From: STEWART GUTHRIE

To: Boulder County Oil and Gas Comment
Subject: Extend the moratorium
Date: Friday, November 07, 2014 1:56:29 PM

Dear Boulder County Commissioners,

This is to urge that you extend the county’s fracking moratorium for at least five
years, or until the present form of fracking is proven harmless to the health of the
people living here, the farmers growing food here, and the natural environment.

A resident of Boulder County since 1973, | quickly came to love its scenery, long
views, wonderful year round outdoor life, and friendly people—famously, some of
the healthiest in the nation.

Now, knowing that fracking may be headed our way if the moratorium is not
extended, my husband and I, like several of our neighbors, are considering leaving
Boulder County. This would be a wrenching change and a loss not only of the
investment in our home but also of many of our friends.

Please extend the moratorium for everyone’s health and welfare, and especially for
the children.

Thank you,

Phyllis Kaplan

7898 Devonshire Way
Boulder, CO 80301
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From: STEWART GUTHRIE

To: Boulder County Oil and Gas Comment
Subject: Please extend the moratorium
Date: Friday, November 07, 2014 1:45:19 PM

Dear Commissioners Domenico, Gardner and Jones,

Thank you for voting unanimously in June 2013 to extend our fracking moratorium.
Like the great majority of residents, | trust that you will again extend it, and do so
until fracking can be made safe.

Reasons to extend are many and profound. Indeed, these reasons show that we
really need not a moratorium but a ban. (Many communities, of course—including
our own Longmont and Lafayette and, most recently, the Texas town of Denton
—have chosen a ban.) Unfortunately, a ban is not on today’s agenda, so please
consider my remarks as arguments for a mere extension.

Since you are already familiar with many of the reasons, I'll list only a few as a
reminder to us all: harm to residents’ health from multiple toxins (as detailed in
your Resolution 2013-55) as well as from noise, light and dust; major studies of
harm from toxins, yet to be completed; economic loss to homeowners from devalued
homes; economic loss of tourism; damage to, and obstruction of, roads by heavy-
truck traffic; and—less tangibly, yet visibly—loss of that clarity of the air that permits
us to see the mountains.

Moreover, the economic landscape that has favored fracking is changing. Fracking
is called “unconventional” for reasons including its high cost and high break-even
price point, about $80 per barrel. World prices presently have dropped below that
point and may stay low indefinitely, so fracking is not only highly debt-driven but
also financially fragile. Meanwhile, solar and wind energy are steadily cheaper, and
energy storage more plentiful. Since the profit from fracking already is marginal,
we have the pleasant prospect that, with a little delay, fracking may die peacefully of
its own accord. Let us therefore defer its damage, which is permanent, until then.

If it does not die, then the same modest delay—say, at least until 2018, when some
major studies of fracking poisons will be finished—may allow this industry to clean
itself up.

No one suggests, of course, that corporations do not have property rights. These do
not, however, include a right to injure others. Similarly, my wife and | have a right
to our money in a bank in Gunbarrel. This, however, does not allow us to withdraw
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the money at any time we please, for example at midnight, with a shaped explosive
charge to blow out the wall of the bank. Do the rights of corporate “persons”
exceed those of real persons in this regard? If not, then they must exercise their
right accordingly. Do not allow these persons to come to us at midnight.

Sincerely,

Stewart Guthrie

7898 Devonshire Way
Boulder, CO 80301



From: Marcia Barber

To: Boulder County Oil and Gas Comment
Subject: Fracking
Date: Friday, November 07, 2014 1:36:56 PM

Please do not allow fracking in Boulder County. We are known for taking the lead in environmental
health.

Thank you

Marcia Barber

Sent from my iPad
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From: Scott Smith

To: Boulder County Oil and Gas Comment

Subject: There is NO "appropriate" degree of harm we must suffer via fracking.
Date: Friday, November 07, 2014 1:28:27 PM

Greetings:

I’'m citing language from an email | received from Boulder County regarding the potential oil & gas
development within the county, to wit:

“Boulder County is concerned about the potential for significantly expanded oil and gas
development within the county, and supports appropriate, tighter restrictions and increased
local control to mitigate the impacts of these activities.”

The stated presumption is that the County is willing to allow the public to be harmed, expressing
“concern” about the matter and indicating that you support ways to (restrict, control and mitigate) make
effects of this expanded oil & gas development less severe, serious or painful.

While fracking is a potentiality, | do object to and do don't consent to the Commissioner's documented
inclination to permit public harm. | am asserting that my constitutional rights shall not be violated nor
are they open to “appropriate impact.”

| suggest you conduct a deep examination of our federal and state constitutions. You will not find any
reference that states the rights of oil & gas development are greater than our rights to life.

My rights, life and health are not up for negotiation nor being ‘appropriately impacted upon.’

Sincerely,
Scott Smith
Wagon Wheel Gap...

Boulder, Co
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From: LYNN CHARLEBOIS

To: Boulder County Oil and Gas Comment
Subject: Fracking
Date: Friday, November 07, 2014 1:14:08 PM

I do not want fracking in Boulder County- We do not need more earthquakes
caused by fracking!

Lynn Charlebois
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From: Karla Rein

To: Boulder County Oil and Gas Comment
Subject: FW: OIL GAS COMMENTS RE FRACKING
Date: Friday, November 07, 2014 12:52:08 PM

From: kkrfarms@hotmail.com

To: kkrfarms@hotmail.com

Subject: OIL GAS COMMENTS RE FRACKING
Date: Fri, 7 Nov 2014 12:22:48 -0700

I live on Wasatch Road in NE Boulder County by Coors Barley Grainery. This past
summer | let my dogs outside around midnight and noticed a slight hum like sound
(similar to the subtle low volume white sound that office buildings in down town
Denver pipes into the offices). | noticed at two of the pods about one mile from my
house they were fracking and drilling wells. All pods had the tall sound and sight
barriers. It was not a windy night. | drove by the two sites and DID NOT notice
any smells or noise. When | drove home about .3 mile by the low spot and trees, |
could slightly hear the white sound.

