Briefing Paper 1

o .

:Qm%wam

Mark Zoback
Saya Kitasei
Brad Copithorne

july 2010

ORLDWATCH
NSTITUTE

Natural Gas and Sustainable Energy Initiative




Addressing the Environmental
Shale Gas Development

LY iR

B Executive Summary

The rapid development of shale gas resources in the past few years has already dramatically
affected U.S. energy markets—Ilowering energy prices and carbon dioxide emissions—and could
offer an affordable source of low-carbon energy to reduce dependence on coal and oil.' However,
the development of shale gas has been linked to a range of local environmental problems,
generating a public backlash that threatens to bring production to a halt in some regions. While
hydraulic fracturing in particular has been the focus of much controversy, our analysis indicates
that the most significant environmental risks associated with the development of shale gas are
similar to those associated with conventional onshore gas, including gas migration and
groundwater contamination due to faulty well construction, blowouts, and above-ground leaks
and spill of waste water and chemicals used during drilling and hydraulic fracturing.

Many technologies and best practices that can minimize the risks associated with shale gas
development are already being used by some companies, and more are being developed. The
natural gas industry should work with government agencies, environmental organizations, and
local communities to develop innovative technologies and practices that can reduce the
environmental risks and impacts associated with shale gas development.

Stronger, fully-enforced government regulations are needed in many states to provide sufficient
protection to the environment as shale gas development increases. In addition, continued study
and improved communication of the environmental risks associated with both individual wells
and large scale shale gas development are essential for society to make well-informed decisions
about its energy future.

This briefing paper, part of an on-going series on the role of natural gas in the future energy
economy, provides an overview of how horizontal drilling and hydraulic fracturing are used to
extract shale gas, examines the environmental risks, associated with shale gas development, and
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provides an overview of the industry best practices and government regulations that are needed if
shale gas is to contribute its full potential to help build a low-carbon economy in the years ahead.

il Extracting Natural Gas from Shale

Geologists have long been aware that large amounts of natural gas lie trapped in some
formations of shale, a sedimentary rock formed from deposits of mud, silt, clay, and organic
matter. Over time, that organic matter breaks down, creating molecules of methane, also known
as natural gas. While some of this natural gas migrates into other formations over millions of
years, much of it remains trapped in its shale source rock.

Although the first producing U.S. natural gas well was drilled into a shale formation in New
York (in 1821), most commercial drilling during the 19th and 20th centuries targeted gas that has
migrated out of its source rock and accumulated in permeable reservoirs such as sandstone
formations.” Unlike these “conventional” reservoirs, whose relatively high permeability enables
producers to extract gas using vertical wells, shale is a much “tighter,” less permeable rock. As a
result, methane molecules cannot flow easily through shale and a vertical well is only able to
drain gas only from a very small volume of the rock surrounding it, which generally prevents
vertical wells from producing sufficient gas to be economical.

Over the past decade, however, the application of two techniques, horizontal drilling and
hydraulic fracturing, has enabled operators to extract gas economically from shale formations
thousands of feet deep. Although both technologies originally were developed to increase
production from conventional wells, their use in the Barnett Shale, near Fort Worth, Texas,
revealed that they could be the key to unlocking the trillions of cubic feet of natural gas
estimated to exist in shale gas plays throughout the United States.’ (See Figure 1.) At year-end
2009, the five most productive U.S. shale gas fields — the Barnett, Haynesville, Fayetteville,
Woodford, and Marcellus shales — were producing some 8.3 billion cubic feet a day, the
equivalent of nearly 1.6 million barrels of oil a day, or 30 percent of total U.S. crude oil
production during 2009.*

Figure 1. Map of Shale Gas Plays, Lower 48 States

Source: EIA




Oil and gas drilling generally begins in the same way in both vertical and horizontal wells.
Operators insert an initial length of steel pipe, called “conductor casing,” into a vertical wellbore
soon after drilling begins in order to stabilize the well as it passes through the shallow, often
unconsolidated sediments and soils near the Earth’s surface.’ (See Figure 2.) Then, operators
continue drilling vertically and insert surface casing, which most states require to extend from
the ground’s surface past the depth of all underground sources of drinking water (USDW’s).*

Operators then pump cement into the casing, followed by water, to push the cement out through
the bottom of the casing and back up into the space between the surface casing and the wellbore
(called the “annulus™) until it is entirely filled. Almost all states require the surface casing to be
fully-cemented before drilling is allowed to continue.” After the surface casing has been
cemented into place, regulators may require operators to install blowout prevention equipment
(BOPE) at the surface to prevent any pressurized fluids encountered during drilling from moving
up the well through the space between the drill pipe and the surface casing.”

Figure 2. Casing and Cementing of a Horizontal Well | A .. allowing the cement behind
Conductor Casing the casing to set, operators continue

100 = drilling for a short distance,
typically 10 to 20 feet, and test the
1000 — \ Coment integrity of the cement by

pressurizing the well. They then
continue drilling vertically until
state regulations may require the
[Balt Water Zonell | insertion of intermediate casing,
which can be used to help stabilize
Intermediate Casing deep wells. In addition, between the
T Cement base of the surface casing and the
target gas-bearing shale formations,
wellbores pass through thousands of
feet of rock formations. These
formations may contain
hydrocarbons, including natural
gas, or briny water containing
highly concentrated salts and other
[ Frochaction Zone) f:onta{ninants. mtemediate casing
e v _ , || isdesigned to isolate such
Source: GWPC. Not to scale. formations from each other and the
wellbore, preventing contamination
of the gas that will be produced and of freshwater aquifers near the Earth’s surface.

Swface Casing
> Dirilling Idud

zunn—-l_

Production Casing

Production Tubing
7100 — Kickoff Point —

When drilling a horizontal well, operators begin turning or “kicking off” the drill when they near
the top of the target formation or “production zone,” until the wellbore runs through the
formation horizontally. Horizontal drilling, which can extend up to 10,000 feet, vastly increases
the wellbore’s contact with the gas-bearing formation relative to vertical drilling, which would
be limited to the thickness of the formation—Iess than 300 feet in most major U.S. shale plays.’
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After drilling the horizontal section of the well, operators run a string of “production casing” into
the well and cement it in place. They then “perforate” the production casing using small
explosive charges at intervals along the horizontal wellbore where they intend to hydraulically
fracture the shale.

Hydraulic fracturing was first used in the late 1940s, and has since become a common technique
to enhance the production of low permeability formations, especially unconventional reservoirs
such as tight sands, coal beds, and deep shales."” Hydraulic fracturing is a technically complex
process. Because most horizontal wells are quite long, operators conduct fracturing in stages,
starting at the tip or “toe” and proceeding toward the end closest to the vertical portion or “heel”
of the foot-shaped wellbore. A wellbore that extends 5,000 feet horizontally within a shale layer,
for example, might be hydraulically fractured 10 to 15 times at intervals several hundred feet
apart. Each perforation interval is isolated in sequence so that only a single section of the well is
hydraulically fractured at a given time.

During a hydraulic fracturing operation, operators pump fracturing fluid at high pressure through
the perforations in a section of the casing. The chemical composition of the fracturing fluid, as
well as the rate and pressure at which it is pumped into the shale, are tailored to the specific
properties of each shale formation and, to some extent, each well. When the pressure increases to
a sufficient level, it causes a hydraulic fracture or “hydrofracture” to open in the rock,
propagating along a plane more or less perpendicular to the path of the wellbore." (See Figure
3.) A typical hydrofracture is
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to inhibit scale and bacterial growth in the wellbore, reduce friction, and generally improve the
effectiveness of the fracture job. Slickwater works well in shale gas reservoirs because its low
viscosity allows the fracturing fluid to leak out of hydraulic fractures into many small, naturally
occurring fractures in the shale.

