas to Mexico via pipeline. U.S. natural gas exports to Mexico
have grown from 333 billion cubic feet in 2010 to 1.37 trillion in
2016, and are projected to increase to 2.17 trillion cubic feet in
2020 as planned pipelines come online.17
Other countries – the U.S. exports and imports crude oil and
refined products to and from other countries by sea. Total imports
from countries other than Canada and Mexico were over 5 million
barrels per day in 2017.18 Historically, the U.S. has exported very
little crude oil and a larger amount of refined products. However,
exports of both have risen rapidly in recent years, and in 2017
total exports of crude oil and refined products to countries other
than Canada and Mexico exceeded 4.4 million barrels per day.19
Globally, marine vessels move huge volumes of crude oil, refined
products, natural gas liquids, and natural gas around the globe. In
2016, oil, refined products, and natural gas represented roughly
30% of all international seaborne trade.20
In 2017, the U.S. exported over 650 billion cubic feet of natural
gas as liquefied natural gas (LNG).21 This represents a huge
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increase from about 50 billion cubic feet exported annually
from 1985 through 2011, and is almost four times the amount
of LNG exported in 2016. This increase was driven by increased
domestic gas production, increased liquefaction capacity, and
low-cost export facilities converted from import terminals that
had been constructed to import LNG before the domestic gas
boom began in 2006. Almost all the LNG is exported from the
Gulf Coast, but as of early 2018, export terminals are being built
at existing import terminals in Georgia and Maryland.22 As of
early 2018, almost half of all U.S. LNG exports were delivered to
Mexico, South Korea, or China.23 Natural gas produced in Cook
Inlet, Alaska, was exported to Japan from Alaska’s Kenai terminal
in 2015 but not in 2016 or 2017,24 pending decisions over the
future of the terminal.

Storage
Storage facilities are used to ensure a steady supply of important
fuels, reducing the risks of supply disruption due to natural
disasters, conflicts, and other major events.
Natural gas and crude oil. The natural gas industry uses nearly
400 underground storage facilities to ensure that supply remains
steady during periods of high demand.25 The federal government’s
Strategic Petroleum Reserve can store over 700 million barrels
of crude oil in underground salt caverns near refineries along
the Gulf Coast (enough oil to supply the entire United States
for roughly five weeks).26 This reserve is part of a global storage
system to respond to major supply disruptions, and was recently
tapped in late August 2017 in response to supply disruptions
from Hurricane Harvey.
Refined petroleum products. The northeast U.S. is home to two
federal oil reserves for use in the event of a brief supply disruption. One holds a million barrels of home heating oil (created in
2000 and first used to reduce supply disruptions from Hurricane
Sandy);27 the other holds a million barrels of gasoline (created in
2014 in response to Hurricane Sandy).28 Each reserve is spread
over three locations in the Northeast. In total, these reserves
contain roughly half a day’s supply of gasoline and a day’s supply
of heating oil29 (based on winter usage) for the entire northeast.
However, supply disruptions rarely affect the entire northeast
U.S., so shipments can be made from these reserves to targeted
areas for a longer period of time.
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Spills

Transporting Water

A tiny proportion of all the oil transported in the U.S. is leaked or
spilled. Most of the transportation system is safe and effective.
However, because the quantities of liquids being transported are
so enormous, even a tiny portion of this can be large enough to
have significant environmental impacts in the area of the spill.

Water used for drilling, oil and gas production, and hydraulic
fracturing (not fully quantified,33 but probably in the range of
a few billion gallons per day34), and for refining oil (1-2 billion
gallons per day)35 must also be transported from its source to
where it is needed. In addition, “produced water” extracted
along with oil or gas (roughly 2.5 billion gallons per day)36
must be transported to a disposal or reuse site. In established
oil-producing areas or at permanent facilities, water may be
moved by pipelines, but it is otherwise moved largely by
truck. Oilfield waters are generally not federally regulated
as hazardous wastes and so are not regularly measured and
tracked. However, state or federal regulations may require
certain management or handling practices for oilfield waters.37

2017 spill volumes by mode of transportation:30,31
• Rail – 56,000 gallons of crude oil and refined products from
seven reported incidents
• Highway – 180,000 gallons of crude oil and refined
products from approximately 100 reported incidents
• Pipelines – 2.58 million gallons of crude oil and refined
products from 328 reported incidents.
For each method of transport, spill volumes represent less than
0.001% of the total amount transported. The larger total amounts
spilled from pipelines are mostly because almost all of the oil
and refined products in the U.S. are transported by pipeline over
long distances. Per barrel-mile, pipelines are less likely to spill
than trucks (they don’t get into crashes), but when they do spill,
the spills can be larger and more difficult to clean up, especially
because most pipelines are buried underground and carry large
volumes of oil and refined products.
Although oil and refined product pipeline operators employ leak
detection systems, such as pressure or flow monitoring and/or

internal surveys of pipe integrity, roughly half of all leaks are
found by the public or local operating personnel.38
For more information on natural gas leaks, see “Methane Emissions
in the Oil and Gas Industry” and “Mitigating and Regulating
Methane Emissions” in this series; for more information on spills,
see “Spills in Oil and Natural Gas Fields”.

Regulation of Transportation, Storage,
Refining, and Marketing
The Pipeline and Hazardous Materials Safety Administration
(PHMSA) in the U.S. Department of Transportation regulates
the pipeline transport system and shipments of hazardous
materials by land, sea, and air.39 The Federal Energy Regulatory
Commission (FERC) regulates the practices and rates of interstate
oil pipelines,40 while PHMSA regulates their operation. FERC also
reviews applications for construction and operation of natural
gas pipelines and LNG export and import terminals to certify
their compliance with safety and environmental laws.

References & More Resources

The damaged portion of Enbridge Line 6B is prepared for removal,
having spilled hundreds of thousands of gallons of heavy crude oil
near Marshall, Michigan, in July, 2010. Image credit: U.S. Environmental
Protection Agency.32
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Oil Refining and Gas Processing
Turning complex mixtures into usable products
Introduction

Oil Refining

Crude oil and natural gas are complex chemical mixtures that
are generally unsuitable for direct use. Oil refining and gas processing turn these mixtures into a wide range of fuels and other
products while removing low-value and polluting components.

Crude oil is a mixture of many different hydrocarbon molecules
of a range of sizes. Smaller molecules vaporize at lower temperatures, so crude oil can be distilled to separate out the different
hydrocarbons. In the distillation process, crude oil is vaporized
and the hot vapor rises up a column, cooling as it rises. Different hydrocarbons vaporize at different temperatures, so they
condense into liquid form at different points in the column,
separating the crude oil into different components that can
then be further processed to optimize them for their final use.

Refining and processing have both positive and negative environmental impacts: although they remove harmful pollutants
and produce cleaner-burning fuels, the operations at refineries
and processing plants may release harmful pollutants into the
environment, affecting local air and water quality.

20 °C

Gasoline and diesel are the most lucrative products extracted
from crude oil, so refineries use a range of techniques to
maximize the production of these fuels. This may include
cracking (breaking larger molecules down into smaller molecules2), hydrotreating (replacing impurities such as sulfur
with hydrogen to improve fuel quality3), reforming (turning
smaller molecules into gasoline2), alkylation (using an acid
to produce high-octane gasoline from smaller molecules4),
and blending (mixing different liquids together to produce
uniform products that meet regulatory standards5). During the
blending stage, ethanol from industrial ethanol plants is also
blended into gasoline to increase its octane content, reduce
carbon monoxide emissions, and meet the requirements of
the Renewable Fuel Standard.6

Gas
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During crude oil distillation, different fuel types condense and are
extracted at different temperatures. Image credit: Wikimedia Commons
users Psarianos and Theresa Knott.1
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Different crude oils have different compositions, containing
different mixtures of hydrocarbons and variable amounts of
sulfur and other impurities. The proportions of different refined
products will vary with changes in the types of oil being refined,
demand for different products, and regulations that influence
this demand. Roughly 80-85% of all crude oil ends up as gasoline, diesel, or jet fuel. The rest is used to produce liquefied
petroleum gases, petrochemical feedstocks, and a variety of
other products.7 In 2016, 141 U.S. refineries produced a daily
average of 9.3 million barrels of gasoline, 3.7 million barrels of
low-sulfur diesel, and 1.6 million barrels of jet fuel.8
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Natural Gas Processing
In 2017, the United States produced 33 trillion cubic feet of natural
gas.9 A small fraction of this was used in field operations, re-injected
into underground reservoirs, vented, or flared; the rest was processed by 550 gas processing plants to produce 27 trillion cubic
feet of pipeline-quality natural gas.10,11 Pipeline-quality gas must
meet rigid standards for energy content and purity12 for residential,
commercial, and industrial use, including natural gas power plants.
Before processing, natural gas consists mostly of methane, with
varying proportions of other hydrocarbons, carbon dioxide
(CO2), sulfur dioxide, nitrogen, water vapor, and helium.13 Gas
processing removes some of the non-methane components of
natural gas in order to:
• Improve combustion and reduce corrosion by removing water
• Prevent the formation of damaging acids by removing harmful
or corrosive gases – especially sulfur and CO2 – that might
otherwise react with small amounts of water to form acids
• Standardize the energy content of the gas to ensure uniform
combustion in furnaces and other equipment, notably by
removing non-combustible gases such as CO2 and nitrogen
• Extract valuable minor gases for other uses (e.g., other
hydrocarbons and helium)
Non-methane hydrocarbons extracted during gas processing are
collectively called “natural gas liquids” (NGLs) because they form liquids more easily than methane at high pressure or low temperature.
Of the NGLs, the most common are ethane, propane, and butane.
Ethane and propane are further processed in large quantities to
make feedstocks for plastics (see “Non-Fuel Products of Oil and Gas”
in this series), while propane and butane are compressed into liquids
to provide an energy-dense source of gas fuel for off-grid uses.
The main methods used to remove non-methane components
from natural gas are absorbents and cooling. A variety of absorbents may be used, including special oils (for NGLs), glycol (for
water), amines (for sulfur and CO214), and zeolite or oil absorption
(for nitrogen15). Chilling natural gas down to different temperatures allows different components to be removed as they condense into liquids. This is the most common method for nitrogen
removal: the natural gas is chilled until the methane liquefies,
allowing the nitrogen gas to be vented off.16 NGLs may be removed
in a single mixture that is then heated to different temperatures
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Oil refineries (open squares) and gas processing plants (blue) in the United
States as of February 2018. Not shown: two refineries in Hawaii and five in
Alaska. Image credit: U.S. Energy Information Administration.17

to isolate each NGL in turn.18 After processing, the gas is deemed
“dry” and ready to be shipped via pipelines to end users.

Refining, Processing, and the Environment
Refining and processing reduce the environmental impact of
oil- and gas-derived fuels by removing harmful pollutants and
improving their reliability during combustion. However, refineries
and processing plants have their own environmental impacts,
with corresponding procedures for minimizing those impacts.
More information on these can be found in other parts of this
series: “Mitigating and Regulating Methane Emissions” and “Air
Quality Impacts of Oil and Gas.”
Carbon dioxide (CO2) occurs in varying proportions in natural gas
and is removed at processing plants to improve the quality of the
gas. Most of this CO2 is vented to the atmosphere, accounting
for roughly 0.4% of total U.S. greenhouse gas emissions (for
comparison, methane leaks from the natural gas production
and distribution chain are estimated to account for roughly 3%
of U.S. emissions).19 A small number of gas processing plants
capture the CO2 removed from natural gas during processing; this
captured CO2 is injected into oil fields to enhance oil recovery.20
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Non-Fuel Products of Oil and Gas
Plastics, fertilizers, synthetic fibers, pharmaceuticals, detergents, and more
Introduction
Oil and natural gas are complex mixtures of chemicals. Oil refineries
and gas processing plants extract the organic compounds that
make the best fuels for transportation, heating, and electricity
generation: gasoline, jet fuel, diesel fuel, heating oil, and methane.
Other chemicals derived from processing oil and natural gas
are called petrochemicals and are used to make thousands of
non-fuel products.