This sound is a lot less than the grain trucks driving to the grainery creating dust,
and the loud fan sounds that comes from Coors. Definitely a lot quieter than the
TRAIN whistle. There are usually four to six trains in a 24-hour day. When the
weather is just right and the windows are open, it sounds as if the train is in my
yard.

SAFETY

The wells are as safe as your driving into the gas station and filling up your car. At
the gas station, many gallons of gas are a few feet below your feet. As long as you
don't smoke a cigarette, crash into the pump, or create static electricity, you are
safe from the gas.

The wells are drilled approximately one mile (5280' which equals 17-1/2 football
fields) under the surface before they do horizontal drilling into the oil/gas
formation.. Several steel pipes are set w/special cement that does not

leak, approximately 500" BELOW the water table which is usable by humans. Energy
companies are drilling separate non potable water wells (also unused irrigation
ditches) to use in the drilling and fracking phases. When they are done with the
wells, they plug and abandon the water well, or turn it over to the farmer if the
farmer wants it. Cattle can drink water that humans can not. Farmers do not drill
those deep wells because of the high cost. Farmers utilize about 2/3's the state's
potable water for ag. The fracking job contains ONLY 1/2 a percent of chemicals.
The chemicals are proprietary (KFC's recipe) but are declared to the Co. Qil and Gas
Commission.  Commission does an EXCELLENT job of governing and enough
regulations for safety and health. EPA has NO evidence of polluted water in the oil
fields in the US.

Traffic will be heavier during the drilling and completion. After that, there may be a
truck daily or occasionally a couple of trucks doing maintenance or removing liquids.
This is less traffic than a factory or office building creates. Also industry creates
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many middle class jobs that do not always require a college degree. This is GOOD
for Boulder County's economy. Let's create those jobs and derive the benefits at the
stores, taxes, etc.

SOLUTIONS

Boulder County has three distinct areas - mountain, town of Boulder Area and
Longmont east and north of HWY 66. Perhaps to implement some drilling - permit it
in the eastern part, particularly north of HWY 66. There already is a pumping oil
well 1/2 mile from my house w/emissions equipment in Boulder CO..

If Boulder County does not allow some drilling, the county is faced with mineral
owners filing lawsuits which can become costly - i.e. rural subdivisions road
maintenance lawsuit Tax payers could also file a lawsuit. Also since Boulder County
owns lots of Open Space, there must be some mineral rights owned by the county.
If so, the county has the responsibility to all the tax payers to utilize this income
resulting in a tax saving and perhaps in the future having the funds without taxing
citizens to help homeless people, etc.

One area for Boulder County to work out is the road maintenance. County needs to
create a solution with the energy companies. Heavy equipment and traffic are hard
on roads. County does a GOOD job on the gravel road by Coors Grainery.

I have lived as a farmer as a kid on an oil lease in KS, worked for 31 years w/major
oil company in the Producing Department and for Snyder Oil CO in Evans, CO about
1995. 1 have seen ALL sides of the industry. IT IS SAFE AND GOOD FOR THE
ECONOMY.

Karla Rein

11665 Wasatch Road
Longmont CO 80504
303-651-0347



From: Dave A

To: Boulder County Oil and Gas Comment
Subject: Extend it
Date: Friday, November 07, 2014 12:42:26 PM

Commissioner Domenico,
Now that your re-election has been confirmed, we're looking forward to holding you to your claim that
your in favor of extending the moratorium on oil and gas development in Boulder County.

Per the county information, the practice is not safe. New reports come about almost daily about the
dangers.

http://www.bouldercounty.org/doc/landuse/oilgasstaffreport2012.pdf

Over 1,800 wells can legally be drilled in unincorporated Boulder County. Additional wells will also
likely be placed within incorporated towns and cities in the county and may also be serviced using
unincorporated county roads. Truck traffic from this activity would increase by many orders of
magnitude over current volumes on county roads which are not presently designed to safely
accommodate the weight and volume of vehicles associated with oil and gas development. The
impacts of the heavy trucks necessary to serve potential oil and gas development on Boulder County
roads could be equivalent to the wear and tear of hundreds of millions of passenger vehicles, would
increase conflicts with other vehicles and bicyclists, and would place significant new demands for
road infrastructure and safety investments on the County, without additional revenue to address

the potential needs.

Potential Demand

Relatively little information is currently available regarding forecast demand or plans for drilling in
unincorporated Boulder County; however Land Use has completed an initial analysis that indicates
over 1,800 wells could be drilled within existing regulatory limits under current state regulations
The consultant team for Douglas County estimated trip generation rates based on an analysis
completed by MIT and subsequent adjustments based on local industry interviews. Based on the
MIT study, the Douglas County study forecast truck traffic to average 11,040 vehicle trips to develop
each pad site (with each pad accommodating six wells) for pad construction, drilling, well
installation, and well completion. Once a well is fully operational, trip generation is substantially
reduced to approximately 730 vehicle-trips per year (two trips per day). The time period for

development of a pad/well site is 45-60 days, with production lasting for up to 15 — 20 years. The
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timeframe over which these wells could be developed is unknown, and would be largely a function
of global oil/natural gas demand.

Based on the assumptions from the Douglas County study and the Land Use Dept. forecast of
potential wells (1,800 wells, 6 wells per pad site and 11,040 trips per pad site) over 3,300,000
vehicles trips could use east Boulder County roads to install and service potential oil and gas
development. It should also be noted, that this analysis only reflect potential wells in

unincorporated Boulder County. Trucks serving wells in the incorporated cities and towns in the
County would also likely used Boulder County roads.

Most of the vehicles servicing these wells would be heavy trucks. Heavy trucks have a much greater
impact on roads than do lighter weight passenger vehicles, and therefore cause more wear and
damage than do passenger vehicles. According to the Douglas County study, the load impact of oil
and gas trucks on roads can be in the range of 5,000 to 30,000 times (depending on the weight and
number of axles on each vehicle) greater than a passenger car. In sum, the impacts of oil and gas
development on Boulder County roads could be equivalent to the wear and tear of many millions of
passenger vehicles.