Slickwater increases water pressure in these microfractures, inducing shear-slip, or micro-
seismic events that generally have magnitudes of less than -1.5 on the Richter scale—about as
much energy as is released by a gallon of milk dropped from chest height to the floor. Because of
the small magnitudes of these events, which represent micro-earthquakes about one-millionth the
size of tremors that might be detected by inhabitants of a populated area, operators must deploy
ultrasensitive seismometers in nearby monitoring wells in order to detect them."” (See Figure 4.)

Figure 4 shows microseismic data from a well drilled in the Barnett Shale and hydraulically
fractured with slickwater in 11 stages. The locations of the microseismic events generated during
slickwater hydraulic fracturing provides a picture of where the hydrofractures propagated. This
information is important to operators because the microseismic events define the portion of the
reservoir stimulated during hydraulic fracturing, increasing the shale’s permeability and allowing
gas molecules to flow more easily into the production casing.

The above-mentioned well targeted a portion of the Barnett Shale about 330 feet thick and at
depths between about 5,600 and 5,930 feet below the surface. The horizontal wellbore is roughly
3,800 feet long. Monitoring detected microseismic activity over the entire thickness of the shale,
about 150 feet above and 200 feet below the wellbore (Figure 4A), and about 500 to 700 feet to
its sides (Figure 4B). Monitoring did not detect microseismic activity any significant distances
above or below the shale formation, suggesting that the design of this fracture job successfully
confined stimulation to the target formation. In this case, the propagation of fractures into the
underlying Ellenberger Limestone, which contains highly saline brine, would have allowed brine
to contaminate the gas in the Barnett Shale, decreasing the efficiency and increasing the cost of
its extraction. No microseismic events with magnitudes greater than -1.6 were detected.

Drilling and fracturing a typical horizontal well in the Marcellus shale takes about three weeks to
complete and costs about $3.5 to $4.5 million."* After hydraulic fracturing is complete, gas
begins to flow out of the well to the surface, where it is processed, compressed, and transported
to markets through pipelines. During this period, maintenance may be performed on the well, but
much of the equipment used for drilling and fracturing the well is used to drill another horizontal
well from the same well pad and wellbore or removed for use at other sites. Each unconventional
well’s production rate declines rapidly after the first few months of production. While the great
majority of gas is produced during the first few years of production, a well could continue to
produce for five to ten years before becoming uneconomical.”” In some cases, a well may be
fractured again to restimulate production, but while research is underway to improve the
performance of refracturing, it is not currently used in most shale gas wells.'®

When a well becomes uneconomical, state regulations require operators to permanently plug it

with cement or another material. The majority of gas-producing states require plugs to be placed
through producing zones and from the surface to the base of ground water. Plugs are intended to
prevent fluid, which might include hydrocarbons, formation water, and fracturing fluid absorbed



by the target formation, from migrating along the wellbore to other layers of rock and potentially
contaminating ground water after the well has been abandoned."’

Figure 4. Microseismic Diagrams of Typical Hydraulic Fracturing Job in the Barnett
Shale
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C. Distribution of Magnitudes of Microseismic Events
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Each dot in Figure 4A and B represents a microseismic event induced during hydraulic fracturing of an actual
well in the Barnett Shale, with each color representing a distinct fracturing stage. Figure 4C displays the
distribution of these microseismic events by magnitude. Figures are not to scale.

Source:Data courtesy of the Stanford Department of Geophysics




I, Environmental Risks and Best Practices

Shale gas has received a good deal of attention recently for the potential negative impacts that its
development may have on the environments and communities in which it occurs. Instances of
water contamination, air pollution, and earthquakes have been blamed on gas extraction
activities. A thorough understanding of the techniques used to extract gas from shale formations
and the safeguards that exist to prevent environmental damage is critical to assessing the sources
and magnitudes of risk involved in shale gas development.

Subsurface Contamination of Ground Water

A frequently expressed concern about shale gas development is that subsurface hydraulic
fracturing operations in deep shale formations might create fractures that extend well beyond the
target formation to water aquifers, allowing methane, contaminants naturally occurring in
formation water, and fracturing fluids to migrate from the target formation into drinking water
supplies. With the notable exceptions of the shallow Antrim and New Albany Shales, many
thousands of feet of rock separate most major gas-bearing shale formations in the United States
from the base of aquifers that contain drinkable water." (See Figure 5.)

Figure 5. Target Shale Depth and Base of Treatable Groundwater in Select Shale Plays
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Because the direct contamination of underground sources of drinking water from fractures
created by hydraulic fracturing would require hydrofractures to propagate several thousand feet



beyond the upward boundary of the target formation through many layers of rock, such
contamination is highly unlikely to occur in deep shale formations during well-designed fracture
jobs. For example, the top of the Marcellus Shale, which runs from upstate New York through
Pennsylvania, West Virginia, and parts of Ohio, lies from 4,000 to 8,500 feet below the surface.”
The deepest underground sources of drinking water in this region lie about 850 feet below the
surface.” Geologists estimate that there is at least a half mile of rock between the natural gas
deposits and the groundwater, including nine layers of impermeable shale, each of which acts as
a barrier to vertical propagation of both natural and artificial fractures.*

As mentioned earlier, seismic monitoring is an essential tool for assuring that hydraulic
fracturing is inducing microseismic activity only within the shale gas reservoir. Yet only about
three percent of the ~75,000 hydraulic fracturing stages conducted in the United States in 2009
were seismically monitored.” Public confidence in the safety of hydraulic fracturing would be
greatly improved by more frequent microseismic monitoring and public dissemination of the
results.

Failure of the cement or casing surrounding the wellbore poses a far greater risk to water
supplies. If the annulus is improperly sealed, natural gas, fracturing fluids, and formation water
containing high concentrations of dissolved solids may be communicated directly along the
outside of the wellbore among the target formation, drinking water aquifers, and layers of rock in
between. For example, in 2007, a well that had been drilled almost 4,000 feet into a tight sand
formation in Bainbridge, Ohio was not properly sealed with cement, allowing gas from a shale
layer above the target tight sand formation to travel through the annulus into an underground
source of drinking water. The methane eventually built up until an explosion in a resident’s
basement alerted state officials to the problem.”

A variety of tools exist to help producers and regulators minimize the risk of cement and casing
failures. The American Petroleum Institute (API) develops and updates standards and
“recommended practices” for oil and gas exploration and production activities.* Many state
regulations require steel casing and cement used in oil and gas well construction to meet
standards set by API or other organizations.” Frequent monitoring and testing also allow
producers and regulators to check the integrity of casing and cement jobs. Many states require
operators to perform a test such as a cement bond log, which measures the quality of the cement-
casing and cement-formation bonds.* Ensuring that these tests are conducted and heeded in
accordance with regulations, and requiring them in states where they are currently voluntary, are
essential to preventing accidents such as occurred in Bainbridge.

Blowouts

Recent gas well blowouts in Pennsylvania and West Virginia during drilling operations in the
Marcellus Shale, set against the backdrop of the recent offshore blowout and oil spill in the Gulf
of Mexico, underscore the environmental and public risks associated with drilling into highly
pressurized zones of hydrocarbons and introducing pressurized fluids during hydraulic
fracturing.”” At the time of writing this article, the causes of all three blowouts were still under
investigation. Operators in Pennsylvania reported that that blowout occurred because the blowout
preventer proved inadequate to deal with higher-than-anticipated pressures.” In West Virginia,



drillers reportedly encountered an unexpected pocket of methane in an abandoned coal mine only
about 1,000 feet below the surface, and a blowout preventer had not yet been installed.

Such disasters stress the need for gathering accurate information about the subsurface and
ensuring that personnel on drill sites are trained to deal with unusual and unexpected situations,
including blowouts. Even if drilling and well construction are carried out in full compliance with
local, state, and federal regulations, and industry best practices are followed, many decisions
during drilling and fracturing operations must be made by individuals, and training and
experience, together with full enforcement of strong regulations and adoption of industry best
practices, are critical to the protection of the public and the environment.