Getting from Oil and Gas to Petrochemicals
Petrochemicals can be produced by refining oil or processing
natural gas; petrochemical plants are typically built to use
either oil- or gas-derived materials (or both), depending on the
availability and price of each. Globally, most petrochemicals
are derived from oil, but in the U.S., most petrochemicals are
produced from natural gas, due largely to high domestic natural
gas production.1
The most important raw materials for petrochemicals produced
from natural gas are ethane and propane. After methane (which
is mostly used for fuel), ethane and propane are the most common
organic compounds in natural gas. They are removed during
natural gas processing, so the more gas produced, the more ethane
and propane are available to make petrochemicals.2 Ethane and
propane molecules are larger and heavier than methane, so they
require less pressurization or cooling to turn them into liquids,
earning them the name “natural gas liquids.” During gas processing,
other natural gas liquids are also derived in smaller amounts and
are processed and used for many purposes, while methane itself is
used as a source of hydrogen to make fertilizer and other products
(see below). Naphtha, a liquid mixture distilled from crude oil at
refineries, is also used as feedstock for various petrochemicals.3

Ethylene and propylene are the two dominant petrochemicals: in
2016, the U.S. produced over 26 million tons of ethylene and over
14 million tons of propylene.5 Ethylene is primarily converted into
polyethylene (the most common plastic, used in thousands of
applications), but is also used to make other plastics such as polyvinylchloride (PVC, for pipes and home siding) and polystyrene
(used as a general plastic and as Styrofoam for insulation and
packaging). Propylene is mostly converted into polypropylene
for fibers, carpets, and hard plastic; some propylene produced
during oil refining is used to make compounds that are added to
gasoline to improve performance.6 Both ethylene and propylene
are used to make many other chemicals and materials with many
uses, including specialty plastics, detergents, solvents, lubricants,
pharmaceuticals, synthetic rubbers, and more.

From Petrochemicals to Consumer Products
Most plastics, synthetic fibers (such as polyester and nylon),
and resins (such as epoxy) are produced from petrochemicals.
These products are major components of vehicles, home and
office buildings, electronics, clothing, packaging, and more.

Ethane, propane, or naphtha can be heated to very high
temperatures (up to around 850 °C, or 1562 °F) to break apart
molecules (“cracking”)4 or selectively pluck hydrogen atoms off
the molecules (“dehydrogenation”) to form new chemicals such
as ethylene and propylene.
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While these are some of the best-known uses of petrochemicals,
other major uses of petrochemicals and other non-fuel products
of oil and gas include:
• Fertilizers – hydrogen derived from methane (the main
ingredient in natural gas) is combined at high temperatures
with nitrogen extracted from air to make almost all of
the ammonia in the world (a small amount of ammonia is
produced using other sources of hydrogen such as propane,
naphtha, or gasified coal). About 88% of U.S. ammonia
consumption is used as the nitrogen source for fertilizer.
Other important uses of ammonia include household
and industrial cleaning products, refrigerants, and in the
manufacturing of plastics, dyes and explosives.7
• Pharmaceuticals – almost all pharmaceuticals are
made from chemical feedstocks manufactured from
petrochemicals and their derivatives.8
• Many detergents and other cleaning products are made
from petrochemicals.9 Similar cleaning products made from
plant oils are now widely available, although these products
are often also produced using substances made from
petrochemicals.
• Road asphalt consists of roughly 95% crushed stone, sand,
and gravel; the remaining 5% is a thick, dark oil known as
asphalt or bitumen, which occurs naturally in some rocks
but is also produced by oil refining.

Appalachia’s New Role in U.S. Manufacturing
Since 2010, the Appalachian region has seen enormous
growth in natural gas production from the Marcellus and
Utica shales: by 2017, they provided almost 25% of all
U.S. gas production.13 This gas is especially rich in ethane,
propane, and other natural gas liquids,14 providing vast
resources for petrochemical production. By mid-2017,
almost 23 billion cubic feet of natural gas was processed
in Appalachia every day, providing 600,000 barrels per day
of ethane and other natural gas liquids.14 These natural gas
liquids are mostly transported by pipelines to cracking
plants on the Gulf Coast or exported to Canada.15 However,
the growth in natural gas liquid production, especially since
2013, has prompted plans to build new ethane crackers in
Appalachia.12 The first of these is likely to be a Shell project
in Beaver County, Pennsylvania, which is due to begin
operations in the early 2020s.16 Local production of plastics
and other petrochemicals is expected to support the local
manufacturing industry.

Fertilizer: Ammonia from Natural Gas
Ammonia, a compound of hydrogen and nitrogen, is industrially
produced on a vast scale. The U.S. produced over 10 million tons
of ammonia in 2017,7 almost entirely using hydrogen derived
from natural gas. Roughly 88% of this ammonia is used to provide
nitrogen for fertilizer, making up almost 60% of all fertilizer used
in the United States.10 With growing domestic natural gas production, low natural gas prices, and new fertilizer plants coming
online,11 U.S. ammonia production capacity is expected to grow by
25% from 2018 to 2022. Over this same period, global ammonia
production (150 million tons in 2017) is expected to grow by 8%.7

Medicine: Plastics and Pharmaceuticals
Plastics are so widely used that it is easy to forget how varied
they are – the most common plastic, polyethylene, comes in
10,000 different types for different uses.12 In medicine, plastics
serve a wide variety of purposes: keeping medical equipment
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Ammonium nitrate fertilizer being applied to winter wheat. Almost all
ammonia used for fertilizer is derived from natural gas. Image credit:
Michael Trolove, Wikimedia Commons.17

sterile; providing inexpensive disposable syringes, tubing, and
single-use supplies to reduce the risk of infection; and forming
implants and artificial joints, as well as many advanced materials,
including natural-synthetic hybrids that can be used inside the
body with lower risk of rejection.
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aside from advanced research, a major application of liquid
helium is to cool magnetic resonance imaging (MRI) scanners.
Helium is sourced entirely from natural gas at gas processing
plants. The U.S. is the largest helium producer in the world: in
2017, the U.S. accounted for 57% of global helium production.
Qatar produces most of the rest (28% of global production),
with a handful of other countries producing small quantities.23

Petrochemicals and the Environment

Medications and the bottles that house them are almost all made using
petrochemical building blocks. Image credit: Airman Valerie Monroy,
U.S. Air Force.18

One of the oldest uses of petrochemicals is petroleum jelly, a soft
solid that often naturally separates from crude oil. Petroleum jelly
was first marketed over 150 years ago and is still widely used for
skin care and cosmetics.19
Petrochemicals provide the chemical building blocks for most
medicinal drugs: nearly 99% of pharmaceutical feedstocks and
reagents are derived in some way from petrochemicals.8 For
example, aspirin has been manufactured from benzene, produced
in petroleum refining, since the late 19th century.20

Sulfur and Helium
Sulfur is common in both oil and natural gas. If it is not removed,
it can corrode steel transportation equipment and pipelines,
and produce acid rain when released as sulfur dioxide during
combustion. Removing sulfur from these fuels reduces economic
and environmental damage while also producing a valuable
industrial material: in 2017, the United States produced over
9 million tons of sulfur valued at $585 million; the vast majority
of this came from oil refining and gas processing.21 Sulfur is
mostly used to make sulfuric acid for a wide range of industrial
processes, notably in the production of fertilizer, which accounts
for half of global sulfur consumption.22
Helium is an important industrial gas with a wide variety of applications in aircraft, aerospace, electronics, and advanced metalworking. Liquid helium is the coldest cryogenic liquid available:
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Magnetic resonance imaging (MRI) scanners use specialized magnets
that require extremely low temperatures to operate. These low temperatures are achieved using liquid helium, which is the only currently
available source of ultra-low cryogenic temperatures. Helium is sourced
entirely from natural gas. Image credit: Jan Ainali, Wikimedia Commons.24

When oil, gas, and the environment are discussed together,
the focus is often on the ways in which oil and gas can damage
environmental or human health, and steps that can be taken
to prevent or reduce these impacts. Petrochemicals are an
interesting case because they have both positive and negative
impacts on the environment. The negative impacts are significant and should not be understated, but they are also generally
well-known: the accumulation of plastic waste,25 the harm that
plastics and their breakdown products can cause when ingested
by animals,26 and the damage to aquatic ecosystems caused
by fertilizer runoff (caused by both natural and petrochemical
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fertilizers).27 The environmentally beneficial uses of petrochemicals are less commonly discussed but are an important part of
any discussion of overall environmental impacts. Some of these
environmentally beneficial uses include:
• Oil absorbents used to clean up oil spills.28 Natural
biological materials (e.g., feathers or straw) can absorb
3-15 times their weight in oil, while minerals (e.g., sand
and vermiculite clay) can absorb 4-20 times their weight
in oil. These natural materials are inexpensive but they can
often sink in water, making them less effective for oil spills
at sea. Synthetic oil absorbents made from plastic or nylon
can absorb up to 70 times their weight in oil while staying
afloat, making them effective for oil spill cleanup in water.
• Federal regulations require construction or demolition
sites to have barriers that prevent stormwater runoff from
carrying sediment and waste into sewers, rivers, or streams.29
These barriers are often made of plastics or synthetic fibers,
which are weather-resistant and impermeable.
• Some petrochemical-derived products can be used to
remove carbon dioxide from the combustion gases of
power plants, thus reducing the greenhouse gas emissions
of energy production. In 2017, the Petra Nova project
near Houston, Texas, began operations as the largest such
project in the world. Attached to an existing coal-fired
power plant, the system removes carbon dioxide from
the combustion gases by reacting it with chemicals called
amines (derived from ammonia, which is produced from
natural gas).31 The Petra Nova project is designed to capture
1.6 million tons of carbon dioxide per year.32

Plastic Disposal and Recycling
Most plastic food and beverage containers, plastic bags, and
other packaging can be recycled.33,34 Some plastics can be
reprocessed to make the same product they were originally used
for (e.g., plastic bottles). Plastic bottles can also be turned into
polyester fiber used for fleece jackets, insulation, and carpeting.
Plastic bags and film can be recycled into plastic lumber, used
to make outdoor furniture, decks, and fencing.35
Despite the many potential reuse options for plastics, only
about 9.5% of plastic material generated in the U.S. was recycled in 2014. Over 75% went into landfills, while 15% went
into trash-to-energy plants that burn waste to generate electricity.36 A small but significant proportion of used plastic is
not properly disposed of and ends up in the surface or marine
environment, where it takes hundreds of years to decompose
and can harm wildlife.
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Plastic fencing to control soil erosion and stormwater runoff at a construction site. Image Credit: U.S. Environmental Protection Agency.30
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Air Quality Impacts of Oil and Gas
Emissions from production, processing, refining, and use
Introduction
All widely used combustible fuels emit harmful (toxic or
ozone-forming) gases and particles when burned to provide
energy. These air pollutants can have a wide array of public
health impacts, such as increasing the rate of certain cardiovascular (heart) and pulmonary (lung) diseases, cancers, and
strokes.1 Mobile emission sources, including cars, trucks, trains,
and airplanes using gasoline, diesel, and aviation fuel account for
more than half of all air pollutant emissions in the United States.2
Stationary sources such as oil- and gas-fields, oil refineries, and
gas processing plants are small in comparison to those from
burning fuels but may have significant local impacts.
Oil and gas production, processing, and use also release large
quantities of greenhouse gases, especially methane and carbon
dioxide. Although these gases have climatic impacts and are
regulated by the U.S. Environmental Protection Agency (EPA),
they do not significantly impact local air quality except at high
concentrations in confined spaces, so they are not discussed
in this sheet. For more information on methane and carbon

dioxide emissions, see other sections in this series: “Petroleum
and the Environment: An Introduction”, “Methane Emissions in
the Oil and Gas Industry”, “Mitigating and Regulating Methane
Emissions”, and “Oil Refining and Gas Processing”.