Extend the moratorium.

David Auerbach
GUNBARREL

Sent from Yahoo Mail on Android
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From: SEFPritchard

To: Boulder County Oil and Gas Comment
Subject: Fracking Moratorium
Date: Friday, November 07, 2014 12:31:42 PM

| first moved to Boulder County in 1988. | love the county and the city. | am very
concerned about fracking that is proposed to take place here. It will not only affect
me personally but all who drive and live in the county. From all that I have read, it
is the air quality around fracking sites that is most damaging.

The negative impact of this pollution will be greater here than in states that do not
have the temperature inversion that we have here in the winter. My daughter has
asthma. | am concerned about her and the rest of the kids in this county who will
have to breath in this stuff.

What is the hurry to open up fracking? A moratorium makes sense so that those
studying the health effects have an opportunity to gather data.

It is true that fracking may result in lower fuel prices but to the extent that we
promote the extraction and use of fossil fuels (and drive down the price), the less
likely consumers and in those in industry will continue to look to alternative energy,
which is a MUST in order to give us a chance to slow global warming. The fracking
moratorium makes sense for Boulder. Please continue it.

Thank you,
Sarah Pritchard, 4714 Essex Court, Boulder, CO
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From: Gmail

To: Boulder County Oil and Gas Comment
Subject: Resident Comments Regarding Oil & Gas Moratorium
Date: Friday, November 07, 2014 12:28:33 PM

To Whom it May Concern,

Abundant evidence from other counties and states across the country makes it clear that current
methods of oil and gas exploration and production —including hydraulic fracturing, or fracking— pose
direct health and safety risks to both citizens and the environment upon which we depend. As just one
example, fracking in the state already uses billions of gallons of water, polluting this critical Colorado
resource with hundreds of undisclosed chemicals.

As a resident of Boulder County, | request that the moratorium on oil and gas exploration and
production be extended for the maximum possible term. Colorado’s cities and counties should have
more democratic control over how their natural resources are accessed and utilized. Until clear state
policies are enacted that enable residents to determine what happens in our backyards, absolutely no oil
and gas exploration should be allowed. These practices in their current form are simply too dangerous,
and lack effective regulation at any level. The health and wellbeing of Colorado’s residents should
always take precedence over the profit margins of corporate interests.

Thank you for time and consideration.
Sincerely,

Shauna Pick
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From: Toby Schunck

To: Boulder County Oil and Gas Comment
Subject: Drilling and Hydraulic Fracturing in Boulder County
Date: Friday, November 07, 2014 12:07:58 PM

Honorable County Commissioners,

My name is Toby Schunck, | am a resident of Boulder County.
I have seen vast stretches of our beautiful country destroyed by drilling and fracking.
I have been to places like Vernal, UT where the air quality is worse than in Los Angeles on a high pollution day.

I have been unable to drink the water when | was attending the Federal Law Enforcement Academy in Artesia,
New Mexico.

I live in Boulder County because it is still a relatively clean place.

If this changes, | will be forced to move.

If a fracking job goes bad, there is no way to clean up thousands of tons of soil, rock and water.
The pollution will persist for thousands of years.

Fracking technology today is simply not safe.

Mineral exploration rights do not trump the rights of people who live, work and play.
We have the right to a clean environment.

Give back the money that you may have earned selling mineral rights and revoke the right to pollute our lands.

I urge you to promote clean, renewable energy.

I urge you to protect our environment, already severely damaged by overpopulation, resource depletion,
greenhouse gas emissions and over-use.

With kind regards and best wishes to all of you,

Toby

Toby Schunck

www.AffordableMedEquipment.com

a division of ELT INC, POB 664, Niwot CO 80544
ffordablem ipment.com

+1 303 619 0544 direct

+1 303 586 4867 fax

Please visit us on Facebook at: www.facebook.com/AffordableMedEquipment
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From: Austin Pick

To: Boulder County Oil and Gas Comment
Subject: Resident Comments Regarding Oil & Gas Moratorium
Date: Friday, November 07, 2014 11:59:14 AM

To Whom it May Concern,

Abundant evidence from other counties and states across the country makes it clear
that current methods of oil and gas exploration and production —including hydraulic
fracturing, or fracking— pose direct health and safety risks to both citizens and the
environment upon which we depend. As just one example, fracking in the state
already uses billions of gallons of water, polluting this critical Colorado resource with
hundreds of undisclosed chemicals.

As a resident of Boulder County, | request that the moratorium on oil and gas
exploration and production be extended for the maximum possible term. Colorado’s
cities and counties should have more democratic control over how their natural
resources are accessed and utilized. Until clear state policies are enacted that enable
residents to determine what happens in our backyards, absolutely no oil and gas
exploration should be allowed. These practices in their current form are simply too
dangerous, and lack effective regulation at any level. The health and wellbeing of
Colorado’s residents should always take precedence over the profit margins of
corporate interests.

Thank you for time and consideration.

Sincerely,

Austin R. Pick

Austin R. Pick, MA

Undergraduate Academic Advisor

Adjunct Faculty

Naropa University
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303-245-4791

www.NaropaTLC.com
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From: Tricia Stahr

To: Boulder County Oil and Gas Comment
Subject: Fracking moratorium

Date: Friday, November 07, 2014 11:49:13 AM
Hello,

Please extend the fracking moratorium.

Boulder has always been a leader in caring for the environment and its citizens. If
anyone is going to set an example for protecting the environment/landscape that we
are so blessed to have, it is Boulder.

Please consider extending the moratorium.

Regards,

Tricia Stahr
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From: ollimaleya@aol.com

To: Boulder County Oil and Gas Comment
Subject: Extend the Fracking Moratorium
Date: Friday, November 07, 2014 11:48:46 AM

If the purpose of the moratorium on fracking in Boulder County was to allow time for more studies of
the subject, than it stands to reason we need to extend the moratorium given that ALL the studies I've
since read reveal more dangers than previously thought.