Seismic Risks

Another subsurface risk that has received attention recently is the possibility that drilling and
hydraulically fracturing shale gas wells might cause low-magnitude earthquakes. In 2008 and
2009, the town of Cleburne, Texas, experienced several clusters of weak earthquakes all
registering 3.3 or less on the Richter scale.” Since the town had never registered an earthquake in
its 142-year history, some residents wondered if the recent increase in local drilling activity
associated with the Barnett Shale might be responsible. A study by seismologists with the
University of Texas and Southern Methodist University found no conclusive link between
hydraulic fracturing and these earthquakes but indicated that the injection of waste water from
gas operations into numerous saltwater disposal wells that were being operated in the vicinity
could have caused the seismic activity.”’ Over 200 such wells exist in the Barnett Shale, and are
the preferred means of waste water disposal for operators in the area.*

While the hydraulic fracturing process does create a large number of microseismic events, or
micro-earthquakes, the magnitudes of these are generally too small to be detected at the surface.
Figure 4C shows the cumulative frequency distribution of microseismic events of different size
in a Barnett Shale well. Altogether, a downhole seismometer array deployed in a nearby well
detected about 1,000 micro-earthquakes. The biggest micro-earthquakes have a magnitude of
about -1.6. An earthquake of this size represents slip of less than a hundredth of an inch, about
the thickness of a human hair, on a pre-existing fault only a couple of feet across. The number of
extremely small earthquakes (less than a magnitude of about -2.8) tapers off because they are so
small that they cannot be detected.

Underground fluid injection is an integral part not only of hydraulic fracturing, but of waste
water disposal in injection wells, some geothermal energy projects, and carbon dioxide
sequestration. The seismic monitoring of hydraulic fracture jobs discussed earlier is critical to
improving understanding of how underground injection might spark unexpectedly high-
magnitude seismic activity.

Surface Water and Soil Contamination
Because of the quantities of chemicals that must be stored at drilling sites and the volumes of

liquid and solid waste that are produced, significant care must be taken that these materials do
not contaminate surface water and soil during their transport, storage, and disposal.



Fluids used for slickwater hydraulic fracturing are typically more than 98 percent fresh water and
sand by volume, with the remainder made up of chemicals that improve the treatment’s
effectiveness, such as thickeners and friction reducers, and protect the production casing, such as
corrosion inhibitors and biocides.” These fluids are designed by service companies that tailor
fracturing treatments to suit the needs of a particular job. In a 2009 survey of six service
companies and 12 chemical providers, the New York State Department of Environmental
Conservation received a list of some 200 chemical additives that companies might use in
fracturing fluids.*

Because the fluids in each fracturing treatment would contain a different subset of these
chemicals, and because these chemicals could be hazardous in sufficient concentrations, public
disclosure of the chemicals used in hydraulic fracturing on a site-by-site basis is necessary to
enable regulatory agencies, health professionals, and citizens to conduct baseline water testing
and respond appropriately should contamination or exposure occur. A number of companies are
investigating use of more environmentally benign fracturing fluids. ** These would also help limit
the environmental and health risks posed by fracturing fluids in the case of contamination.

Chemicals to be used in fracturing fluids are generally stored at drilling sites in tanks before they
are mixed with water in preparation for a fracturing job. Under the Emergency Planning and
Community Right to Know Act of 1986 (EPCRA), companies must post Material Safety Data
Sheets (MSDSs) that list the properties and any health effects of chemicals stored in quantities of
more than 10,000 pounds.* Disclosure of chemicals stored in smaller quantities is not currently
required by law, and access to MSDSs can often be limited. Several ongoing efforts would
require greater disclosure of fracturing fluids, including a provision in draft climate legislation
introduced by Senators John Kerry (D-MA) and Joe Lieberman (I-CT) in May 2010 that would
amend EPCRA to mandate the disclosure of all chemicals used on public websites.”

After each fracturing stage, the fracturing fluid, along with any water originally present in the
shale formation, is “flowed back” through the wellbore to the surface. Flowback and water
produced during a well’s lifetime can contain naturally occurring formation water that is millions
of years old and therefore can display high concentrations of salts, naturally occurring
radioactive material (NORM), and other contaminants including arsenic, benzene, and mercury.*®
As a result, the water produced during hydraulic fracturing must be disposed of properly. The
“flowback” period typically lasts for periods of hours to weeks, although some injected water
can continue to be produced along with gas several months after production has started.” In the
Marcellus Shale, approximately 25 percent of the water injected during hydraulic fracturing
operations may be produced during flowback.*

Flowback water is dealt with differently in different states. In the Barnett, Fayetteville,
Haynesville, Woodford, Antrim, and New Albany Shales, the primary disposal method has been
injection into underground saline aquifers, such as the Ellenberger Limestone that underlies the
Barnett formation.*" While injection is regulated at the federal level under the Safe Drinking
Water Act (SDWA), the availability of adequate disposal wells is a major issue that needs to be
addressed for shale gas development to take place. There are tens of thousands of licensed
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injection wells in Texas, but because of political and geological constraints, many fewer exist in
the Marcellus Shale. The state of Pennsylvania currently only has about 10 Class IT wells.*”

As a result, one option for dealing with flowback water from wells in the Marcellus Shale is
disposal at municipal waste water treatment facilities, which generally discharge treated water
into surface water bodies such as rivers and streams.” Current waste water treatment facilities in
the Marcellus are insufficient to handle the volumes of fluids that would be produced were shale
gas development to increase significantly. In addition, they may not be designed to handle the
highly saline water produced by gas drilling.

In late 2008 and 2009, there were significant spikes in the level of total dissolved solids (TDS) in
Pennsylvania’s Monongahela River, which supplies drinking water to approximately 350,000
people. Since flowback contains large amounts of total dissolved solids (TDS), and drilling
fluids constituted up to 20 percent of the waste water being treated by some facilities, the
Pennsylvania Department of Environmental Protection (PADEP) ordered these facilities to
restrict their intake of drilling waste water.* PADEP reported that TDS levels, which also can be
influenced by abandoned mine drainage, stormwater runoff, and discharges from industrial or
sewage treatment plants, exceeded standards at least twice more in 2009.%

Given the constraints on both underground injection and treatment and discharge in the
Marcellus Shale, serious investment will be needed in advancing treatment technologies that
enable companies to reuse fluids for subsequent fracturing jobs. As flowback comprises only 25
percent of the water injected into a given well in the Marcellus, treated flowback water could be
diluted with fresh water and re-injected. Recycling water minimizes both the overall amount of
water used for fracturing and the amount that must be disposed of. Many water treatment
processes are currently being investigated that could be potentially be used at large scale and
have a significant impact on this problem.*

Finally, one of the problematic aspects of handling flowback water is the temporary storage and
transport of such fluids prior to treatment or disposal. In many cases, fluids may be stored in
lined or even unlined open evaporation pits.” Even if the produced water does not seep directly
into the soil, a heavy rain can cause a pit to overflow and create contaminated runoff.** Storing
produced water in enclosed steel tanks, a practice already used in some wells, would reduce the
risk of contamination while improving water retention for subsequent reuse.”

In addition, equipment used to move fluids between storage tanks or pits and the wellhead must
be monitored and tested regularly to prevent spills, and precautions must be taken while
transporting produced water to injection or treatment sites, whether via pipeline or truck. In May
2009, PADEP discovered that two leaky joints in a pipeline carrying waste water from gas wells
to a disposal site had resulted in the release of about 4,200 gallons of waste water into Cross
Creek, causing the deaths of some fish and invertebrates.” Range Resources, the owner of the
wells, was fined for this violation of Pennsylvania’s environmental statutes, as well as for
another spill that occurred in October 2009.”"
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Other Surface Impacts

Drilling operations require significant above-ground development. In addition to the well pad
itself, roads may need to be built and gathering infrastructure installed to bring the natural gas
from the wellhead to a pipeline that, for a typical well in the Marcellus Shale, may require the
development of several acres of land. Total land use can be reduced by drilling multiple wells
from a single well pad, as is done in areas of steep topography or environmental sensitivity.
Nonetheless, because so many wells have to be drilled and appreciable infrastructure developed,
it is important to do as much as possible to minimize the overall impact on local communities.
Land use decisions affect a wide range of stakeholders including the landowners, neighbors and
surrounding communities. Permitting procedures will need to evaluate the needs of each of the
stakeholders and include clear and enforceable remediation strategies to ensure minimal impact
and maximum restoration of the land associated with natural gas production.