Major Air Pollutants and the Regulatory
Framework
Six major pollutants produced directly or indirectly by burning
fossil fuels (in addition to other human activities) are required by
law to be regulated by the EPA under the Clean Air Act: carbon
monoxide (CO), nitrogen oxides (NOx), sulfur oxides (SOx) ozone
(O3), particulate matter (PM), and lead (Pb).4
The EPA and states also set standards for 187 other “air toxics”
with serious known or suspected health effects.5 These include
some oil and gas components, such as benzene, which is found
in gasoline. Oil- and gas-related air toxics may be emitted during
petroleum exploration, production, refining and processing,
and combustion. The wide range of potential emission sources
requires a variety of regulations to effectively manage different
emissions at different points in the oil and gas supply chain.
The Environmental Protection Agency (EPA) takes two general
approaches to regulating air pollution related to petroleum
exploration and production activities:

Flaring of unprocessed natural gas, as seen here on a well site in North
Dakota (flare on right of picture), is one of several oilfield processes that
can negatively affect air quality, as well as increasing carbon dioxide
emissions. Flaring in North Dakota was particularly common in the early
2010s, as oil production was booming but pipelines were not in place
to collect and transport the natural gas produced from oil wells. Image
credit: Tim Evanson, Flickr.3
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• The EPA sets ambient air quality standards for the six major
air pollutants mentioned above, and periodically revises
these standards based on current scientific information about
health impacts and the availability of pollution-reducing
technology.6 States develop and enforce implementation
plans to control air pollutants, and tailor these plans to their
specific sources to comply with EPA air quality standards.
Areas within a state that fail to meet air quality standards
(“non-attainment areas”) face additional restrictions.7 State
rules may regulate vehicle emissions and the construction
and operation of industrial plants including petroleum
refining, storage, transportation, and marketing facilities.
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• The EPA also sets maximum legal pollutant emissions and
provides guidelines on the appropriate type of pollution
control for the six major pollutants and specific air toxics
at certain stationary sources across industries.8 Those
related to oil and gas include gas turbines, boilers, gasoline
terminals, and petroleum refineries.

invest billions of dollars in control technologies and supplemental
environmental projects.12 Due largely to this enforcement, from
2000 to 2011, combined SOx and NOx emissions from refineries
decreased by 75%.13 Other regulations control VOC and benzene
emissions from equipment at refineries and petroleum product
distribution systems.14

New emission regulations are often contentious. New regulations
may require industries to install new equipment or adopt new
procedures to ensure compliance, sometimes at significant
cost; the health or safety benefits of a new regulation may
be debated; and some may argue that a regulation does not
do enough to meet environmental or public health needs.
Regulators receive public input from a wide variety of stakeholders while developing new regulations. However, because
stakeholders often have many competing priorities, the final
regulations are often challenged in court as being either too
mild or too onerous.

Natural gas processing has fewer air pollution risks, but some
plants that process natural gas containing hydrogen sulfide – a
poisonous, corrosive, and flammable gas – are regulated as
toxic release sites.15 The range of refinery and processing plant
operations and their related emissions are summarized in the
EPA’s Compilation of Air Pollutant Emission Factors.16

Ozone and Oil & Gas Production
Oil- and gas-producing areas may have high levels of volatile
organic compounds (VOC) that contribute to harmful ozone
formation in the lower atmosphere. VOCs are emitted by vehicles
and equipment used in oil operations as well as in surrounding
roads and communities. VOCs also evaporate directly from the
oil and gas being extracted, stored, and transported around the
oilfield.9 Storage tanks, certain types of pumps and compressors,
and leaky valves and fittings may allow VOCs to escape into
the atmosphere. High levels of VOCs have been measured in
some oil- and gas-producing areas, such as the Eagle Ford in
South Texas.10,11 However, quantifying these oilfield emissions
and their effects on air quality is often complicated by variable
and/or unknown background ozone levels; determining the
contribution of oilfield emissions to ambient VOC levels is an
active area of current research.

Refinery emissions can be reduced by many means, including
improved furnace efficiency, leak detection and control, gas
recycling, reduced flaring and venting, scrubbers, and catalytic reactors.17,18,19,20 From 1990 to 2013, refinery emissions of
air toxics decreased by 66% and VOC emissions decreased by
69%, despite a 14% increase in the amount of crude oil being
processed.21 For communities near refineries, such as Galena
Park near Houston, Texas (see figure), sustained future decreases
in emissions from refineries and fuel storage facilities are an
important part of mitigating the local public health impacts of
oil and gas activity.22

Air Pollution from Oil Refineries and Gas
Processing Plants
Oil refineries convert crude oil into a vast array of products,
requiring a range of operations that emit a variety of pollutants,
both through normal operations and in accidents. The EPA’s
enforcement of the Clean Air Act at petroleum refineries has led
to dozens of settlements in which companies have agreed to
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Refineries, fuel shipping terminals, and other industrial facilities along
the Houston Ship Channel, 1999. The city of Galena Park is center-right.
Roughly half of all U.S. refining capacity is located on the Texas and
Louisiana coasts, leading to a higher risk of air pollution from refineries
in this region of the Gulf Coast. Image credit: Army Corps of Engineers.23
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In the United States, attempts to decrease the emission of
pollutants from fossil fuel combustion have been highly successful, especially since the Clean Air Act of 1970 (with revisions
in 1977 and 1990).4 From 2000-2016, average air concentrations
decreased for ozone (by 17%), particulate matter (42%), lead
(93%), sulfur dioxide (72%), nitrogen dioxide (47%), and carbon
monoxide (61%).24 Reflecting this improvement, the total number
of days per year that 35 major metropolitan areas reported their
air quality index as “unhealthy for sensitive populations” or
worse decreased from 2,076 days in 2000 to 697 days in 2016,
a reduction of 66%.25
These pollutants have been reduced in a number of different ways:
• Carbon monoxide and NOx emissions have been reduced
by fitting engine exhausts with catalytic converters (to
convert carbon monoxide to carbon dioxide) and NOx traps
(to remove NOx).

• Lead was added to gasoline starting in the mid-1920s to
improve engine operation, but it is a potent neurotoxin.
Atmospheric lead levels in the U.S. began to decrease in the
1970s with EPA-mandated reductions in leaded gasoline
and the introduction of catalytic converters to car exhausts,
which require unleaded gasoline. Since 1996, lead has been
completely banned from all gasoline for road vehicles in the
United States,26 although as of 2018 some small aircraft are
still permitted to use aviation gasoline containing lead.27
Since 1990, average atmospheric lead concentrations in the
U.S. have decreased by 99%.28
• Sulfur oxides (SOx, mostly sulfur dioxide, SO2) are primarily
produced by the burning of fossil fuels (especially coal) in
power plants and other industrial facilities. Sulfur emission
reductions started with ambient air quality standards set by
the EPA in the 1970s,29 and continued with the 1990s Acid
Rain Program, which set procedures for coal-fired power
plants to reduce SOx and NOx emissions that contribute
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Changes in the average U.S. concentrations of the EPA’s six target air pollutants from 1990-2016. Time periods indicate duration over which measurements are averaged. NAAQS = National Ambient Air Quality Standards. Image credit: U.S. Environmental Protection Agency.31
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to acid rain.30 The switch from coal to natural gas power
generation since the 1980s has further cut SOx emissions.
Refineries and processing plants are also required to
capture sulfur from oil and gas, reducing SOx emissions
upon combustion.
Particulate matter and ozone (major ingredients of smog)
are both produced by the reaction of other pollutants in the
atmosphere. In addition, particulate matter is emitted directly
in gasoline- and diesel-vehicle exhaust. In the U.S., the EPA has
set ambient air quality standards for particulate matter and
ozone since 1970, reviewing and tightening these standards on
several occasions.32,33 Enforcement of EPA air quality standards
decreased total emissions of particulate matter from vehicles by
more than 50% from 2002 to 2016.34 Standards issued in 2007
and 2014 will continue to lower emissions as the vehicle fleet
turns over to newer vehicles that conform to these standards.35
The story is similar for air toxics: from 1990 to 2014, average
atmospheric concentrations of air toxics decreased by 68%,24
and from 1990 to 2009, benzene levels decreased by 66%.36

Despite these improvements, air pollution still presents a serious
health risk in urban areas. The EPA estimates that 14 million
people in roughly 60 urban areas of the U.S. have more than
a 1-in-10,000 lifetime risk of developing cancer caused by air
pollution – ten times higher than the overall U.S. population.38
Over time, the past success of regulations and technologies
in improving U.S. air quality means that additional emissions
reductions come at increasing cost relative to the size of the
reduction.39 Evaluating the economic, environmental, and
health impacts, the difficulty of measuring and understanding
impacts on large and diverse human populations, and the huge
variety of different stationary and mobile emission sources
combine to make air quality management a perennially controversial subject.
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Smog visible as an orange haze over Los Angeles. Large urban areas in
the United States still experience degraded air quality due in large part
to the emission of smog-forming molecules and particulate matter
from gasoline and diesel engines in vehicles. Image credit: Al Pavangkanan, Flickr.37
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Petroleum and the Environment
Part 19

Methane Emissions in the Oil and Gas Industry
Quantifying emissions and distinguishing between different methane sources
Introduction
Methane is the main component of natural gas, a cheap, abundant,
and versatile source of energy that produces less carbon dioxide
than other fossil fuels when burned. However, methane itself is
a more potent greenhouse gas than carbon dioxide. Methane
leaks from wells, pipelines, or processing equipment can substantially increase the greenhouse gas emissions of the natural
gas sector, while also wasting resources as methane escapes into
the atmosphere.

Identifying Methane Sources
Methane may be produced in two ways. Thermogenic methane,
the source of most natural gas reserves, is produced by the effects
of heat and pressure on the deeply buried remains of marine
microorganisms, and usually occurs with oil. Biogenic methane is
produced by microbes in the stomachs of cows, sheep, goats, and
other ruminant animals (known as enteric fermentation), and in
manure, shallow coal and oil deposits, and wetlands. Identifying

whether a methane source is thermogenic or biogenic is crucial
for determining the methane emissions from oil and gas operations.
This section of Petroleum and the Environment focuses on
quantifying emissions of methane into the atmosphere; other
parts of this series cover efforts to reduce methane emissions
(“Mitigating and Regulating Methane Emissions”), and issues of
methane in groundwater (“Groundwater Protection in Oil and
Gas Production”).