Carolyn Usher
Boulder
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From: Brian Coppom

To: Boulder County Oil and Gas Comment
Subject: Hydraulic Fracturing Moratorium
Date: Friday, November 07, 2014 11:29:48 AM

Dear Boulder County Commissioners,

Because of the open space program, Boulder County is now one of the only counties
on the front range where towns have clear boundaries and undeveloped land
between them. The vision and courage of past commissioners created one of our
most valued assets, the benefits of which continue to attract talent and opportunity
to the area. Creating the open space program required strong vision on behalf of the
community. A vision that was, at times, in opposition to individual interest.

Concerns about the impact of hydraulic fracturing today are akin to the concerns
about unrestrained development in the 70's and 80's. The counties around Boulder
seem to be awash in a wave of fracking. To our east, Weld County has the highest
percentage of fracking permits issued in the state. Drilling rigs, holding ponds, and
mobile water tanks are a regular feature of the landscape, outnumbering silos,
windmills, and barns.

The future impact of these operations is, as yet, undetermined. | have a distinct
concern about the unknown impact on agricultural lands. Boulder County is home to
many organic farming operations with the capacity to scale. In many ways, the
county is one of the few at the apex of the local food movement. The county's open
space program and progressive land use policies put it in an excellent position to
build a sustainable food system that will serve as a model to other communities.

The work on this front is gaining momentum.

The BLM estimates that 20% of fracking fluids are released as "usable" surface
water. The implications of these releases have not been assessed in relation to
farming and preserving our lands for future farming. 20% is evaporated from
holding ponds. Recent studies by National Center for Atmospheric Research show
heavy methane emissions over fracking sites. Methane is the third worst gas
responsible for the destruction of the ozone layer.

Preserving the beauty and use of our agricultural and open lands benefits our entire
community. Those benefits will continue to grow. Fracking benefits only a few at the
cost of us all. Financial benefits in the form of taxes will dwindle while our lands may
be negatively altered for years to come. Extending the moratorium will, at a
minimum, allow more unbiased answers to be found and a thoughtful plan for the
future of fracking in our county to be developed.

I urge you to extend the moratorium on fracking and continue the tradition of vision
and courage for which Boulder County is celebrated.

Sincerely,
Brian Coppom

Brian Coppom
1221 Carolina Avenue
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Longmont, CO 80501



From: JohninBoulder1 .

To: Boulder County Oil and Gas Comment
Subject: Fracking Moratorium
Date: Friday, November 07, 2014 11:25:20 AM

Dear Boulder County Commissioners and Boulder County Staff:

As a resident of Boulder County, | would like to take this opportunity to express my
opposition to fracking in general and to express my full support for a continuing
fracking moratorium.

Not too long ago at a public meeting, the Boulder County Commissioners candidly
expressed their horror about what is taking place in nearby Erie and they were quite
right to be concerned. And by now, horror stories concerning fracking have become
commonplace and numerous studies are supporting what the "fracktivists" have said
all along: today's fracking technology (like GMO technology) is dangerous for
everything and everyone -- except for short term industry profits.

Moreover, there is currently a glut of fossil fuel in the United States while so-called
"alternative technologies" are increasingly implemented throughout the world.
Clearly, the movement away from fossil fuels will not go away; indeed, "alternative
technologies" are increasingly becoming mainstream.

Even in Texas of all places -- Denton, Texas -- the citizens have spoken and have
succeeded in banning local fracking. They have set the example that we must follow.
Boulder County is up against much corporate and State pressure to capitulate to the
greed of the few people who will benefit from this destructive practice which really
has only illusory benefits at best.

Please extend the Moratorium!
Sincerely, John Gray, Ph.D.

1202 Folsom Street
Boulder, Colorado 80302
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From: John Chavis

To: Boulder County Oil and Gas Comment
Subject: Once the toxins are in the ground, they are in for good
Date: Friday, November 07, 2014 11:17:18 AM

Dear Commissioners,

When you make your decision, | hope you take into account the fact that many
spills are not possible to clean up. | have gone through many of the spill reports in
Weld county. 1 did a bit of analysis and here is what | found: In a five year period
(8/7/09 to 8/7/14) there were 1138 spills reported in Weld county. That's over four
a week that were noticed and reported by an industry that is lackluster in monitoring
and reporting. 347 of these spills contaminated groundwater. That's more than one
instance per week of groundwater contamination. Now let me tell you how they
"remediated" the spills. They took equipment out there and sucked up all of the
mud and water they could access. Then they retested. If the tests were negative
for detecting contamination, they filled the hole in with dirt. If the tests were
positive for continued contamination, here's what they did: They took charcoal and
spread it on top of the contaminated area, then covered it with dirt. That's it. It
does not take a genius to figure out that those areas were contaminated beyond all
technological and financial means to clean it up. Some spills are just too extensive
and run too deep to remediate.

Now let me tell you why | moved to the Boulder area. | moved here in 2011
because Boulder is one of the last bastions of foresight and planning in this country.
One can feel the difference on a drive in from Denver. All along the way, there is
example after example of blight, of land being carved up based on the rushed
dictates of lewd money. One feels insignificant and cramped until at last one passes
the final hill past Superior and remembers that there is sanity, that there are others
who cherish what matters too. Those others have set priorities, putting a healthy
environment and liveable landscape ahead of expedience and greed. Please join
with those others and protect the rare treasure that is Boulder County. Please
extend the moratorium.

Sincerely,
John Chavis
6132 Habitat Dr. #2
Boulder, CO 80301
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From: Marthaddick

To: Boulder County Oil and Gas Comment
Subject: Fracking in Boulder County
Date: Friday, November 07, 2014 10:53:59 AM

> As a resident of Boulder County for over 30 years | know and love much of the public lands. In
addition, | have been a Boulder County Volunteer Naturalist taking kids and adults on hikes to learn
how fortunate we are to live in this special place.

From Walden Ponds to Boulder Reservoir safe water sources are necessary for the health
of citizens and wildlife. Permitting fracking will jeopardize this. Please vote against it.