The trucks used to transport equipment, fracturing fluid ingredients, and water to the wellpad,
drilling rigs, compressors, and pumps all emit air pollutants, including carbon dioxide, nitrogen
and sulfur oxides (NO, and SO,), and particulate matter. Volatile organic compounds (VOCs)
and other pollutants associated with natural gas and fracturing fluids can enter the air from wells
and evaporation pits. In addition, natural gas, whose main component is methane, is itself a
greenhouse gas more potent than carbon dioxide and could represent a significant source of
emissions during the gas production process.”

Many technologies and practices to reduce venting and leakage during gas production and
transport have been compiled by the U.S. EPA’s Natural Gas STAR program.* Emissions of
gases that contribute to local air pollution, public health risks and climate change can be reduced
by available control technologies, improved monitoring, and more efficient production
operations. (The impacts of natural gas development with air quality will be the focus of a future
briefing paper by the Natural Gas and Sustainable Energy Initiative.)

Even compared with drilling, which might use up to a million gallons of water per well,
hydraulic fracturing is a water-intensive procedure, requiring between 2 and 8 million gallons per
well fractured.* In the Barnett Shale, for example, an average of almost 3 million gallons of
water is used per well, the great majority of which is used for hydraulic fracturing.” Since
development of this resource will require tens of thousands of shale gas wells to be drilled, the
required volumes of water are dramatic.

Any set of water use regulations must take into account local hydrology and competing uses for
the water in a given area. Operators and regulators must work together to explore opportunities
to reduce water use and increase recycling of produced water. Greater reuse of fracturing fluids
would reduce demands on community water supplies. Steps can also be taken to utilize excess
water during peak seasonal run-off and to try to use less water during slickwater fracturing
operations. (The water requirements for natural gas development will be the focus of a future
briefing paper by the Natural Gas and Sustainable Energy Initiative.)

While a well is being drilled and completed, operators are generally working around the clock
for several weeks. Drilling sites generate significant amounts of noise pollution, although noise
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can be reduced through the construction of sound barriers.”® Gas development can also affect
communities in less tangible ways. While it may stimulate the local economy and provide jobs,
gas development may also lead to increased traffic and greater strains on public resources.
Operators must work with local stakeholders to minimize the impact of gas development
activities on a community’s resources and quality of life.

BOX: Current Regulatory Framework Governing Shale Gas Development

Most regulation of oil and gas development is currently left to the states, where regulatory
bodies are in charge of enforcing state environmental laws as well as rules and regulations
specific to oil and gas production. Rules and regulations developed by state agencies such as
the Colorado Oil and Gas Conservation Commission, the Texas Railroad Commission, or the
Pennsylvania Department of Environmental Protection govern the specifics of gas production,
requiring producers to obtain permits before drilling, and requiring certain standards and
practices to be used during well construction, hydraulic fracturing, waste handling, and well
plugging. State regulations also deal with tanks and pits as well as any chemical or waste
water spills.

Currently, there is significant variation in the particulars of these rules and regulations from
state to state. For example, in a 2009 survey of the 27 largest gas-producing states, the
Ground Water Protection Council (GWPC) found that 25 states required surface casing to be
set below the deepest groundwater, 21 require a cement set-up period or test such as a cement
bond log, 10 require companies to list chemicals or pressures used during hydraulic
fracturing, and none requires companies to list an estimate of how much of this fracturing
fluid flows back to the surface after a well has been fractured. The non-profit STRONGER
(State Review of Oil and Natural Gas Environmental Regulations) has been updating
guidelines for reviews of state programs since 1999. As list of states that have completed
initial and follow-up reviews is available on STRONGER’s website (www.strongerinc.org).

In addition to these state rules and regulations, some federal environmental regulations also
apply to shale gas development. For example, the Clean Water Act regulates contaminated
storm water runoff and surface discharges of water from drilling sites, and the 1986
Emergency Planning and Community Right-to-Know Act (EPCRA) requires companies to
post material safety data sheets describing the properties and health effects of any chemicals
stored in quantities that exceed 10,000 pounds. In some cases, states may obtain authority to
enforce a federal law. The Safe Drinking Water Act (SDWA), which regulates the
underground injection of waste water from gas wells, though not hydraulic fracturing, is one
example of a federal law which allows state regulatory agencies to obtain primacy over
enforcement if they demonstrate that they can do so to the minimum standards laid forth by
the Environmental Protection Agency.

Source: See Endnotes 2 and 5 for this section.
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iv. Conclusion

New supplies of gas from shale could provide many U.S. states with an attractive, lower-carbon
transition fuel on the path to a fully renewable energy supply, while providing jobs and
generating appreciable revenue. However, these opportunities cannot be realized unless the
environmental risks posed by shale gas development are managed effectively. Our analysis
suggests that while shale gas development poses significant risks to the environment, including
faulty well construction, blowouts, and above-ground contamination due to leaks and spills of
fracturing fluids and waste water, technologies and best practices exist that can help manage
these risks.

Best practices are currently being applied by some producers in some locations, but not by all
producers in all locations. Enforcing strong regulations is necessary to ensure broader adoption
of these practices and to minimize risk to the environment. In addition, if increased shale gas
development is to be undertaken responsibly, the cumulative risks of developing thousands of
wells must be considered. Ongoing studies by the Environmental Protection Agency and others
examining the environmental impacts of hydraulic fracturing will arm state and federal decision
makers with critical information upon which to base future regulations.

By developing and adopting innovative best practices, industry can take a proactive role in
addressing the environmental risks associated with shale gas development. The Houston
Advanced Research Center and Texas A&M University are working with companies,
environmental organizations, universities, government laboratories, state and federal agencies,
and others to reduce the environmental impact sof drilling and production. The Environmentally
Friendly Exploration and Production program focuses on solutions to reduce the footprint of
drilling activities, ensure the safe transport and disposal of drilling fluids and cuttings, lower air
and noise pollution, and minimize other risks to the environment.”

Robust regulatory oversight is an important ingredient to assure environmental and public
protection. Under current U.S. laws, some aspects of shale gas development are regulated by the
Clean Water Act, the Clean Air Act, and the Safe Drinking Water Act, but regulation of drilling
and hydraulic fracturing is left largely to the state level where regulatory capacity and
enforcement, as well as the regulations themselves, vary widely.

The state of Colorado recently revised its oil and gas rules to strengthen protections for the local
environment.” The new rules, which went into effect on April 1, 2009, were devised after a
boom in gas production from coal bed methane and tight sands was linked to both environmental
and public health problems as well as permitting bottlenecks. Colorado Governor Bill Ritter has
argued that the public assurance that these rules created was as an important prerequisite for
adoption of Colorado’s 2010 Clean Air-Clean Jobs Act. That Act requires Colorado’s rate
regulated utilities to retire or re-power some 900 megawatts of coal-fired power plants,
displacing them primarily with natural gas.” However, many independent producers feel that
they were excluded from what was touted as a multi-stakeholder process and argue that the
Colorado Oil and Gas Conservation Commission did not fully account for the increased costs the
new rules would impose, while some environmentalists feel that the revisions did not go far
enough.®
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Colorado’s example provides valuable lessons to other states pursuing their own reform of oil
and gas regulations. The Wyoming Oil and Gas Conservation Commission passed a package of
new oil and gas drilling rules on June 8, 2010. These rules make Wyoming the first state to
require operators to disclose the composition and concentration of chemicals used in hydraulic
fracturing.” Other shale-producing states may soon follow suit.®

New York, a relative newcomer to the modern oil and gas industry, has been the site of a
contentious debate over future development of the state’s gas resources in the Marcellus Shale.
The New York Department of Environmental Conservation (NYSDEC) has been charged with
updating rules regulating horizontal drilling and high-volume hydraulic fracturing and is
currently evaluating public comments on a draft Supplemental Generic Environmental Impact
Statement that it released in September 2009.“ In the meantime, 10 bills relating to shale gas
development, including one that would place a moratorium on drilling until 120 days after the
EPA’s study of hydraulic fracturing is completed, are making their way through the state
legislature.* In neighboring Pennsylvania, where over 564 wells were drilled in the Marcellus
Shale during the first half of 2010, Governor Ed Rendell has said that he would sign a bill calling
for a three-year moratorium on new leasing of state forest land for gas exploration while
potential environmental impacts are studied.”