U.S. Methane Emissions
Determining the relative methane emissions from different sources
is very difficult. The majority of methane emissions come from
several vast industries that often operate right next to each other
(agriculture, oil and gas, mining, and waste management). Leaks
can be short-lived or prolonged, and emission rates from agriculture and landfills change over time. So although atmospheric
methane levels can be measured very accurately, there is a great
deal of uncertainty in the overall proportion of emissions coming

2015 U.S. Methane Emissions, By Source

Methane Facts and Figures
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EPA estimates of U.S. methane emission sources in 2015. Image credit:
American Geosciences Institute, modified from the U.S. Environmental
Protection Agency.1
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• In 2015, methane made up about 10% of U.S.
greenhouse gas emissions in terms of global warming
potential; carbon dioxide (CO2) made up 82%.1
• Natural gas provided 31.5% of U.S. electricity in 2017 –
the largest single source of electricity in the country.2
• Natural gas power generation produces 50-60% less
CO2 than coal to produce the same amount of energy,3
but methane leaks reduce this emissions-saving benefit.
• EPA estimates of methane emissions from natural
gas systems decreased by 16% from 1990 to 2015.
EPA-estimated methane emissions from crude oil and
refined oil product systems decreased 28% from 1990 to
2015.4 However, emissions estimates remain uncertain.
• In addition to livestock, manure, mining, and landfills,
other major sources of global methane emissions also
include wetlands and rice paddies.5
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from different human activities. The national numbers in this sheet
are best available estimates but may not be fully accurate.
Since the early 1990s, the U.S. Environmental Protection Agency
(EPA) has annually released the U.S. Greenhouse Gas Inventory4
as part of U.S. reporting to the United Nations in accordance with
the Framework Convention on Climate Change.6 The inventory
is based on emissions reports from more than 8,000 industrial,
manufacturing, and oil and gas facilities; power plants; and
landfills.7 These reports represent only about half of all U.S.
greenhouse gas emissions, resulting in large uncertainties in
emissions volumes.

Emissions from Oil and Natural Gas Systems
The oil and natural gas system is one of the most complex sources
for emissions estimates because of the number of emission sources,
their technical complexity, and the variability between different
facilities.8,9 Similar facilities may report different emissions,8 and
emission volumes may change over time as new leaks arise and
are detected and repaired.10
Reflecting this complexity, the EPA estimate of the overall
methane leak rate from the U.S. natural gas system has changed
over time as new information has become available.11 For example,
between 2010 and 2011, the EPA’s leak estimate for the year
2008 was updated from 96 to 212 million metric tons of carbon
dioxide-equivalent; in 2013 this was then revised down to 163

million metric tons.13 Estimates have not varied as widely from
2014 to 2017, but there remains considerable uncertainty in
these figures.

Regional Emissions Studies
Detailed studies of major oil- and gas-producing areas can
identify biogenic vs. thermogenic methane sources, monitor
smaller sources not included in the EPA inventory, and identify
particularly leaky equipment. Location-specific studies have
been a major research focus in recent years.14 For example:
• A study of seven oil- and gas-producing regions in the
U.S. found higher methane emissions in mainly oilproducing areas than in mainly gas-producing areas.
This in part reflects the fact that oil may contain some
methane that can escape from oil storage tank vents and
other openings.15
• In the Barnett shale area around Dallas and Fort Worth,
Texas, 67% of methane emissions are from oil and gas
sources.16 Half of all oil and gas methane emissions in
this area come from just 2% of production, processing,
and transportation facilities, and 90% of emissions
come from just 10% of facilities.17 This suggests that
most of the natural gas infrastructure is reliable, but a
small number of “super-emitting” sites have major leaks.
Super-emitting sites are expected to change over time as
equipment accrues damage and is repaired or replaced.
Detecting and reducing emissions therefore requires
continuous monitoring.10
The extent of methane leaks from the natural gas system is one
of the largest uncertainties regarding the environmental impact
of the oil and gas industry. Working towards a comprehensive
understanding of methane emissions is a major area of ongoing
research, involving a combination of large-scale regional measurements and focused local studies from the ground, air, and space.
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from fifty major oil- and gas-producing regions around the world.
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Part 20

Mitigating and Regulating Methane Emissions
Efforts to decrease emissions from the oil and gas industry
Introduction
Methane is the main component of almost all natural gas, and
gas delivered to end-users is purified to 95-98% methane.1 There
are three main sources of methane emissions from the oil and
gas industry:
• When a well is being drilled, cleaned out, or hydraulically
fractured. As the fluids involved in these operations flow
back up the well to the surface they bring methane with
them, which can escape into the atmosphere.
• Through leaky equipment in wells, processing plants,
and pipelines.

• When operators burn off (“flare”) or vent small amounts of
methane produced from oil wells. This commonly occurs
when the gas cannot be sold due to low quality or lack of
pipeline access. Flaring converts methane to carbon dioxide,
but venting directly emits methane into the atmosphere.
There is a strong environmental incentive to reduce emissions
of methane: it is a potent greenhouse gas that traps much more
heat per molecule than carbon dioxide.3 Methane in natural gas
also coexists with a number of other organic compounds that
contribute to the formation of ozone, which is harmful to plants
and animals, including humans.4 Some efforts to reduce these
kinds of emissions are voluntary;5 others are legally required by
government regulations. Some regulations are enacted at the
federal (national) level by the Environmental Protection Agency
(EPA),6 while others are enacted and enforced by individual
states.7 The EPA also supports voluntary programs to assist
both the energy and agricultural industries in reducing their
methane emissions.
Methane-related regulations include the use of “green”
(reduced-emission) completions for gas wells, reduction of gas
flaring, and leak monitoring and repair.

Green Completions of Oil and Gas Wells
Well “completion” involves all of the processes needed to get a well
ready to produce oil and/or gas, including hydraulic fracturing.
During these processes, mud and water from drilling and hydraulic
fracturing (if used) flow back up the well to the surface along
with some water contained in the oil- or gas-bearing rocks. This
stream of fluids often brings oil and gas with it, and the gas has
historically been allowed to escape into the atmosphere or flared
off (see below). “Green” completions use specialized equipment
to capture these gases and fluids.8 Captured methane may then
be used on-site or sold.
Uncaptured natural gas being flared off in the Bakken oil field, converting the methane to carbon dioxide. Image credit: Wikimedia Commons
user Joshua Doubek.2
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Colorado, and some cities in Texas had each implemented their
own regulations requiring green completions, and some operators
had voluntarily used green completions in other areas.9 As of 2018,
the EPA regulations requiring green completions for oil wells are
being considered for possible revisions.10

The Bureau of Land Management (BLM) issued a rule in November
2016 that limited flaring on federal lands.13 In late 2017, parts of
this rule were temporarily suspended or delayed until January
2019, pending review of the rule by BLM.

Reducing Natural Gas Flaring

In 2016, the EPA issued emissions standards aimed at reducing
methane emissions from new sources or facilities by detecting
leaks and repairing or replacing leaking equipment at oil and
natural gas wells, processing plants, pipelines, gas compressors,
and valves and connectors in these systems.14 As of 2018, the
Administration, Congress, and the courts are involved in multiple
ongoing actions to amend, advance, or delay the regulation.10,15

In areas that produce mostly oil with small amounts of gas,
operators often start moving the high-value oil to refineries
before pipelines can be built to transport the less valuable natural
gas. Instead, this gas is simply “flared,” i.e., burned in an open
flame. This controlled burning prevents the buildup of flammable methane and converts methane to carbon dioxide – a less
potent greenhouse gas. However, flaring wastes usable energy,
increases the carbon footprint of the industry, and decreases the
royalties that landowners – including private citizens and the
government – could earn from the sale of this methane.
Flaring is typically most common in new areas of high oil
production, and decreases as pipelines are built to transport the
gas. For example, flaring was widely used in the rapidly growing
Bakken area of North Dakota in the early-mid 2010s. From early
2014 to early 2016, flaring in North Dakota fell from 36% to 10%
of produced gas as production fell (due to lower oil prices) and
a local network of pipelines was constructed to collect the gas
from individual wells.11

Leak Detection and Mitigation

Some states, such as California16 and Pennsylvania,17 require
operators to perform periodic leak detection surveys of oil and
gas facilities, followed by mandatory repair or replacement if
leaks are found.

Voluntary Emissions Reduction Programs
The EPA’s voluntary Natural Gas STAR certification program, which
includes over 150 partnerships with oil and gas production,
transmission, and distribution companies, encourages and
documents the use of emissions-reducing technologies.18
Because methane emissions are also a major issue in agriculture,
EPA’s AgSTAR program promotes the use of biogas recovery
systems to capture methane emissions from livestock waste to
be used as fuel.19
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Natural gas infrastructure includes a large number of valves and connectors, such as at this gas processing facility in Montgomery County,
Texas. Components such as these may be sources of gas leaks. Image
credit: Roy Luck, Flickr.12
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U.S. Regulation of Oil and Gas Operations
Federal and state regulation of exploration, production, transportation, and more
Overview
Regulation of oil and gas operations has existed in various forms
for over 100 years.1 Regulation has several objectives: protecting
the environment (including air and water quality), protecting
cultural resources, protecting workers’ and the public’s health
and safety, and reducing wasted resources.2,3,4
Federal, state, and local governments each regulate various
aspects of oil and gas operations. Who regulates what depends
on land ownership and whether federal regulations or state laws
apply. In general, most drilling and production is regulated by the
states. Federal regulations primarily safeguard water and air quality
and worker safety, as well as exploration and production on Native
American lands, federal lands, and the Outer Continental Shelf.
Regulations are implemented by the executive branches of local,
state, and federal government based on the laws enacted by

local, state, and federal legislators. Public input is a formal part
of regulation development. The Clean Air Act (1963), the Clean
Water Act (1972), and the Safe Drinking Water Act (1974), plus later
revisions to these laws, form the basis of most federal regulation
of the oil and gas industry. State roles in regulating oil and gas
drilling and production were formalized by the Interstate Oil &
Gas Compact Commission (IOGCC), which formed in 1935 to
set standards for oil and gas drilling and develop production
regulations that the states agreed to enact.7

State Regulation of Exploration and
Production8
Exploration and production on state and private land are
regulated by each of the 33 oil- and gas-producing states.
States also regulate all oil and gas operations in state waters
that extend from the coast to 3 to 9 nautical miles from the
shoreline, depending on the state. Local zoning may control

Member State
Associate State
Non-Member State

States belonging to the Interstate Oil & Gas Compact Commission.5 Image credit: American Geosciences Institute, produced with mapchart.net.6
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some activities such as the minimum distance wells and other
facilities must be set back from homes and businesses.

Federal Regulation of Exploration and
Production

State regulations vary from state to state and over time. Early state
regulations were largely focused on preventing waste, ensuring
the rights of mineral owners to develop their resources, and
conserving resources to ensure the viability of future production.
Environmentally focused regulations have become increasingly
prominent over time, especially since the 1970s.9 State-regulated
activities include seismic and other geophysical surveys, leasing,
drilling, hydraulic fracturing, oil and gas production, well closure,
and site restoration. States enforce their regulations through
permitting and regulatory inspections.