Martha and Donald Dick

Sent from my iPad
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From: Karen Groover

To: Boulder County Oil and Gas Comment
Subject: Fracking
Date: Friday, November 07, 2014 10:52:46 AM

Dear commissioners:

I love Colorado as | am sure you do . | have been involved with Consciousness Based Education for
over 42 years. The David Lynch Foundation supports this approach to education around the world. We
as human beings need to develop ourselves to be in tune with the laws of nature. Fracking breaks the
laws of nature by poisoning our air, water, and soil. You have a choice how we are to live our life here
in Boulder County. Do you want us your people to breath bad air and drink contaminated water and
food. The result we have seen is my chances of cancer go up, 1 in 15 babies die, and as the man from
Greeley said you feel like you have the flu everyday. Please consider the extent of suffering this action
of fracking can make on all of us. The choice is yours. For every action there is an equal and opposite
reaction. What will the karma be? Suffering or bliss. What will it be. The reaction to this goes to each
of you. The choice is your.

Sincerely,
Karen Groover

Karen Groover, Chiropractic Assistant, Groover Clinic: 303-442-7772
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From: DOUG REICHLIN

To: Boulder County Oil and Gas Comment
Date: Friday, November 07, 2014 10:49:03 AM

Dear Commissioners,
I urge you to extend the tracking moratorium. I believe that fracking poses serious health risks based

on current studies as well as degrading the environment. It is clearly incompatible with the economy
and values of Boulder County.

Sincerely,

Doug Reichlin

4525 Starboard Ct

Boulder, Co 80301
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From: jeff kozelka

To: Boulder County Oil and Gas Comment
Subject: Extend Fracking Moratorium

Date: Friday, November 07, 2014 10:48:38 AM
Hello,

It is absolutely appalling that hydro-electric fracturing is being allowed anywhere,
let alone that it may be allowed here in Boulder county. All fracking wells will
eventually fail, and all of the wells release toxic chemicals into the air, environment,
and water. Our planet cannot afford to lose anymore water from our hydrologic
cycle. Frack jobs use millions of gallons of water for a single well and contaminate it
with know carcinogens and neurotoxins, and those are just the chemicals the oil and
gas companies will disclose. We don't even know everything being pumped into the

environment. Love thy neighbor, please extend the fracking moratorium.

P.S. California has had several sources of high quality drinking water

contaminated with illegally dumped fracking waste water, making it dangerous and
toxic to drink. It seems the oil and gas companies believe they have free reign to do
whatever they want. Please don't sanctify their actions in Boulder County. Strict
regulations won't help because fracking is inherently dangerous and desctructive.
The so-called economic benefits are not worth it. These are not the kinds of jobs
people want for themselves or their loved ones.

Sincerely,
Jeff Kozelka
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From: GroovieGMP@aol.com

To: Boulder County Board of Commissioners
Subject: Fracking
Date: Friday, November 07, 2014 10:09:38 AM

Please extend the fracking moratorium in Boulder County until 2018.
Thank you for hearing the voice of the people.
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From: yogoroberts

To: Boulder County Oil and Gas Comment
Subject: Oil & gas fracking
Date: Friday, November 07, 2014 9:43:35 AM

Dear commissioners, Istrongly urge & plead with you to extend the fracking ban as
long as you can. We do not need this in Boulder County.

I have been to Ault, Colorado. It is a place like out of a horror movie. Nothing but
feed lots with cows awaiting to die & dust and trucks & noise. These communities
may have money but they have NO quality of life. Boulder remains a safe haven in
Colorado where you can breathe relatively clean air, find food to eat that isn't
poisoned and see some beauty. Please, please don't let them frack. Support clean
energy instead.

Sincerely, Linda, Lea Roberts

Sent from my Samsung Epic™ 4G Touch

Map Your Flood Risk

Find Floodplan Maps, Facts, FAQs, Your Flood Risk Profile and More!
floodsmart.gov
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From: Anita Moss

To: Boulder County Oil and Gas Comment
Subject: fracking moratorium
Date: Friday, November 07, 2014 9:25:20 AM

Commissioners,

Please renew the fracking moratorium. More time is needed to study the dangers to
the health of residents. Lafayette has shown concern for their communities and you
should as well.

Thank you.

Anita Moss
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From: Sierra Club Membership Services on behalf of James Angerer

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Friday, November 07, 2014 9:02:29 AM

Nov 7, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mr. James Angerer

9355 E Center Ave Apt 8a
Denver, CO 80247-1226
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From: Stonegershon, Heidi

To: Boulder County Oil and Gas Comment
Subject: Fracking
Date: Friday, November 07, 2014 8:41:02 AM

Dear County Commissioners,

| am emailing on behalf of our precious environment to urge you to continue with the
moratorium on Fracking in Boulder County.

Thank you.
Heidi Stone-Gershon

2707 Valmont Road
Boulder, CO 80304
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From: Juliet Gopinath

To: Boulder County Oil and Gas Comment

Cc: julietgopinath@yahoo.com; brian_m_la; ahoo.com
Subject: comments on fracking decision

Date: Friday, November 07, 2014 8:34:08 AM

Dear Boulder County Commissioners,

I hope you will decide to save the beauty and pristine environment of Boulder
County by banning fracking indefinitely in the county. By now, you have seen the
studies showing that pregnant women have a much higher chance of birth defects
when living close to fracking wells, seen the flaring of the well on E470 (which I
thought you should only see in a 3rd world country that doesn't regulate air
pollution) and witnessed the destruction of the landscape all around Boulder to the
East. Face it - fracking is ugly, polluting, water hungry, and unsafe, and the people
of Boulder County don't want it. It will drive down our home values, spoil our air
and water, increase truck traffic, and take away the beauty of the open spaces that
we all love so much. Why is so much of it happening in Colorado despite these
issues? Money! There are large profits at stake! Please don't bend to this
influence and stand up for what the people of Boulder county want and what you
believe is right.