The experiences of Colorado, Wyoming, Pennsylvania, and New York have demonstrated that
strong public pressure exists for stricter oversight of the oil and gas industry and that state
regulators can and will move forward in strengthening their own regulations. If they are
produced responsibly, shale gas resources in the United States could play a central role in
building a low-carbon energy economy. Greater outreach and public education about shale gas
development are clearly necessary to enable the many stakeholders engaged in shale gas
development to work together to find the most effective technological and regulatory solutions
for developing shale gas resources while protecting the environment and public interest.
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Senior Research Scientist Award, Alexander Von Humboldt Stiftung

Elected Fellow, American Association for the Advancement of Science

Elected Fellow, Geological Society of America

National Research Council Post-Doctoral Fellowship

Faculty Senate Steering Committee

SUES Breadth Requirement Review Committee
Faculty Senate

University Fact Finder, Reappointment Appeal
University Capital Planning Group

Member, Earth Systems Steering Committee
Member University Advisory Board

Chair, Planning and Policy Board

Provost's Committee on Recreational use of the Dish
Chair, Subcommittee on University Awards
Earth Systems Review Committee

Provost's Task Force on College Rankings
Provost Search Committee

General Counsel Evaluation Panel

Member, Stanford Communications Council
Chair, Faculty Senate

Coordinator, SME, Earth Sciences Track
Committee on Committees
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CV - Mark Zoback

1996-1998
1991-1997

Chair, Committee of 15
Chair, Geophysics Department

PROFESSIONAL ACTIVITIES

2010-Present
2010-Present
2009-Present
2009-Present
2007-Present
2007-Present
1998-Present
1998-Present
1984-Present
1983-Present
1982-Present
1973-Present
2010

2010

2010

2010

2010

2010

2010

2010

2010

2010

2010

2009

2009

2009

2009

2009

2009

2008

2008

2008

2008

2008

2008
2002-2008
2007

2007

2007

2007

2007

2007

2007
2006-2007
2000-2007
2006

2006

2006

2006

2006

2006
2000-2006
1999-2006
2005

2005

2005

2005

Member, NAE Committee on Deepwater Horizon Accident

Earth Science Chair, Program Advisory Committee, DUSEL Program
Board of Directors, Research Partnership for Secure Energy for America
Board of Directors and Vice President, American Rock Mechanics Association
University of Arizona Geoscience Department Advisory Board
Chair, Science of Earthquake Studies Advisory Committee (USGS)
Member, American Asociation of Petroleum Geologists

Member, Society of Petroleum Engineers

Member, American Association for the Advancement of Science
Member, Geological Society of America

Member, Seismological Society of America

Member, American Geophysical Union

Invited Speaker, University of Munich

Holmes Lecture, Syracuse University

EUQG, Invited Speaker

Invited Speaker, USGS/GCEP Conference on CO2 Seals
Distinguised Scientist Lecture, Lawrence Berkeley National Lab
Invited Speaker, Unconventional Gas Conference

Invited Speaker, American Geophysical Union

Invited Lecture, Univ. S. Carolina

Cuyler Memorial Lecture, University of Texas

Netherlands Earth Science Review Committee

Invited Speaker, University of Wisconsin

Invited Speaker, Sed. Basin Workshop, Abu Dhabi

Invited Speaker, ConocoPhillips Workshop on Geomechanics
Invited Speaker, ILP Symposium, Clarmont-Ferrand, France
Invited Speaker, COGA Meeting

Invited Speaker, GCEP Annual Meeting

Invited Speaker, SPE Shale Forum

Invited Speaker, GeoForschung Potsdam, Germany

Invited Speaker, MIT

Invited Speaker, World Stress Map Conference

Keynote Speaker, ARMA Symposium

Invited Speaker, Hedberg Conference

Invited Speaker, GEO2008, Bahrain

EarthScope Facilities Executive Committee/EarthScope Management Team
Invited Speaker, New Zealand Geological Survey

Invited Speaker, Geological Society of America Pardee Symposium
Invited Speaker, SPE Forum, Kananaskis, Canada

Invited Speaker, Geological Society of London Bicentennial
Invited Speaker, University of Toronto

Invited Speaker, Geological Survey of Canada

Invited Speaker, University of Oregon

[ODP Review Committee

Page 2 of 9

Member, Begleitende Kommission, Heidelberg Academy of Science, World Stress Map Project

Invited Speaker, GeoForschungZentrum, Potsdam, Germany

Invited Speaker, National Institute for Geophysical Volcanology, Rome
Invited Speaker, Seismological Society of America

Invited Speaker, American Association for the Advancement of Science
Invited Speaker, German Geophysical Society

Invited Speaker, Annual Milton Dobrin Memorial Lecture, Houston Geophysical Society

Member, DOSECC Board of Directors

Chair, Science Advisory Group, International Continental Drilling Program
Invited Speaker, Sandia National Laboratory, Distinguished Speaker
Invited Speaker, Scripps Institute of Oceanography