On Non-Federal Land

In fiscal year 2016, production from federal and Native
American lands, onshore and in the Outer Continental Shelf,
was 23% and 17% of total U.S. production for oil and gas,
respectively.10,11,12

The federal role in regulating exploration and production primarily focuses on environmental protection. The Environmental
Protection Agency (EPA) sets standards on drinking water and
air quality under the authority of the Clean Air Act, the Clean
Water Act, and the Safe Drinking Water Act.14 In most cases, the
EPA allows states to develop and implement the regulations
necessary to meet federal standards. In a few areas, the EPA’s
regulatory role is more direct:
• The EPA requires the capture of all gases and fluids that
come out of a well as it is being prepared for oil/gas
production, including during hydraulic fracturing. This
“green completion” rule, required for all natural gas wells
since January 2015, requires equipment and procedures

Bureau of Indian Affairs
Bureau of Land Management
Bureau of Reclamation
Department of Defense
Fish and Wildlife Service
Forest Service
National Park Service
Tennessee Valley Authority
Other agencies

Federal and Native American lands in the United States. Colors indicate which federal agency oversees and regulates activities on these lands. Image
credit: U.S. Geological Survey.13
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designed to prevent the emission of a group of chemicals
called volatile organic compounds (VOC),15 and also capture
methane, a potent greenhouse gas. Additional restrictions
on methane and VOC emissions in the oil and gas industry
that were issued in 2016 are delayed in legal disputes as of
early 2018.16

the EPA itself regulates these wells in four oil- and gasproducing states: Pennsylvania, Virginia, New York, and
Michigan. The Underground Injection Control program aims
to protect groundwater from contamination. It does not
address earthquakes caused by underground wastewater
injection on non-federal lands.18

• The EPA’s Underground Injection Control program
authorizes most states to regulate wells that dispose of
oilfield waste, including produced water and hydraulic
fracturing fluids that flow back up the well. However,

On Federal Land (Onshore)
The Bureau of Land Management (BLM) has jurisdiction over
almost all leasing, exploration, development, and production of
oil and gas on federal and Native American lands. BLM rules and
standards for drilling and production19 require all operations on
federal land to comply with state and local regulations and protect
life, property, and environmental quality. As of 2018, some federal
drilling and production regulations enacted, revised, or proposed
since 2008 are being re-evaluated or rescinded by the current
Administration.20
The National Park Service regulates the small amount of oil and
gas activity in National Parks (roughly 550 active wells in 201521),
where the federal government owns the land surface but not
the underlying oil, natural gas, or mineral resources.22
Federal decisions about specific constraints on drilling and
production on federal land (onshore and offshore) are based on
the National Environmental Policy Act (1970).23 This act requires
federal agencies to assess the environmental impact of major
federal actions, mainly by producing Environmental Impact
Statements or Environmental Assessments.
Offshore

An advanced offshore blowout preventer (BOP). A BOP is a large, heavy
set of valves fitted at the top of the well; if high pressures in the well overcome all other barries, the BOP is designed to close off the well and the
drill pipe to prevent oil or gas from escaping. BOPs of some kind are used
on all oil and gas wells. In offshore drilling, the BOP is set on the seafloor
or below the drilling-rig deck. Onshore, the BOP is connected to the top of
the wellbore (below the drilling-rig deck). Image credit: Bureau of Safety
and Environmental Enforcement.17
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The federal government regulates offshore exploration and
production for the Outer Continental Shelf (OCS), which extends
from the edge of state waters (either 3 or 9 nautical miles from
the coast, depending on the state) out to the edge of national
jurisdiction, 200 nautical miles from shore.24 The Bureau of Ocean
Energy Management (BOEM) manages federal OCS leasing
programs, conducts resource assessments, and licenses seismic
surveys.25 The Bureau of Safety and Environmental Enforcement (BSEE) regulates all OCS oil and gas drilling and production. These two agencies, plus the Office of Natural Resources
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Revenue, which collects and disburses rents and royalties from
offshore and onshore federal and Native American lands, were
formed in the 2010 and 2012 reorganizations of the Minerals
Management Service.
BSEE drilling and production regulations have been extensively
revised in response to the 2010 Deepwater Horizon blowout and
oil spill and a National Academies assessment of ways to prevent
such incidents in the future.26 The regulations include requirements
for enhanced well design, improved blowout preventer design,
testing and maintenance, and an increased number of trained
inspectors.27 The current Administration is in the process of
reviewing and revising these regulations.

Regulation of Transportation, Storage,
Refining, and Marketing
States regulate the operation of oil pipelines, as well as the
construction and operation of natural gas gathering lines (small
pipelines that move gas from the well to a processing facility or
transmission line).28,29 The federal Department of Transportation
(DOT)’s Pipeline and Hazardous Materials Safety Administration
regulates the operation of natural gas pipelines that provide
long-distance transmission and local customer distribution,30
as well as underground natural gas storage.31 The EPA regulates
air emissions from refineries and fuel distribution systems,
including pipelines, trucks, and fuel dispensing facilities or
service stations.32
The Federal Energy Regulatory Commission (FERC)33 regulates
the transportation of oil through interstate oil pipelines but does
not oversee pipeline operations. FERC also reviews applications
for the construction and operation of natural gas pipelines and
liquefied natural gas (LNG) export and import terminals to certify
their compliance with safety and environmental laws.

Laws and Regulations Setting Energy
Preferences
States and the federal government set requirements to encourage the use of particular energy types. Twenty-nine states have
renewable portfolio standards that require electric utilities to
sell a minimum percentage or amount of renewable energy.35
On the federal level, the Renewable Fuels Program is overseen
by the EPA in consultation with the Department of Agriculture.
The Energy Policy Act of 2005 and the Energy Independence
and Security Act of 2007 require that set amounts of renewable
fuel be used in place of gasoline, heating oil, or jet fuel.36 The
applicable renewable fuels include ethanol, cellulosic biofuel,
diesel from biomass, and other advanced biofuels. In 2018, the
standards set by the EPA under authorization of the 2005 and
2007 acts require the use of 19.29 billion gallons of renewable
fuels.37 This results in most gasoline containing 10% ethanol
(E10). E15 and E85, with 15% or up to 85% ethanol, respectively,
are locally available and can be used in some vehicles.38

Other Regulations
Regulations not covered here include worker safety rules set by
the Occupational Safety and Health Administration (see “Health
and Safety in Oil and Gas Extraction” in this series for more
information); regulations protecting antiquities and historic and
religious sites; and the Endangered Species Act.39 In addition,
the oil and gas industry is bound by state and federal financial
reporting laws and tax regulations.40 Because oil and natural gas
are traded globally and many oil and gas companies operate
internationally, international trade rules and the laws of various
other countries also impact the U.S. oil and gas industry.

The Federal Railroad Administration (part of the DOT) is responsible for railroad safety, including rail transport of crude oil
and refined products. The Pipeline and Hazardous Materials
Safety Administration (DOT) and the Transportation Security
Administration (Department of Homeland Security) issue safety
standards for railroads. Approximately 11% of crude oil and
petroleum products were transported by rail in 2014, up from
2.6% in 2009.34
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Health and Safety in Oil and Gas Extraction
Reducing the exposure of oil and gas workers to health and safety hazards
Introduction
Hundreds of thousands of people work in oil and gas extraction
in the United States;1 ensuring their health and safety is a major
concern for employers, regulators, trade associations, industry
groups, and local communities. Work in this industry involves
physical labor, 24/7 operations, heavy machinery, hazardous
chemicals, often-remote locations, and all weather conditions,
resulting in an elevated risk of physical harm and the need for
special protections to reduce this risk.

Physical Safety: Fatalities
From 2007 to 2016, more than 1,000 workers were killed in oil
and gas extraction operations, a fatality rate six times higher
than the average rate for all U.S. workers (21.6 vs. 3.5 per 100,000
workers).2 Transportation events were the leading cause of death
during this time period, making up 42% of all fatalities; most of
these were the result of motor vehicle crashes. Worker fatalities
also resulted from contact with objects/equipment (25%), fires/
explosions (14%), exposure to harmful substances/environments
(9%), and falls (8%). While the industry’s fatality rate remains high,
it decreased by 36% between 2003 and 2013 – a period during
which the industry workforce was growing rapidly – suggesting
that safety efforts may be yielding positive results.3

Chemical Exposure: Health Hazards
While fatal work injuries have been well studied, less is known
about other health hazards. Since 2010, the National Institute
for Occupational Safety and Health (NIOSH) has conducted field
studies in partnership with industry to better identify chemical
exposure hazards.4 The major hazards identified through these
studies were respirable crystalline silica dust during hydraulic
fracturing and exposure to hydrocarbon gases and vapors when
manually sampling oilfield tanks:5
Silica dust – Large quantities of silica sand are used during
hydraulic fracturing. Loading and transferring this sand at
the well site generates respirable-sized silica dust particles in
concentrations that may exceed occupational exposure limits.6
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Silica dust clouds from delivery trucks loading into sand movers at a
hydraulic fracturing site. Inhalation of this silica is a major hazard associated with oil and gas operations. Image credit: Michael Breitenstein,
National Institute for Occupational Safety and Health.7

Other processes that generate silica dust at the well site may
include drilling with air and mixing cement to construct or plug
a well. Inhalation of silica dust is associated with silicosis, other
respiratory issues, and potentially other adverse health effects.8
NIOSH recommends monitoring worker exposure and, when
necessary, controlling exposure with engineering controls and
improvements to work practices and procedures.9 New Occupational Safety and Health Administration (OSHA) standards for
silica take effect on June 23, 2021 for hydraulic fracturing operations, which are expected to implement engineering solutions
that limit silica exposure.10
Hydrocarbon gases and vapors – Tanks holding crude oil or
produced water are common in the oilfield. These tanks may be
manually measured and sampled, which may expose workers to
dangerous levels of hydrocarbon gases and vapors given off by
these liquids. Between 2010 and 2014, at least nine oilfield workers died as a result of this exposure. In response, NIOSH and OSHA
published a hazard alert related to manual tank gauging, which
recommends using alternative systems to measure and sample

22 – 1

Petroleum and the Environment, Part 22/24
Written by E. Allison and B. Mandler for AGI, 2018

Petroleum and the Environment
Part 22: Health and Safety in Oil and Gas Extraction
guidance and recommended procedures for minimizing exposure and addressing accidents.

Worker gauging an oilfield tank. Tank sampling is one of the main ways
in which oilfield workers may be exposed to harmful vapors. Image
credit: Photo courtesy CDPH and NIOSH.12

tank fluids without opening the tank hatch, as well as training
workers and not permitting employees to inspect tanks alone.11
Other hazards include hydrogen sulfide gas (which occurs
naturally in oil and natural gas and is extremely hazardous
when inhaled); noise (from heavy machinery, for which OSHA
sets maximum limits and required hearing protection13); and
diesel exhaust (from drilling rigs and other equipment – while
diesel exhaust is not specifically regulated, OSHA sets exposure
limits for many of the most harmful air pollutants found in
diesel exhaust14).