Best Regards,
Juliet Gopinath

4555 Tally Ho Trail
Boulder CO 80301
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From: Tricia Olson

To: Boulder County Oil and Gas Comment
Subject: Extending the Moratorium
Date: Friday, November 07, 2014 3:44:50 AM

November 7, 2014

Dear Deb, Elise and Cindy,

Thank you for your caution and previous approvals of moratoria on additional oil and
gas development within Boulder County, and now | urge you to do it all over again
and extend this moratorium. Your staff has prepared an excellent report, and
standing alone, provides sufficient cause. And we have your backs on this!

So much work has been done, with so many new developments, and yet it seems
that we are not really in a dramatically different place than we were when you last
extended the moratorium. Oil and gas development involving “fracking” is still
threatening our county. We still do not have health studies. Related economics,
technology, legal and political situations are still in evolving.

As if you needed more reasons, | would like to highlight several specific reasons to
extend the moratorium, some of which may not have been mentioned in the staff
report. I'm sorry for the length, but this issue is just so important to our county.

1. Economic instability

An oil and gas development bust has been predicted by a few economists for quite
awhile, and with an oversupply of oil and gas internationally, and low prices for oil
and gas, “fracking” may be in a precarious position, with vulnerable and unstable
companies. The worst of all worlds would be for Boulder County to be fracked just
before the bubble bursts. To quote an industry source,

“The sharp oil price fall from $100 last summer to below $80 in just three months
will bankrupt small US oil producers who need at least $80 per barrel to be
profitable,” and “Fracking is vulnerable.”

From the Guardian in the UK, and note that oil prices are low, not high:

“The US ‘shale boom’ looks increasingly as though it will turn into one of those
bubbles that we humans seem so good at inflating and then bursting. The oil-and-
gas industry has been losing cash by the tens of billions, because high drilling costs
mean most companies are spending more than they are earning from low-price
fracked gas, even when high-price fracked oil is added to the equation.”

It is hard to see how keeping the oil in the ground a bit longer can be considered a
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taking under these conditions. It is just prudence until conditions work themselves
out.

There is no indication that these prices mean that drilling and the associated
operations will not continue to be a threat in our area. These companies are over-
leveraged and have to keep drilling to cover unprofitable wells. Low prices or high,
more wells are going in soon in Erie. It does mean, however, that companies are
even more likely to cut costs to the bone, cut corners, fail to use best practices, and
avoid protections.

2. The Land Use Code needs to be updated.

The County chose to make more protective regulations part of the requirements for
an expedited application. With the current economic situation, it is even less likely
that companies would choose to use the expedited application in the County’s Oil
and Gas regulations. The result would be 1800 wells with performance to match
what the county inspector found, air releases at 43% and water releases at 29%.

As mentioned in the staff report, technology is evolving, and there are new air
quality rules. The Land Use Code must address these.

3. Without additional health studies, no public servant can do their job properly.

The report mentions several times that “Currently no funding has been approved to
evaluate the health risk impacts associated with the emissions being studied. The
rah-rah mission of the COGCC is at least supposed to “consistent with the protection
of public health, safety, and welfare.” Without additional studies, how do they know
that anything they are doing is “consistent with the protection of public health?”
This should have been addressed before widespread fracking operations were ever
permitted.

4. The Governor’'s Task Force on State and Local Regulation of Oil and Gas
Operations.

Noting that this panel does NOT represent those who worked on ballot issues and
moratoria, | wouldn’t expect miracles from this group. However, the panel has not
completed its work. We do not know what the recommendations would be and
what can make it through the Colorado Legislature.

5. Not all impacts from the chemicals involved in the process have been
considered fully, and the Code must reflect them.

Even when not explicitly identified or implicated as harmful to human health, the
chemicals used OR brought to the surface in the heavy industrial process of gas and
oil development involving fracking will have an impact. The staff report mentions
chlorides and hydrogen sulfide. Will our soil become saltier and/or more
radioactive? Will contaminated water due to spills or migration prove to be more
corrosive?

6. We still do not have sufficient monitoring and enforcement.

7. The loss of productive agricultural soil to contamination and landfills should be



addressed.

The staff report mentions soil, and an article appeared in the Denver Post entitled
“Colorado faces oil boom ‘death sentence’ for soil, eyes microbe fix.

8. Funds to cap wells should be addressed further.

The “bust” in oil and gas development’s boom/bust cycle is happening in Wyoming.
As companies declare bankruptcy and abandon their wells, the public is being forced
to pay expenses to cap wells. Our severance tax rate is lower than Wyoming’s (2-
5% vs. 6%), so that the money to address even this issue is lower. There will be
“orphan” sites where the taxpayer will pay for clean up. Every county in the state
with oil and gas development will likely have to address this issue.

9. Industrialization

The scale of the industrialization seen by driving down Hwy 66 in Longmont toward
Weld County and perhaps up Weld County Rd is truly shocking and horrifying and
goes well beyond single old-fashioned looking wells in a farm field. This activity
would profoundly affect the quality of life in Boulder County: Industrial operations,
with additional roads, land clearing, tanks, flaring, pipelines, trucks, toxic, sometimes
radioactive waste, contamination, reduced air quality, potential for fire, and decline
in nearby property value. As a society, we generally accept the need for zoning in
our communities. It is unthinkable that the “sacrifice zones” associated with this
activity cannot be confined.

10. Climate Change/Air

The fact that VOC and methane emissions are being under-reported is a real
concern.

Many scientists believe that methane is actually a more worrisome greenhouse gas
than carbon dioxide, and the UN’s IPCC just released its 2014 report, with stark
warnings that serious climate change is almost certainly manmade, it's already
happening, and we need to address it. As Naomi Klein says, “It's already too late to
stop climate change, but it's not too late to save our civilization. It's certainly not
too late to try.”

Another quote:

“Finally, it bears repeating that natural gas from even the best fracked wells is still a
climate-destroying fossil fuel. If we are to avoid catastrophic warming, our natural
gas consumption has to peak sometime in the next 10 to 15 years, according to
studies by both the Center for American Progress and the Union of Concerned
Scientists.”