invited Speaker, University of Kansas

Invited Speaker, University of Southern California
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CV - Mark Zoback Page 3 of 9
2005 Invited Speaker, American Geophysical Union
2005 Invited Speaker, Society of Exploration Geophysicists
2001-2005 Science Director, Western Resources Project
COURSES TAUGHT:
Total
Year Quarter Course Number Course Title Enrollment
2009 Fall 385K Crustal Mechanics 3
2009 Fall 385L Quake Seismology & Stress 7
2009 Fall 400 Geophysics Research 7
2009 Spring 385K Crustal Mechanics 3
2009 Spring 802 TGR Dissertation 1
2009 Spring 400 Geophysics Research 5
2009 Spring 385L Quake Seismology & Stress 4
2009 Winter 385K Crustal Mechanics 5
2009 Winter 202 Reservoir Geomechanics 30
2009 Winter 185K Crustal Mechanics i
2009 Winter 385L Quake Seismology & Stress 8
2009 Winter 400 Geophysics Research 6
2009 Winter 802 TGR Dissertation 1
2008 Fall 802 TGR Dissertation Mark Zoback on sabbatical 1
2008 Fall 400 Geophysics Research Mark Zoback on sabbatical 6
2008 Fall 385K Crustal Mechanics Mark Zoback on sabbatical 2
2008 Fall 385 Earthquake Seismplogy, Deformation & Stress Mark 9
Zoback on sabbatical
2008 Spring 400 Geophysics Research Mark Zoback on sabbatical 5
2008 Spring 3851 Quake‘Seismology & Stress Mark Zoback on 6
sabbatical
2008 Spring 385K Crustal Mechanics Mark Zoback on sabbatical 2
2008 Winter 290 Tectonophysics Mark Zoback on sabbatical taught by 10
Paul Hagin
2008 Winter 385K Crustal Mechanics Mark Zoback on sabbatical 1
2008 Winter 400 Geophysics Research 4
2008 Winter 185K Geophysics Research Mark Zoback on sabbatical 1
2008 Winter 3851 Quake_ Seismology & Stress Mark Zoback on 9
sabbatical
2008 Winter 399 Teaching Experience in Geophysics 1
2007 Fall 400 Geophysics Research 3
2007 Fall 801 TGR Project 1
2007 Fall 802 TGR Dissertation 2
2007 Fall 385K Crustal Mechanics 2
2007 Fall 385L Quake, Seismology & Stress 5
2007 Spring 385L Quake Seismology & Stress 4
2007 Spring 185L Quake Seismology & Stress 1
2007 Spring 255 Report on Energy Industry Training 3
2007 Spring 802 TGR Dissertation 1
2007 Spring 400 Geophysics Research 4
2007 Summer 400 Geophysics Research 1
2007 Summer 802 TGR Dissertation 1
2007 Winter 385K Crustal Mechanics 1
2007 Winter 385L Quake Seismology & Stress 5
2007 Winter 399 Teaching Experience in Geophysics 1
2007 Winter 400 Geophysics Research 4
2007 Winter 802 TGR Dissertation 1
2007 Winter 202 Reservoir Geomechanics 16
2006 Fall 385K Crustal Mechanics 2
2006 Fall 385L Quake Seismology & Stress 4
2006 Fall 110 Geosphere 35
2006 Fall 400 Geophysics Research 2
2006 Fall 802 TGR Dissertation 4
2006 Winter GP 202 Reservoir Geomechanics 9
2005 GP202 Reservoir Geomechanics 16
https://pangea.stanford.edu/people/cv_printable.php?personnel id=606 2010-11-08
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2005 Fall GP102 Geosphere 1
2004 GP185L Quake Seismology & Stress (with Beroza, Segall) 1
2004 GP 400 Geophysics Research 5
2004 GP 802 TGR Dissertation 2
2004 GP202 Reservoir Geomechanics 23
2004 GP385K Crustal Mechanics 4
2004 GP802 TGR Dissertation I
2004 GP399 Teaching Experience 1
2004 GP400 Geophysics 7
2004 GP 385K Crustal Mechanics 4
2004 Fall GP385L Quake Seismology & Stress (with Beroza, Segall) 5
2003 GP11IO/ESP110 Geosphere (with Arrigo) 66
2003 GP385K Crustal Mechanics (with Arrigo) 9
2003 GP385L Quake Seismology & Stress (with Beroza, Segall) 6
2003 GP399 Teaching Experience 3
2003 GP400 Geophysics Research 26
2003 GP202 Reservoir Geomechanics 13
2003 GP290 Tectonophysics 13
2003 GP802 TGR Dissertation 3
2003 GP385K Crustal Mechanics 4
2003 GPg02 TGR Dissertation 1
2003 GP400 Geophysics Research 7
2002 GP102 Earth, Oceans and Atmospheres (with Arrigo) 9
2002 GP202 Reservoir Geopmechanics 11
2002 GP385L Eathquake Seismology (with Beroza, Segall) 16
2002 GP185SL Quake Seismology and Stress (with Beroza, Segall) 3
2002 GP385K Crustal Meckanics 6
2002 GP399 Teaching Experience 2
2002 GP400 Geophysics Research 24
2001 GP385 Earthquake Seismology, Deformation and Stress (with 2
Beroza, Segall)
2001 GP/PE202 Resevoir Geomechanics 14
2001 GP185 Earthquake Seismology, Deformation and Stress (with 1
Beroza, Segall)
2001 GP400 Research 5
2001 GP385 Earthquake Seismology (w/Beroza and Segall) 5
2001 SME4 Earth, Oceans, and Atmospheres (with Arrigo) 22
2001 GP399 Teaching Experience 1
2001 GP385 Crustal Mechanics 1
2001 GP399 Teaching Experience 1
2001 GP400 Research 5
2001 GP185 Earthquake Seismology, Deformation and Stress |
(Beroza, Segall)
2001 GP385 Earthquake Seismology, Deformation and Stress (with 4
Beroza, Segall)
2001 GP290 Tectonophysics 21
2001 GP385 Crustal Mechanics 1
2001 GP400 Research 6
2001 GP400 Research 6
2000 GP400 Research 22
2000 GP202 Reservoir Geomechanics 8
2000 GP385 Borehole Geophysics 3
2000 GP385 Earthquake Seismology (w/Beroza and Segall) 8
1999 GP385 Borehole Geophysics 2
1999 SME101 Earth Resources and Sustainability of life (with three 122
others)
1999 GP385 Earthquake Seismology (w/Beroza and Segall) 17
1999 GP400 Research 16
1998 SME001 Earth Resources and Sustainability of life (McWilliams 149
and others)
1998 GP385 Earthquake Seismology 5
1998 GP385 Borehole Geophysics 3
1998 GP202 Reservoir Geomechanics 10
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1998 GP400 Research 18
1,021
ADVISEES RECEIVING DEGREES:
Year Name and Dissertation or Research Title Degree Place of Employment
2008 Laura Chiaramonte: "Geomechanical Characterization and Reservoir Simulation Ph.D. Lawrence Berkeley
of a CO2 Sequestration Project in a Mature Oil Field, Teapot Dome, WY" National Laboratory
2007 Pijush Paul: "A methodology for incorporating geomechanically-based fault Ph.D. ConocoPhillips
damage zone models into reservoir simulation "
2007 Hannah Ross: "Carbon Dioxide Sequestration and Enhanced Coalbed Methane Ph.D. BP
Recovery in unmineable coalbeds of the powder river basin, Wyoming"
2007 Amy Day-Lewis: "Characterization and modeling of in situ stress heterogeneity” Ph.D. GMI
2007 Ellen Mallman: "Stress triggering of eathquakes and subsidence in the Louisiana Ph.D. BP
coastal zone due to hydrocarbon production”
2007 Amie Lucier: "Geomechanical Analysis applied to geological carbon dioxide Ph.D. Shell
sequestration, induced seismicity in deep mines, and detection of stress-induced
seismicity in deep mines, and detection of stress-induced velocity anisotropy in
sub-salt environments"
2007 John Vermylen M.S.  PhD student Stanford
2005 Naomi Boness: "Physical properties and multi-scale seismic anisotropy in the Ph.D. ChevronTexaco
crust surrounding the San Andreas fault near Parkfield, CA."
2004 Alvin Wing-Ka Chan: "Louisiana Coastal Wetland Loss: The role of Ph.D. Shell Oil Co., Houston, TX
Hydrocarbon Production”
2004 Sang-Min Kim M.S.  PhD Student, Univ. of
California, Berkeley
2004 Lourdes Colmenares: "Geomechanics and the Effectiveness of Wellbore Ph.D. Language School,
Completion Methods of Coalbed Methane Wells in the Powder River Basin" Switzertand
2003 Paul Hagin: "Application of viscoelastic models and rate-and-state friction laws Ph.D. Stanford University Crustal
to the mechanics of unconsolidated sands" Mechanics Laboratory
2003 John Townend: "Mechanical constraints on the strength of the lithosphere and Ph.D. Victoria University of
plate-bounding faults” Wellington, Wellington,

New Zealand

2002 Stephanie Prejean: "The interaction between tectonic and magmatic processes in Ph.D.  U.S. Geological

Long Valley Caldera, California" Survey,Menlo Park, CA
94025
2001 David Wiprut: "Stress, Borehole Stability, and Hydrocarbon Leakage in the Ph.D. GeoMechanics
Northern North Sea" International, Houston, TX
2000 Balz Grollimund: "Impact of deglaciation on stress and implications for Ph.D. Swiss Reinsurance, Zurich,
seismicity and hydrocarbon exploration” Switzerland
1999 Thomas Finkbeiner: "In-situ stress, pore pressure, and hydrocarbon migration and Ph.D.  Geomechanics Int., Abu
accumulation in sedimentary basins" Dhabi
1998 Carl Chang: "Time-dependent deformation of unconsolidated reservoir rocks"” Ph.D. Agilent Technology Palo
Alto, CA
1998 Stacy Kerkela M.S.  Vestek Systems, San
Francisco, CA
1998 Sneha Dholakia (with Pollard) (GES) M.S.  BP, Houston, TX
PUBLICATIONS:
2010* Bohnhoff, M., M.D. Zoback, L. Chiaramonte, J.L. Gerst and N. Gupta, Seismic Detection of CO2 Leakage

(In Press)®

2010

2010

2010

2010

along Monitoring Wellbores, International Journal of Greenhouse Gas Controls, v.4, pp.687-697.
Bohnhoff, M., M.D. Zoback, Oscillation of fluid-filled cracks triggered by degassing of CO2 due to
leakage along wellbores, submitted to Journal of Geophysical Research

Hagin, P.N. and M.D. Zoback, Inverting for creep strain parameters of uncemented reservoir sands using
arbitrary stress-strain data, paper presented at 44th US Rock Mechanics Symposium and 5th US-Canada
Rock Mechanics Symposium, Salt Lake City, Utah, June 27-30, 2010, paper ARMA 10-171.