In addition to the work from OSHA and NIOSH described above,
the size and inherent risks of the oil and gas extraction industry
mean there are a variety of ongoing efforts to research health
and safety risks and implement solutions:
• Co-ordinated by NIOSH, the National Occupational Research
Agenda (NORA) Oil and Gas Extraction Sector Council brings
together representatives from industry, trade associations,
academia, and major insurance companies to guide and
conduct research on health and safety in the industry.17
• Trade associations such as the American Petroleum Institute
(API),18 the Association of Energy Service Companies,19
and the International Association of Drilling Contractors20
have programs that provide and update health and safety
guidelines, convene meetings to share developments,
and promote innovation and improvement in working
conditions across the industry.
• The National Service, Transmission, Exploration &
Production Safety (STEPS) network is a volunteer-run
organization that brings together operators, contractors,
trade associations, and educators to share best practices,
discuss incidents, improve communications, and develop
projects to work on specific issues.21

Long-term Health Hazards
Oilfield fluids contain a wide range of hazardous chemicals.
While some can have immediate health effects (such as hydrogen sulfide gas, which can kill instantly at high concentrations),
others may have longer-term effects (such as benzene, which is
carcinogenic15). However, few published studies exist that track
the long-term health consequences of working in oil and gas
extraction, making it difficult to draw conclusions about specific
long-term health risks.

Ongoing Mitigation Efforts
OSHA sets and enforces workplace standards for all industries,
including oil and gas extraction. All operations are required to
obtain or provide Safety Data Sheets for all hazardous chemicals
and materials,16 describing the associated risks and providing
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Subsurface Data in the Oil and Gas Industry
Probing beneath the Earth’s surface for exploration and hazard mitigation
Introduction
Drilling for oil and gas is expensive. A single well generally costs
$5-8 million onshore and $100-200 million or more in deep water.1
To maximize the chances of drilling a productive well, oil and gas
companies collect and study large amounts of information about
the Earth’s subsurface both before and during drilling. Data are
collected at a variety of scales, from regional (tens to hundreds of
miles) to microscopic (such as tiny grains and cracks in the rocks
being drilled). This information, much of which will have been
acquired in earlier exploration efforts and preserved in public or
private repositories, helps companies to find and produce more
oil and gas and avoid drilling unproductive wells, but can also
help to identify potential hazards such as earthquake-prone zones
or areas of potential land subsidence and sinkhole formation.

Mapping the Subsurface 1: Regional Data
from Geophysics
In the 21st century, much is already known about the distribution
of rocks on Earth. When looking for new resources, oil and gas
producers will use existing maps and subsurface data to identify
an area for more detailed exploration. A number of geophysical
techniques are then used to obtain more information about what
lies beneath the surface. These methods include measurements
of variations in the Earth’s gravity and magnetic field, but the
most common technique is seismic imaging.

Streamer - up to 12 km long

Receivers
Source
(airgun)

Soundwaves
reflecting off
of sediment
layers

Acoustic energy is reflected at
boundaries of layers having
different physical properties
(velocity/density)

A typical setup for offshore seismic imaging. Image credit: U.S. Bureau
of Ocean Energy Management.2
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Seismic images are like an ultrasound for the Earth, and provide
detailed regional information about the structure of the subsurface, including buried faults, folds, salt domes, and the size,
shape, and orientation of rock layers. They are collected by
using truck-mounted vibrators or dynamite (onshore), or air
guns towed by ships (offshore), to generate sound waves; these
waves travel into the Earth and are reflected by underground
rock layers; instruments at the surface record these reflected
waves; and the recorded waves are mathematically processed
to produce 2-D or 3-D images of subsurface features. These
images, which cover many square miles and have a resolution of
tens to hundreds of feet, help to pinpoint the areas most likely
to contain oil and/or gas.

Mapping the Subsurface 2: Local Data from
Well Logs, Samples, and Cores
Drilling a small number of exploratory holes or using data from
previously drilled wells (common in areas of existing oil and gas
production) allows geologists to develop a much more complete
map of the subsurface using well logs and cores.
A well log is produced by lowering geophysical devices into a
wellbore, before (and sometimes after) the steel well casing is
inserted, to record the rock’s response to electrical currents and
sound waves and measure the radioactive and electromagnetic
properties of the rocks and their contained fluids.3 Well logs have
been used for almost 100 years4 and are recorded in essentially
all modern wells.
A core is a cylindrical column of rock, commonly 3-4 inches in
diameter, that is cut and extracted as a well is drilled. A core
provides a small cross-section of the sequence of rocks being
drilled through, providing more comprehensive information
than the measurements made by tools inside the wellbore.5
Core analysis gives the most detailed information about the
rock layers, faults and fractures, rock and fluid compositions,
and how easily fluids (especially oil and gas) can flow through
the rock and thus into the well.
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digital and paper records are housed at state geological surveys.
For example, the Kansas Geological Society library maintains over
2.5 million digitized well logs and associated records for the state.10
Oil companies also retain huge stores of their own data. Preserving
these data, which cost many millions of dollars to collect, allows
them to be used in the future for a variety of purposes, some
of which may not have been anticipated when the data were
originally collected. For example, the shale formations that are
now yielding large volumes of oil and natural gas in the United
States were known but not considered for development for
decades while conventional oil and gas resources were being
extracted in many of the same areas. Archived well logs from
these areas have helped many oil and gas producers to focus in
on these shale resources now that the combination of hydraulic
fracturing and horizontal drilling allow for their development.

Data for Hazard Mitigation

Figure Caption: A box containing 9 feet of 4-inch diameter core from the
National Petroleum Reserve, Alaska, showing the fine-scale structure
and composition of the rock layers being drilled. Image credit: U.S.
Geological Survey.6

By comparing the depth, thickness, and composition of subsurface rock formations in nearby wells, geoscientists can predict
the location and productive potential of oil and gas deposits
before drilling a new well. As a new well is being drilled, well
logs and cores also help geoscientists and petroleum engineers
to predict whether the rocks can produce enough oil or natural
gas to justify the cost of preparing the well for production.7

Oil and gas exploration is a major source of information about the
subsurface that can be used to help identify geologic hazards:
• Since 2013, the oil and gas industry has provided more than
2,500 square miles of seismic data to Louisiana universities
to assist with research into the causes and effects of
subsidence in coastal wetlands. For example, seismic
and well data have been used to link faults to historic
subsidence and wetland loss near Lake Boudreaux.11
• To improve earthquake risk assessment and mitigation
in metropolitan Los Angeles, scientists have used seismic
and well data from the oil and gas industry to map out
previously unidentified faults. This work was motivated by
the 1994 Northridge earthquake, which occurred on an
unknown fault that was not visible at the Earth’s surface.12

Data Preservation
Preservation of subsurface data is an ongoing challenge, both
because there is so much of it and because a lot of older data
predate computer storage. A modern seismic survey produces a
few to thousands of terabytes of data;8 state and federal repositories collectively hold hundreds of miles of core;9 and millions of
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Geoscientists in Petroleum and Environment
Geoscience informs all aspects of petroleum production and environmental protection
Introduction
Geoscience – the study of the Earth – underpins our understanding
of the many intersections between petroleum and the environment,
from the search for resources to the study of air pollutants. Without
the work of geoscientists, we would have neither the energy system
nor the environmental protections we benefit from today.

The Roles of Geoscientists
Finding oil and gas – petroleum geoscientists (geophysicists,
geologists, and geochemists) work in multidisciplinary teams to
decide where to perform seismic imaging (like an ultrasound
of the Earth), collect and analyze seismic data, and analyze
pre-existing drillhole data from wells to develop a detailed
picture of the oil- or gas-rich rocks deep beneath the Earth’s
surface. These geoscientists use their knowledge of stratigraphy
and sedimentary processes to predict the location and structure
of oil- and gas-bearing rocks. Structural geology is used to
predict the folding, faulting, and fracturing of rocks in order to
interpret the shape of the oil- and gas-rich zones, identify areas
where oil and gas may have migrated along faults and fractures,
and improve the design of hydraulic fracturing operations.
Geochemistry is used to study rock samples and fluids to better
understand of the types and amounts of oil and gas present in
the rocks. Paleontologists study fossils of ancient organisms,
pollen grains, and more to help determine the age of rocks
and how they formed. Petroleum geologists work closely with
petroleum engineers who must ultimately design how the well
will be drilled and prepared for production.
Drilling safely and effectively – drilling and preparing a well for
production is generally managed by engineers. Geologists help
to monitor the drilling by studying rock samples brought up to
the surface during the drilling process and analyzing geophysical
data obtained by instruments inside the well. Hydrogeologists
analyze the risk of ground- and surface water contamination
during the drilling and operation of the well, informing decisions
about where to position a well and how to reduce the risk from
surface and drilling operations.
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Understanding and optimizing hydraulic fracturing – geophysicists and engineers study how fractures form during hydraulic
fracturing, making the process more effective at extracting
resources and improving understanding of the potential risks
of contaminating groundwater or triggering earthquakes.
Seismologists and engineers study the fractures and tiny
earthquakes (microseisms) generated by hydraulic fracturing to
monitor the progress of the operation, identify potential risks,
and improve future operations.
Monitoring and mitigating leaks, spills, emissions, and other
hazards – geochemists study the groundwater and soil in
areas of oil and gas activity to identify potential leaks and
spills. Hydrologists provide insight into how a source of contamination may spread through ground- or surface water, and
provide the same expertise to help mitigate the impacts of
spills and guide cleanup operations. Atmospheric scientists
monitor the emissions of methane, toxic gases, and other
pollutants from oil and gas operations, transportation infrastructure, refineries, and end-users (power plants, cars, etc.).
Geotechnical engineers help facilities engineers to design
oilfield and transportation infrastructure to reduce surface
impacts and decrease the chances of harmful leaks, spills, and
other equipment failures due to soil movement, subsidence,
earthquakes, landslides, flooding, and other geohazards. Geophysicists and geologists study the earthquakes triggered by
oil and gas operations to determine the causes and effects and
so help to prevent or reduce future earthquakes. Many state
and federal regulators are geoscientists with the knowledge
and experience to develop and enforce rules that are consistent
with local and regional geologic conditions and protect the
environment, human health, and property rights.
Determining environmental impacts – geochemists, hydrologists, soil scientists, oceanographers, atmospheric scientists,
and public health researchers study and forecast the short- and
long-term effects of environmental contamination to identify
the relative hazards from different sources and inform decisions
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about monitoring, mitigation, and remediation. Climate scientists study the short- and long-term effects of carbon dioxide, methane, and other major emissions on Earth’s climate,
informing many research, policy, and commercial decisions
that extend beyond energy and the environment to issues
such as diplomatic relations, foreign aid, resilience to natural
hazards, infrastructure development, food and water supplies,
and much more.
Education and outreach – Our present-day and future understanding of energy resources and the environment depends on
well-trained geoscientists. This training requires experienced
educators and the opportunity for direct participation in research
and operations in private companies, universities, and non-profit
organizations. Geoscience educators and outreach specialists
also engage with the wider public, from schoolchildren and
communities to elected representatives and nations, providing
the scientific background to help inform decisions about energy
and the environment at all levels.
To provide a sample of the various roles and responsibilities
of geoscientists in petroleum and the environment, the rest of
this section features profiles of seven geoscientists working in
petroleum and the environment across many disciplines, from
seismology to atmospheric chemistry, and across the United
States, from Ohio to Alaska.