And here we are, talking about an activity that will leak additional methane into the
atmosphere, within our Boulder County. At some point, lines in the sand have to be
drawn, and climate change must be addressed. Where better than Boulder County?

11. The local economy must be considered: go slow

As mentioned above, the boom/bust cycle of gas and oil development is well
known. Not only are we now seeing that in Wyoming, but here in Colorado as well.
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The town of Meeker is an example, where prosperity based on oil shale and natural
gas has turned to an outflow of jobs and struggling businesses.

A study called “The Economic Impact of Shale Gas Development on State and Local
Economies: Benefits, Costs, and Uncertainties, mentions several studies that claim a
negative relationship between abundance of natural resources and economic
growth. One researcher pointed out that “the areas of the United States having the
highest levels of long-term poverty, outside of those having a history of racial
inequalities, tend to be found in the very places that were once the site of thriving
extractive industries.”

The Boulder brand is also important to all communities in the county.
One of the suggestions to combat this effect was that “the resource should be

developed at a slow pace, thereby improving the chances that the economy and
society can adjust and the crowding-out effect may be reduced.”

12. The political climate is still in flux, and some legal challenges are ongoing.

While the Task Force seems to have put other political operations regarding fracking
on hold, that certainly will not last. The staff report mentions Loveland. It should
be noted that Loveland is a conservative city, more conservative that the state as a
whole. That the vote there was close indicates the politics are not settled.

Please note that fracking bans were passed in several locations in our country this

fall, including Denton, TX (a city very familiar with the operations) and San Benito,
CA.

While deliberating, | hope that you will take into account two additional
considerations:

There is no benefit to Boulder County from oil and gas development, only
potential harm. We love this county and need to protect it.

. We need to get this right. To quote friends, “Once they frack, we can never
go back.”

Take care,

Tricia Olson

7446 Park PI
Boulder, CO 80301

olynmawr@msn.com
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From: Steve Karcher

To: Boulder County Oil and Gas Comment
Subject: Oil & Gas Development in Unincorporated Boulder County Comment
Date: Friday, November 07, 2014 1:03:36 AM

Dear Commissioners Domenico, Gardner, Jones, and others,

Thank you for considering public input on whether to extend or amend the current
temporary moratorium on Boulder County’s processing of applications for oil and gas
development in the unincorporated County. | appreciate the opportunity to provide
input on this important and urgent matter.

There’s a lot of information available on natural gas development (NGD). 1 find it
challenging to find objective, scientifically sound information upon which to base my
own opinions. In April 2014, the National Institutes of Health published the article,
“Birth Outcomes and Maternal Residential Proximity to Natural Gas Development in
Rural Colorado”. This is not only objective and scientifically sound, it's also recent,
well-defended, and supported by our very own Colorado School of Public Health.
The article is available on the NIH’s website, but here’s a brief excerpt.

“...we observed an association between density and proximity of natural gas wells
within a 10-mile radius of maternal residence and prevalence of CHDs [congenital
heart defects] and possibly NTDs [neural tube defects, i.e. birth defects of the brain,
spine, or spinal cord]...Studies in Colorado, Texas, Wyoming, and Oklahoma have
demonstrated that NGD results in emission of VOCs [volatile organic compounds],
NO2, sulfur dioxide (SO2), PM [particulate matter], and PAHs [polycyclic aromatic
hydrocarbons] from either the well itself or from associated drilling processes or
related infrastructure (i.e., drilling muds, hydraulic fracturing fluids, tanks containing
waste water and liquid hydrocarbons, diesel engines, compressor stations,
dehydrators, and pipelines) ... Some of these pollutants, such as toluene, xylenes,
and benzene, are suspected teratogens [causes malformation of an embryo] or
mutagens [likely carcinogens]...and are known to cross the placenta..., raising the
possibility of fetal exposure to these and other pollutants resulting from NGD.
Currently, there are few studies on the effects of air pollution or NGD on birth
outcomes.” [McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL.
2014. Birth outcomes and maternal residential proximity to natural gas development
in rural Colorado. Environ Health Perspect 122:412-417;
http://dx.doi.org/10.1289/ehp.1306722]

NIH, our nation’s medical research agency, has correlated NGD with adverse health
effects on our children, and advises there are potential health effects of NGD we're
still unaware of. They've proven NGD can negatively affect our children’s health
when it's performed on the order of tens-of-thousands of feet away - much farther
than Colorado’s setback regulations require. The health of our children is the
number one reason my wife and | are opposed to oil and gas development around
our Heatherwood community in Boulder County.

My wife and | have worked extremely hard to provide our three young kids a
healthy, loving, ethical, educational and empathetic home. We invest in
Heatherwood specifically because of its proximity to beautiful open space and
sustainable agriculture, the established community and wonderful elementary
school. We hope to provide at least five lifetimes of service and investment in our
community, as demonstrated by our involvement in CU student health, UCHealth
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oncology nursing, honorable military service, government-contract engineering in
Boulder, volunteerism with BCHHS, etc. As hard as we've worked to get here, as
much as we love being here, and as costly as it would be to do so, we will sadly but
assuredly consider relocating if additional oil and gas development is allowed in
Boulder County before the health implications are understood. “Understood” is not
an easy thing to quantify, but it's clear from recent articles such as the one above
and ongoing studies such as FRAPPE (sic) and DISCOVER-AQ that we're at least a
few years away from even having the data on which to base an understanding.

The natural gas being extracted from deep beneath the earth by NGD has been
down there for millions of years. This is an unfathomably long time. It's not going
to disappear if we extend the moratorium on processing applications for oil and gas
development while the government and scientific community gather more
information, enumerate and prioritize the risks, and formalize the standards that
appropriately protect our most precious non-renewable resources: our children!
While I sincerely hope not, | suspect that by then we'll concern ourselves not with
how to keep oil and gas development out of Boulder County, but how to help our
neighbors devastated by oil and gas development address the damages they've
incurred.