Hagin, P.N. and M.D. Zoback, Laboratory studies of the compressibility and permeability of low-rank
coal samples from the Powder River Basin, Wyoming, USA, paper presented at 44th US Rock Mechanics
Symposium and 5th US-Canada Rock Mechanics Symposium, Salt Lake City, Utah, June 27-30, 2010,
paper ARMA 10-170.

Natural gas can lead the way, Earth, February issue, p. 86-87.
http://www.earthmagazine.com/earth/article/2fb-7da-2-1

Sone, H. and M.D. Zoback, Strength, creep and frictional properties of gas shale reservoir rocks, paper
presented at 44th US Rock Mechanics Symposium and 5th US-Canada Rock Mechanics Symposium, Salt
Lake City, Utah, June 27-30, 2010, paper ARMA 10-463.
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2010 Zoback, M.D., Climate and intraplate shocks, Nature, v. 466, 568-569.

2010 Zoback, M.D., S. Hickman and W. Ellsworth, Scientific Drilling into the San Andreas Fault, EOS, v. 91,
no. 22, June 1, 2010, 197-198.

2010 Zoback, M.D., S. Kitasei and B. Copithorne, Addressing the environmental risks from shale gas

development, Worldwatch Institute, 19 pp, http://www.worldwatch.org/files/pdf/Hydraulic%
20Fracturing%20Paper.pdf.

2009* Chang, C. and M.D. Zoback, Viscous creep in room-dried unconsolidated Gulf of Mexico shale (I):
Experimental results, Journal of Petroleum Science and Engineering, v. 69, 239-246.

2009* Chang, C. and M.D. Zoback, Viscous creep in room-dried unconsolidated Gulf of Mexico shale (11):
Development of a viscoplasticity model, Journal of Petroleum Science and Engineering, v.72, 50-55.

2009* Lucier, A., M.D. Zoback, V. Heesakkers, Z. Reches and S. Murphy, Constraining the far-field stress state

near a deep South African Gold Mine, International Journal of Rock Mechanics and Mining Sciences, 46
(2009), pp. 555-567.

2009* Paul, P., M.D. Zoback and P. Hennings, Fluid Flow in a Fractured Reservoir Using Geomechanically
Constrained Fracture Model for Reservoir Simulation - SPE Reservoir Evaluation & Engineering -
Formation Evaluation, Aug. 2009, page 562-575.

2009 Ross, H.E., P. Hagin, and M.D. Zoback, CO2 storage and enhanced coalbed methane recovery in
unmineable coalbeds of the Powder River Basin, Wyoming: Reservoir characterization and fluid flow
simulaltions, International Journal of Greenhouse Gas Controls, v.3, p. 773-786,
doi: 10.1016/_ijggc.2009.06.002

2008* Lucier, A. and M.D. Zoback, Assessing economic feasibility or regional deep saline aquiter CO2 injection
and sequestration: A geomechanics-based workflow applied to the Rose Run Sandstone in Eastern Ohio,
USA, International Journal of Greenhouse Gas Controls, DOIL:10.1016/.ijggc.2007.12.002.

2008 Lucier, A., M.D. Zoback, V. Heesakkers and Z. Reches, Constraining the far-field stress state near a deep
South African Gold Mine, ARMA 08-141, in 42nd US Rock Mechanics Symposium, San Francisco, CA.

2008 Paul, P. and M.D. Zoback, Wellbore stability study for the SAFOD borehole through the San Andreas
Fault, SPE 102781, SPE Drilling and Completion, Dec., 2008, p. 394-408.

2008 Ross, H. E. and M.D. Zoback, Sub-hydrostatic pore pressure in coalbed and sand aquifers of the Powder

River Basin, WY and MT, and implications for disposal of coalbed-methane -produced water through
injection, Rocky Mountain Geology,v.43, p. 155-169.

2007* Chan, A.W. and M.D. Zoback, The Role of Hydrocarbon Production on Land Subsidence and Fault
Reactivation in the Louisiana Coastal Zone, Journal of Coastal Research, DOIL: 10.2112/05-0553,771-786.
2007* Chiaramonte, L., M.D. Zoback, J. Friedmann and V. Stamp, Seal integrity and feasibility of CO2

sequestration in the Teapot Dome EOR pilot: geomechanical site characterization, Environmental
Geology, DOI 10.1007/s00254-007-0948-7.

2007* Colmenares, Lourdes B. and M.D. Zoback, Hydraulic fracturing and wellbore completion of coalbed
methane (CBM) wells in the Powder River Basin, Wyoming: Implications for water and gas production,
American Association of Petroleum Geologists Bulletin, 91,51-67.

2007* Fernandez-Ibanez, F., J.1. Soto, M.D. Zoback and J. Morales, Present-day stress field in the Gibraltar Arc
(Western Mediterranean), Jour. Geophys. Res., 112, B08404 DOI 10.1029/2006JB004683.

2007F Hagin, P. and M.D. Zoback, A dual power law model for prediction and monitoring of long-term
compaction in unconsolidated reservoir sands, Geophysics,72(5),E165-E173.

2007* Hagin, P., Sleep, N.H. and M.D. Zoback, Application of rate-and-state friction laws to creep compaction

of unconsolidated sand under hydrostatic loading conditions, Jour. Geophys. Res., 112,
DOI:10.1029/2006JB004286.

2007 Harms, U., C. Koeberl and M.D. Zoback (eds), Continental Scientific Drilling, Springer-Verlag,
Heidelberg, 366 pp.
2007F Mallman, E.P. and M.D. Zoback, Assessing elastic Coulomb stress transfer models using seismicity rates

in southern California and southwestern Japan, Jour. Geophys. Res., 112, B03304, DOI:
10.1029/2005JB004076.

2007 Mallman, E.P. and M.D. Zoback, Subsidence in the Louisiana coastal zone due to hydrocarbon
production, Journal of Coastal Research, Special Issue 50.

2007 Sleep, N.H. and M.D. Zoback, Did Earthquakes Keep the Early Crust Habitable?, Astrobiology,7 (6),
DOI:10.1089/ast.2006.0091.

2007* Wu, H-Y, K-F Ma, M.D. Zoback, N. Boness, H. Ito, J-H Hung and S. Hickman, Stress orientations of

Taiwan Chelungpu-Fault Drilling Project (TCDP) hole-A as observed from geophysical logs, Geophys.
Res. Lett., 34 (LO1303).

2007 Zoback, M.D., Reservoir Geomechanics: Earth Stress and Rock Mechanics Applied to Exploration,
Production and Wellbore Stability, Cambridge Press, Cambridge Press, 449 pp.

2007 Zoback, M.D., S. Hickman and W. Ellsworth, The role of fault zone drilling, in Earthquake Seismology -
Treatise on Geophysics Vol. 4, ed. H. Kanamori and G. Schubert, Elsevier Ltd., Amsterdam, 649-674.

2007 Zoback, M.L. and Zoback, M.D., Lithosphere Stress and Deformation, in Earthquake Seismology -
Treatise on Geophysics Vol. 6, ed. A. Watts and G. Schubert, Elsevier Ltd., Amsterdam, 253-274.