Profile 1: Bridget Scanlon
Senior Research Scientist, Bureau of Economic Geology,
Jackson School of Geosciences, University of Texas at Austin.
I have worked on many different water resource issues throughout
my 30-year career but most recently I have been focusing on
water and energy interdependencies. At the Bureau of Economic
Geology (BEG), we emphasize that the overlap between academia,
industry, and government and collaboration among these
groups is extremely important in advancing our understanding
of the water-energy nexus.
My work for the BEG on the water-energy nexus began through
collaboration with Dr. J.P. Nicot who conducted the first study to
quantify water use for hydraulic fracturing to extract natural gas

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

in the Barnett Shale Play. As the development of unconventional
resources grew, some national and global studies indicated that
water scarcity was a particular concern in unconventional oil and
gas production. To thoroughly address this issue we evaluated
water supplies for shale oil and gas development in the Bakken
and Eagle Ford plays and showed that water management
systems were expanding to meet demand. In the Bakken,
infrastructure was being developed to transport water from
Lake Sakakawea, the 3rd largest reservoir in the U.S.; in the Eagle
Ford, large brackish groundwater supplies were being tapped.
Our most recent work has focused on the Permian Basin, which
is transitioning from one of the largest conventional resources
to the largest global unconventional resource. Water management here is challenging, both in sourcing water for hydraulic
fracturing in this semiarid region and managing large volumes of
water that are co-produced with oil and gas, termed “produced
water”. Traditionally produced water has been reinjected into
conventional reservoirs for enhanced oil recovery; however,
the low permeability of unconventional reservoirs mean that
we need to inject produced water from these reservoirs into
other, non-producing rock layers, increasing subsurface pressures and potentially inducing earthquakes. I have been collaborating with colleagues at the Oklahoma Geological Survey
and Stanford University to understand the controls on induced
seismicity in Oklahoma and to determine how we can apply
lessons from Oklahoma to other tight oil plays to minimize
potential seismicity.
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Lastly, we have been working on water consumption for electricity
generation, showing that water used for shale gas extraction is a
small fraction (~5%) of the amount of water consumed in power
plants to generate electricity with natural gas. I thoroughly
enjoy working in a collaborative research team at the Bureau
of Economic Geology, where we have strong connections with
industry and government agencies and opportunities to develop
fundamental understanding of the water-energy nexus.

Profile 2: David Houseknecht
Senior Research Geologist, U.S. Geological Survey
How much oil lies undiscovered beneath the environmentally
fragile landscape of the Alaskan Arctic? Will development of
those oil resources pump new life into the Trans Alaska Pipeline
System, increase the nation’s energy independence, and revive
Alaska’s sputtering economy? Will increased industry activity
hasten deterioration of permafrost beneath the coastal plain,
accelerate shoreline erosion, and jeopardize the habitat of polar
bears, caribou, and migratory birds? These are just a few of the
questions surrounding one of the nation’s most politically volatile
earth-science issues.
I have worked as a research geologist since 1995 on, and led since
2008, the USGS “Alaska Petroleum Systems” project charged with
answering the “how much oil” question. The project includes
about a dozen geoscientists scattered among USGS offices in
Alaska, California, Colorado, and Virginia. And, I have represented
the U.S. Geological Survey (USGS) perspective on Arctic Alaska
petroleum resource potential since 1992 – to the Administration,
Congress, Federal and State agencies, non-government organizations, the petroleum industry, the media, and the public – as
political winds have swirled in every possible direction.
Despite including North America’s largest oil field (Prudhoe Bay)
and numerous other fields that would be considered huge by
lower-48 standards, Arctic Alaska is lightly explored outside a
core area along the Arctic coast. Consequently, our project conducts fundamental research to reconstruct the stratigraphic and
structural evolution of the region by integrating subsurface mapping and interpretation, helicopter-supported field work, and
sophisticated laboratory analyses to build a three-dimensional
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geological framework. Within that framework, our interdisciplinary team uses a “source to sink” approach to estimate undiscovered oil potential by reconstructing oil-generative “kitchens”,
interpreting petroleum-migration pathways from kitchens to
potential traps, and deciphering how the entire petroleum
system evolved through time.
Perhaps the most challenging part of my job is communicating
complex science, including probabilistic estimates of undiscovered petroleum resources, in a politically volatile environment.
In doing so, I follow a handful of benchmark principles. First, I
insist that our project scientists publish peer-reviewed reports
on their research, preferably in prestigious journals. Second,
we strive to make the assessment process as transparent as
possible by communicating the science and methods often and
to a broad spectrum of stakeholders. Third, we follow the USGS
assessment protocol, which includes public review meetings to
solicit feedback from external experts, thorough internal review
of geological concepts, and rigorous statistical analysis for generating results. Fourth, we follow USGS Fundamental Science
Practices to assure scientific integrity in conducting assessments
and releasing results. Fifth, we communicate the results broadly
and make ourselves available to discuss the results with stakeholders. These five steps bolster the scientific credibility of USGS
assessments, underscore that resource assessments are rooted
in science rather than political or societal influences, and create
opportunities for collaborative application of assessment results
to a broad range of resource and environmental topics.
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vehicles so that environmental investigations could be completed more efficiently on site without waiting for long laboratory
turnaround times to decide “where to drill next.”
My experience and knowledge gained during my work on trace
gas analysis for oil and gas exploration allowed me to interpret
both natural and anthropogenic stray gas migration from coal
bed methane fields, conventional oil and gas fields, and directionally drilled shale oil/gas wells. I have been able to apply this
technology to provide forensic-type analysis of these issues.
I have been able to apply and share this approach in many
contexts, and my work in this area led to my nomination and
appointment to serve on the US-EPA Science Advisory Board
(SAB) on the “EPA’s Study of the Potential Impacts of Hydraulic
Fracturing on Drinking Water Resources.” With my experience
in both drilling oil and gas wells and forensic geochemical
investigation of stray gas migration, I was able to bring a unique
perspective to this panel of 35 experts.

Profile 3: John Vincent Fontana
Professional Geologist, President/CEO, Vista GeoScience
I started my career in 1981 as a mud logger (wellsite geologist)
for a company right after graduation. I later transitioned into
their soil gas exploration geochemistry division where I helped
develop exploration methods and used geostatistical data
to evaluate micro-seeps for oil, gas and mineral prospecting.
In 1986, I started my own company, continuing with soil gas
exploration services, but expanded the services into environmental site investigation and remediation, and eventually ended
up as sole owner of an environmental site investigation and
remediation company.
The soil gas exploration techniques I developed and used for
exploration turned out to be applicable to environmental contaminant site investigations for petroleum and industrial chemical spills, gas migration at landfills, and natural gas migration
issues. We went from using hand driven soil gas probes and
augers to truck- or tractor-mounted drilling rigs for collecting
soil gas, ground water and soil samples for environmental analysis using EPA-approved lab methods. To make investigations
more efficient, we moved laboratory bench instruments (mainly
gas chromatographs and portable spectrometers) into mobile
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Profile 4: Katherine M. Saad
Postdoctoral Fellow, The Aerospace Corporation
A camera captures light; a hyperspectral image captures
electromagnetic waves far beyond what we can see. In this way,
hyperspectral images are often likened to photographs, but to
me they are more like a secret code that chemicals in the atmosphere are sending to our sensors. These chemicals have unique
signatures based on the ways they absorb and emit infrared light,
and detecting their signals allows scientists to map emissions
released from both natural processes and human activities on
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the Earth’s surface. Our team at The Aerospace Corporation
deploys our sensors on aircraft, enabling us to scan large areas
and get a picture of emissions plumes from above. This makes
our instruments well suited for measuring unintended emissions
from oil and gas wells, processing facilities, and distribution
infrastructure. By taking these measurements over large areas,
researchers can map leaks and other unintended releases of
hydrocarbons, which besides being potential safety hazards
are also energy sources that are wasted when lost, and in some
cases present the risk of exposure to toxic chemicals.
As a principal investigator (PI), I design research studies and
am responsible for the data collection, calibration, and analysis
involved. The most exciting of these are the field campaigns
themselves – not just flying on the aircraft with the instrument,
but also deciding on flight paths and thinking on my feet when
challenges arise. In that way, my PhD in Environmental Science
and Engineering prepared me far beyond providing a foundation
for atmospheric chemistry research, as I learned how to think
critically and act decisively in a fast-paced environment.
Prior to graduate school, I worked in the energy sector after earning a B.S. in Environmental Sciences, a B.A. in Political Science,
and a minor in Energy and Resources. The core of the B.S. was
physical science, but my program gave me the flexibility to take
electives such as environmental impact assessment and remote
sensing engineering. I also had the opportunity to pursue a thesis
project in each of those three departments, which sparked my
enthusiasm for field work.

Profile 5: Sherilyn Williams-Stroud
Structural Geologist, President & CEO, Confractus, Inc.
As a structural geologist in exploration and production, I specialized in fracture analysis. Rock fractures provide pathways for
fluid flow into and out of a reservoir, so their presence/absence
and the timing of their formation will determine whether or
not a petroleum reservoir exists. If fracturing happened before
a seal formed to trap the oil and/or gas, the hydrocarbons will
simply pass through. However, if fracturing occurred after the
reservoir formed, the natural fractures can make it much easier
to extract oil or gas from that reservoir if the fracture network is

AGI Critical Issues Program: www.americangeosciences.org/critical-issues
Supported by the AAPG Foundation. © 2018 American Geosciences Institute

well understood. Understanding natural fracturing and its timing
has also helped lead to a better understanding of some of the
processes related to unconventional reservoirs. One issue I have
focused on is trying to determine when a shale might become
naturally fractured. As hydrocarbons form, they increase the
internal pressure on the rock, which can create fractures in much
the same way as human-caused hydraulic fracturing.
I joined a microseismic company at the beginning of the boom
for unconventional oil and gas production, at a time when
induced seismicity began to be seen as a potential hazard
for surrounding communities. Although the vast majority of
induced events from hydraulic fracturing were too small to be
felt, some of the early hydraulic fracture mapping data showed
that seismicity was occurring at a distance from the reservoir
that could not have been related to the increased fluid pressure
near the wellbore. We interpreted these events as fault plane
reactivations from the stress change in the reservoir during
and after the frack. In the early days, even those larger events
were not large enough to be felt, but they raised the issue of
how large an event could happen and how far away it could
be. Because the boom in unconventionals resulted in a large
increase in the amount of produced water in need of disposal,
high rates of disposal by underground injection led to the surge
in felt earthquakes in high-production regions like Texas and
Oklahoma. Geomechanical and structural analysis, combined
with microseismic monitoring and geologic interpretation of the
data, has led to a better understanding of the existing fracture
and fault networks involved in induced earthquakes.

24 – 5

Petroleum and the Environment, Part 24/24
Written by E. Allison and B. Mandler for AGI, 2018

Petroleum and the Environment
Part 24: Geoscientists in Petroleum and Environment
Microseismic monitoring is also key for the geothermal energy
industry, improving our understanding of permeable pathway
locations in engineered/enhanced geothermal systems (EGS)
and the role of existing faults in induced seismicity. Recent
developments in low-temperature geothermal resources have
strengthened the transferability of microseismic monitoring
between geothermal and oil/gas systems, as both low-temperature geothermal resources and petroleum are found in
sedimentary basins.

Profile 6: Steven Dade
Geologist II, Ohio Department of Natural Resources:
Division of Oil & Gas Resources Management
As a Geologist II for the Ohio Department of Natural Resources
(ODNR): Division of Oil & Gas Resources Management (DOGRM),
I’ve worked extensively in expanding, maintaining and operating the OhioNET Seismic Network. This network aims to
tackle several major issues on induced seismicity hazards and
environmental protection in Ohio. Since beginning as an intern
in 2013 with ODNR, my role within the program has changed
dramatically. As an intern, much of my early work focused
on georeferencing old satellite imagery and learning how to
construct seismic vaults and stations. Now as a stand-alone
program within the division, OhioNET has expanded in both
personnel and station coverage as oil and gas operations continue to grow in Ohio. This unique role has led to learning and
understanding the interactions of a wide range of disciplines
including seismology, geology, seismic station construction,
seismic processing software, GIS mapping, telemetry, data
acquisition, and data management.
The OhioNET seismic network began operation in 2012 and has
become a statewide, real-time network consisting of over 45
seismic stations from multiple sources including ODNR, industry
operators, Transportable Array (TA), and the Central Eastern
United States Network (CEUSN).
To cope with and prepare for the increasing need for regulatory
oversight in oil and natural gas operations related to the Ohio
Utica shale play, much of the work done at OhioNET focuses
on guaranteeing the ability to accurately locate and quantify
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seismic events in both disposal areas and unconventional oiland gas-producing zones. Another key factor for me has been
to stay up to date with industry techniques and technologies to
help guide further expansion and effectiveness of this evolving
field of study.
In terms of regulation, ODNR has strengthened its capacity
through additional human resources, improved infrastructure,
and a robust regulatory framework with improved policies. This
leap in growth has improved our ability to perform our principal
regulatory role for oil and gas operations in Ohio, as well as our
contribution to the state’s overall seismic risk reduction. These
improvements and proactive steps will hopefully continue to
build a culture of safety surrounding oil and gas extraction and
further public and industry participation.
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Profile 7: Susan Nissen
Consulting Geophysicist
I work as a consulting geophysicist for several small independent
petroleum companies focusing on exploration and production
in the midcontinent, primarily Kansas, Colorado, and Nebraska. I
first became interested in pursuing a career in geophysics when I
took an introductory geology class as a freshman in college. After
receiving a B.S. in geophysics from the University of Delaware and
a Ph.D. in marine geophysics from Columbia University, I spent a
number of years in the petroleum industry as a research scientist
at an industry research center in Tulsa, Oklahoma. While there,
I was involved in the development and testing of new seismic
interpretation techniques. In 1999, I moved to Kansas to work
in the Petroleum Research Section of the Kansas Geological
Survey, focusing my research on the application of new seismic
techniques to reservoirs in the US midcontinent. I started my
own consulting business in 2006.
Geophysicists use various indirect methods to study the rocks
beneath the earth’s surface. These methods complement the
more direct, but spatially limited, information about the subsurface that is obtained by drilling a well. The geophysical
method that I use is 3-D reflection seismology, or “3-D seismic”.
In reflection seismology, vibrations (seismic waves) are generated
at the earth’s surface using a source such as a vibrator truck.
The seismic waves penetrate the subsurface and bounce off
boundaries (horizons) between rock layers. The reflected seismic
waves that return to the surface are then recorded by seismic
receivers. The travel time (time from when the seismic wave is

generated until it is recorded) and amplitude of each of these
seismic reflections can be used to infer information about the
subsurface. In 3-D seismic, the sources and receivers are set up
to produce a closely-spaced spatial grid of data. I interpret the
seismic reflections from key subsurface horizons, such as the tops
of petroleum-producing formations, and make maps, similar to
topographic maps, of the shapes of these horizons. I also integrate
the seismic data with well data to predict the structure and physical
properties (e.g., porosity, rock type) of petroleum reservoirs away
from existing well locations. This information allows my clients to
better position new drilling locations.
Note: all images provided courtesy of the featured geoscientists

More Resources
For more information on the relationships between petroleum and the environment, see the full publication, Petroleum
and the Environment, in print or online at: www.americangeosciences.org/critical-issues/petroleum-environment
American Geosciences Institute – Geoscience Workforce
Program. https://www.americangeosciences.org/workforce
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Glossary of Terms
This section contains short explanations of some of the more technical terms used in this publication. For additional assistance
with specific terms relating to petroleum and the environment, please refer to the following glossaries:
• U.S. Geological Survey - Energy Glossary and Acronym List. https://energy.usgs.gov/GeneralInfo/HelpfulResources/
EnergyGlossary.aspx
• U.S. Energy Information Administration – Glossary. https://www.eia.gov/tools/glossary/
• Schlumberger – Oilfield Glossary. http://www.glossary.oilfield.slb.com/
• U.S. Environmental Protection Agency – Terms & Acronyms. https://iaspub.epa.gov/sor_internet/registry/termreg/
searchandretrieve/termsandacronyms/search.do
Aquifer – subsurface gravel, sand, or rock that contains or
transmits groundwater. This water may be fresh, brackish, or
saline, depending on the aquifer.
Barrel – one barrel of oil equals 42 gallons. Roughly the volume
of a small bathtub. Oil is no longer stored or transported in
42-gallon barrels, which were originally constructed from
wood. The steel drums shown in many pictures hold 55 gallons.
Brackish water – slightly salty water containing 1 to 10 grams
of dissolved solids per liter of water. Considered not fit for
human consumption.
Cased/casing – steel pipe cemented inside a wellbore. Casing
prevents the wall of the well from caving in; prevents inflow of
unwanted fluids from surrounding rocks at different points in
the well; and prevents oil, gas, and hydraulic fracturing fluid from
leaking out of the well into surrounding rocks. Wells may have
several nested layers (“strings”) of casing extending to different
depths for the various different purposes mentioned above.
Conventional – refers to oil and gas reservoirs in which wells
can be drilled so that oil or gas flows naturally or can be pumped
to the surface. The term reflects that this approach has been in
common use since the late 19th century. Conventional oil and
gas has the same range of compositions as unconventional
oil and gas.

Drilling pad – a temporary drilling site where the drill rig
and associated equipment operates. The pad is a cleared, flat
area paved with gravel (or occasionally crushed shells, wood,
asphalt or cement). After the drilling is completed, this material
is removed from much of the site.
Feedstock – any raw material fed into a process for conversion
into something different. For example, crude oil is a feedstock
for a refinery producing gasoline, and petrochemicals are
feedstocks for producing plastics.
Flowback water – water that flows back up the wellbore after
a hydraulic fracturing operation. It consists of hydraulic fracturing fluid and produced water from the rocks being fractured.
Gas condensate – the composition of natural gas varies widely
from place to place. Some natural gas contains components
that are gases in the reservoir and when initially produced but
liquids at lower pressures or temperatures (e.g., when they are
cooled at the well site specifically to extract these valuable
liquids). These “gas condensates” include propane, butane,
pentane and hexane.
Green completions – using equipment to capture the gas and
gas condensate that flows out of a well during completion
operations. Captured gas and condensate can then be sold
instead of being flared or vented to the atmosphere.
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Hydraulic fracturing – a technique used to increase the flow of
oil and/or gas out of rocks by creating additional fractures for oil
and/or gas to flow through and into a wellbore. This is achieved
by injecting fluid into the wellbore at very high pressures,
causing the surrounding rocks to crack, which increases the
number and size of flow paths into the wellbore. The injected
fluid is typically water with added chemicals to improve performance and grains (commonly sand) that hold open the newly
created fractures. Hydraulic fracturing has been performed since
the 1940s in vertical and then slanted wells, but today is most
commonly associated with horizontal drilling of shales and other
low-permeability rocks.

Organic compound – a large class of chemicals in which one or
more carbon atoms are linked to other elements, most commonly
hydrogen, oxygen or nitrogen. Hydrocarbons – a subset of
organic compounds consisting only of carbon and hydrogen –
make up the majority of oil and gas by volume.

Lease – In the oil and gas industry, leases are provided by
government or private owners of mineral rights (land ownership
may or may not include ownership of underlying resources) to
companies, allowing them to explore for and produce oil and/
or natural gas under certain conditions.

Play – a group of related oil fields in the same area.

LIDAR – a remote sensing method (Light Detection and Ranging)
that uses light from a pulsed laser to measure distances from the
measuring system to an object or surface. In geoscience applications, LIDAR is commonly used to obtain precise information
about land elevation or seafloor features.
Magnitude (earthquake) – a measure of the energy released at
the source of an earthquake as determined from seismographic
measurements. In contrast, intensity is the strength of shaking
at a particular location. Higher-magnitude earthquakes produce
more intense shaking, but intensity also depends on other
factors, including the distance from the source of an earthquake
and the type of rock being shaken. Magnitude 3 earthquakes may
be widely felt. Magnitude 5 to 7 earthquakes may cause slight to
major building damage. The largest earthquakes recorded are
over magnitude 9 (e.g. the 2004 Sumatra earthquake and the
2011 Tohoku earthquake).
Natural gas liquids – Chemical compounds found in natural gas
that are heavier than methane. The most common natural gas
liquids (ethane and propane) are only liquid under high pressure
(underground or when pressurized in tanks) and become gases
at atmospheric pressure. Other substances commonly grouped
as NGLs include naphtha, natural gasoline, and gas condensates.

Orphaned well – a well that does not have any legally responsible
or financially able party to deal with its plugging, abandonment,
and reclamation responsibilities.
Permeability – the extent to which a material allows fluids to
pass through it.

Produced water – water that is produced as a byproduct along
with oil and/or gas. Many oil or gas reservoirs contain water either
in the oil or gas reservoir or in a zone underlying the reservoir.
The water composition varies regionally, from almost fresh to
many times saltier than seawater.
Refined petroleum products – products derived by refining
crude oil. They include gasoline, kerosene, jet fuel, heating oil,
fuel oil, petrochemical feedstocks, and lubricating oil.
Reserves – the quantities of oil or natural gas that are anticipated to be commercially recoverable from known sources. In
discussions of availability, “reserves” are different from “resources,”
which are estimated to be potentially recoverable.
Reservoir – in the oil and gas industry, “reservoir” generally refers
to a localized accumulation of rocks that are rich in oil and/or gas.
Saline water – water containing a high concentration of dissolved salts. Saline water is saltier than brackish water, containing
greater than 1% (or 10 grams per liter) of dissolve salts, and is
considered non-potable unless treated (desalinated) to remove
the salts. Seawater has a salinity of 3.5%; saline groundwater may
have significantly higher salt contents.
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Shale – a fine-grained sedimentary rock that forms from the
compaction of mud. Shale is made up of many thin layers. Shales
containing organic material are commonly the source of oil and
natural gas.
Subsidence – the gradual or sudden settling or sinking of the
Earth’s surface. Subsidence is often caused by the removal
of water, oil, gas, coal, or mineral resources from the ground.
Subsidence may also be caused by natural processes such as
earthquakes, sediment compaction, or movement of surface
landmasses along faults.
Subsurface – anything below the surface of the Earth. Synonyms:
underground, subterranean.
Technically recoverable – that portion of the oil or natural gas
in a reservoir that can be extracted using currently available
technology and industry practices. Technically recoverable oil/
gas may or may not be economic to produce (i.e., economically
recoverable).
Unconventional – a loosely defined term referring to oil and
gas extracted from difficult-to-produce reservoirs using newer,
often complex or expensive techniques. In the U.S., most unconventional oil and gas is produced from low-permeability or
“tight” shale or sandstone formations using horizontal wells and
hydraulic fracturing.
Wellbore – a hole drilled into the Earth to aid in the exploration
and recovery of natural resources including gas, oil, or water.
Well completion – the process of making a well ready for production. This commonly includes pumping clean fluid into the
well to remove the drilling mud or residue from other treatments,
perforating the well casing next to the oil-/gas-producing zone,
injecting acids to remove drilling-mud residue or widen existing
cracks, hydraulically fracturing the producing zone, and installing
production tubing and pumps in the well.
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