2006* Boness, Naomi L. and M.D. Zoback, A multi-scale study of the mechanisms controlling shear velocity
anisotropy in the San Andreas Fault Observatory at Depth, Geophysics, 71 (5), F131-F136.

2006 Boness, Naomi L. and M.D. Zoback, Mapping Stress and Structurally-Controlled Crustal Shear Velocity

Anisotropy in California, Geology, 34, 825-828.
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2006* Chang, Chandong, M.D. Zoback and A. Khaksar, Rock strength and physical property measurements in
sedimentary rocks, Journal of Petroleum Sci. and Engineering, 51, 223-237.

2006 Lucier, A, M.D.Zoback, N. Gupta and T.S. Ramakrishnan, Geomechanical aspects of CO2 sequestration
in a deep saline reservoir in the Ohio River Valley region, Environmental Geology, 13 (2), 85-103.

2006 Paul, P. and M.D. Zoback, Wellbore Stability Study for the SAFOD Borehole through the San Andreas

Fault: SPE 102781, 2006 SPE Annual Technical Conference and Exhibition held in San Antonio, Texas,
U.S.A., 24-27 September 2006.PDF

2006 Ross, H., R., Blakely and M.D. Zoback, Testing the utilization of acromagnetic data for the determination
of Curie depth, Geophysics, 71 (5), L51-L59.

2006 Townend, J. and M.D. Zoback, Stress, strain and mountain-building in central Japan, v.111, B03411, Jour.
Geophys. Res.

2005 Colmenares, L. and M.D. Zoback, Geomechanics and the Effectiveness of Wellbore Completion Methods

of Coalbed Methane (CBM) Wells in the Powder River Basin: Implications for Water and Gas Production,
in Special Publication of Wyoming Geological Survey,Report of Investigations 55, ed. M.D. Zoback,
Chapter 6, pp. 127-157.

2005* Grollimund, B. and M.D. Zoback, Impact of glacially-induced stress changes on fault seal integrity:
Offshore Norway: Reply, AAPG Bull., 89, 275-279.
2005 Zoback, M. D., Editor, Wyoming State Geological Survey Report of Investigations #55, Western

Resources Project Final Report-Produced Groundwater Associated with Coalbed Natural Gas Production
in the Powder River Basin, 157 pages.

2004 Boness, N. and M.D. Zoback, Stress-induced seismic velocity anisotropy and physical properties in the
SAFOD Pilot hole in Parkfield, CA, SPE/ARMS 04-540, June 5-9,2004, Houston, Texas.

2004* Boness, N. and M.D. Zoback, Stress-induced seismic velocity anisotropy and physical properties in the
SAFOD pilot hole in Parkfield, CA., Geophysical Research Letters, 31, no. 15, L15817.

2004 Chan, A.W., Hagin, P.N. and Zoback, M.D., Viscoplastic Deformation, Stress and Strain Paths in

Unconsolidated Reservoir Sands (Part 2): Field Applications Using Dynamic DARS Analysis,
ARMA/NARMS 04-568, Presented at Gulf Rocks 2004, 6th North America Rock Mechanics Symposium
(NARMS), Houston, TX June 5-9,2004

2004* Chan, A.W., P.N. Hagin and M.D. Zoback, Viscoplastic Deformation, Stress and Strain Paths in
Unconsolidated Reservoir Sands (Part 2): Field Applications Using Dynamic DARS Analysis,
SPE/ARMS 04-568,

2004 Chery, J.,, M.D. Zoback and S. Hickman, A mechanical model of the San Andreas fault and SAFOD pilot
hole stress measurements, Geophysical Research Letters, 31, no. 15, L15S13.

2004* Hagin, P.N. and M.D. Zoback, Viscoplastic deformation in unconsolidated reservoir sands (Part 1):
Laboratory observations and time-dependent end cap models, SPE/ARMS 04-567,

2004* Hagin, P.N. and M.D. Zoback, Viscous deformation of unconsolidated reservoir sands (Part I): Time-

dependent deformation, frequency dispersion and attenuation, Geophysics, Vol. 69, No. 3(May-June
2004); P. 731-741.

2004* Hagin, P.N. and M.D. Zoback, Viscous deformation of unconsolidated reservoir sands (Part I1): Linear
viscoelastic models, Geophysics, Vol. 69, No. 3 (May-June 2004); P. 742-751.

2004* Hickman, S. and M.D. Zoback, Stress orientations and magnitudes in the SAFOD pilot hole, Geophysical
Research Letters, Vol. 31, no. 12 and 15, L15S12.

2004 Hickman, S., M.D. Zoback and W. Ellsworth, Introduction to special section: Preparing for the San
Andreas Fault Observatory at Depth, Geophysical Research Letters, 31, no. 15, L12S01.

2004 Hippler, S., T. Finkbeiner, A. Lucier and M.D. Zoback, Controls on oil and gas distribution in over-
pessured reservoirs, SPE/ARMS 04-568, June 5-9, 2004, Houston, TX.

2004 Townend, J. and M.D. Zoback, Regional tectonic stress near the San Andreas fault in central and southern
California, Geophysical Research Letters, 31, L15S11.

2004 Zoback, M.D., Why must earthquakes be this devasting?,in Outlook, The Washington Post, Jan. 4, 2004,
p. BS.

2003 Barton, C.A. and M.D. Zoback, Wellbore Imaging Technologies Applied to Reservoir Geomechanics and

"

Environmental Engineering"" in ""Geological Applications of Well Logs"", M. Lovell and N. Parkinson
eds., AAPG Methods in Exploration, No. 13, 229-239.

2003* Chanchani, S.K., M.D. Zoback and C. Barton, A case study of hydrocarbon transport along active faults
and production-related stress changes in the Monterey formation, California, in Fracture and In-situ stress
characterization of hydrocarbon reservoirs, Spec.Pub. Geol. Soc. London, ed.M. Ameen, 209, 17-26.

2003* Colmenares, L. and M.D. Zoback, Stress field and seismotectonics of northern South America, Geology,
31,721-724.

2003* Grollimund, B., and M.D. Zoback, Impact of glacially-induced stress changes on fault seal integrity
offshore Norway, in: Davies, R., Handschy, J. eds., AAPG Bull. 87 (3), 493-506.

2003* Moos, D., P. Peska, T. Finkbeiner and M.D. Zoback, Comprehensive wellbore stability analysis using

quantitative risk assessment, Jour. Petrol. Sci. and Eng., Spec. Issue on Wellbore Stability, eds. Bernt S.
Aadnoy, and Sechong Ong, 38, 97-109.

2003* Prejean, S., W. Ellsworth, M.D. Zoback and F. Waldhauser, Fault structure and kinematics of the Long
Valley caldera region, CA, revealed by high-accuracy earthquake hypocenters and focal mechanism
inversions, Jour. Geophys. Res., 107, no. B. 12, ESE 9-1 t0 9-19.

2003* Zoback, M.D., C.A. Barton, M. Brudy, D.A. Castillo, T. Finkbeiner, B.R. Grollimund, D. B. Moos, P.
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Peska, C.D. Ward, D.J. Wiprut, Determination of stress orientation and magnitude in deep wells, Int'l
Jour. Rock Mech. and Mining Sciences, 40, 1049-1076.

2002 Wiprut, D. and M.D. Zoback, Fault reactivation, leakage potential, and hydrocarbon column heights in the
northern North Sea, in Hydrocarbon Seal Quantification, A.G. Koestler, R. Hunsdale, eds., Norwegian
Petroleum Society (NPF), Special Publication No. 11, Elsevier, Amsterdam, 263 pp.

2002 Barton, C.A. and M.D. Zoback, Discrimination of Natural Fractures From Drilling-Induced Wellbore
Failures in Wellbore Image Data--Implications for Reservoir Permeability, SPE 78399, in ""SPE
Reservoir Evaluation and Engineering™™, June 2002, 249-254,
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