Respectfully,

Steve Karcher
District 3 Gunbarrel Constituent



From: Emily Rose

To: Boulder County Oil and Gas Comment
Subject: Please continue the moratorium!
Date: Thursday, November 06, 2014 10:58:53 PM

Dear Commissioners,

I have lived in Boulder County for 40 years and love our beautiful county from east to west and north to
south and | cannot sit idly by while Big Oil money is allowed to (ab)use our precious resources, for any
reason.

It will be sacrificing the well-being of All Life by allowing the oil and gas industry to rape our earth, here
or anywhere really. Water is precious in Colorado and fracking has been PROVEN to (ab)use huge
amounts of water, pollute water tables, poison communities, and cause earthquakes and other seismic
disturbances where none had existed.

This is wrong! Please, do not allow the Qil and Gas industry to frack Boulder County, anywhere!! Protect
the future!

Sincerely,
Emily Rose
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From: Maeve Fields

To: Boulder County Oil and Gas Comment

Cc: Brian Fields

Subject: Top 10 Reasons Why the Moratorium Should be Extended
Date: Thursday, November 06, 2014 9:45:54 PM

Top 10 Reasons Why the Moratorium Should be Extended

10. Property Values

Oil and gas development near and around neighborhoods will lead to a decrease in property
values, along with an associated drop in property taxes.

9. Tourism

Local tourism and especially outdoor sports and recreation will be negatively impacted.
Athletes come from around the world to train here, and countless others come for the natural
beauty, oil and gas development along our roads and open space trails will discourage them
from coming.

8. Traffic

East county roads are already over burdened as traffic has increased in recent years due to
population grow and in-commuting. Adding additional heavy vehicle traffic will only worsen
congestion, make the roads more dangerous for drivers and cyclists, and increase the wear
and deterioration on our infrastructure.

7. Noise & Light Pollution

Fracking sites with 24-hour activity during production will produce significant noise and light
pollution in an extensive area around each site, possibly leading to extensive noise and light
pollution throughout the county. This also includes the visual impact of large rigs and
containment walls in an area prized for its scenic vistas.

6. Residential Precedence

Without appropriate setback limits fracking sites turn residential neighborhoods into
industrial sites. These neighborhoods are established, some for many decades if not longer.
These areas were never intended to host even temporary industrial activity, and their
precedence must be respected.
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5. Carbon Emissions & Greenhouse Gasses

Methane released from oil and gas wells, not to mention the increased CO2 emissions from
the increased vehicular and other industrial sources, is a step backward for counteracting
global warming and climate change. In a county dedicated to the goals of reducing emissions
the encouragement of further oil and gas development is counterproductive to meeting our
reduction goals locally and beyond.

4. All the cool kids are doing it...

Multiple cities, counties, states, and countries; locally and across the country and the world,
have passed measures to ban fracking from their communities. Thisisnot a position where
Boulder stands radically apart from the norm, we are in fact behind the curve on joining
millions of citizens who's governments have sided with them in the cause of responsible
caution and stewardship.

3. Community

Boulder County is the home of many vibrant communities. Hearing friends and neighbors
discuss how if the county’s moratorium expires they would feel compelled to leave the
county bodesill for the future of our towns and communities. The fear of unchecked oil and
gas development aone is enough to hurt our communities, the reality of increased
development could tear them apart.

2. Point of No Return

Opening the county to continued oil and gas development is a one-way path. Once drilling
starts and energy companies start volume production in our community there will be no
turning back. Thisinclude an influx of temporary workers from outside the county putting an
additional burden on our services and infrastructure. These companies will not have the long
term best interests of our neighborhoods and county in mind, and are focused on the short
term economic benefits of getting in on the current development bubble.

1. Water

We livein the high desert where water and water rights are closely regulated to ensure that
we have sufficient water resources for our county. Fracking will convert many millions of
gallons of fresh water into unusable industrial byproduct that must be disposed of and not
returned to the water cycle. Where will the water for increased development come from, and
has the county truly considered the impact on our farms, cities, and local water supplies?



Commissioners,

Please consider this points and we urge you to extend the current moratorium on
development until mid-2018.

Thank you,

Maeve & Brian Fields
7820 Durham Way

Boulder, CO



From: Sierra Club Membership Services on behalf of Michael Bellmont

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Thursday, November 06, 2014 9:28:26 PM

Nov 6, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Michael Bellmont

841 Tenacity Dr
Longmont, CO 80504-7333
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From: Meri Gibb

To: Boulder County Oil and Gas Comment
Subject: Ban fracking in Boulder County
Date: Thursday, November 06, 2014 8:27:46 PM

Please extend the moratorium on processing fracking applications in Boulder
County. Fracking in Boulder County will have extreme negative consequences for
wildlife, vegetation, humans and the preservation of natural landscapes. One only
needs to travel east to Weld County to see how the landscape has been destroyed.
And that’'s only a small part of the degradation that is taking place. Please keep the
oil and gas companies from fracking in our county.

Merion Gibb
8091 Meadowdale Sq.
Niwot


mailto:merigibb@live.com
mailto:oilgascomment@bouldercounty.org

From: Bill Holmes

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium Extension
Date: Thursday, November 06, 2014 8:16:09 PM

Dear Commissioners,
Please extend the fracking moratorium until 2018

when health studies will be available and re-evaluate at that
time.

Thank you for hearing the voice of the people.

Best Regards,

William B. Holmes
2756 Bison Drive
Boulder, CO 80302
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From: Sierra Club Membership Services on behalf of Virginia Winter

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Thursday, November 06, 2014 7:58:29 PM

Nov 6, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Ms. Virginia Winter

2930 Bluff St Apt 312
Boulder, CO 80301-1268
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From: Jerene Anderson

To: Boulder County Board of Commissioners
Subject: Fracking
Date: Thursday, November 06, 2014 7:53:10 PM

Dear Commissioners,

Please extend the fracking moratorium until 2018

when health studies will be available and re-evaluate at that
time.

Thank you for hearing the voice of the people.

Best Regards,
Jerene Anderson
1011 Rainbow Way
Boulder, CO 80303
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From: Carmen Porter

To: Boulder County Oil and Gas Comment
Subject: Boulder County Oil and Gas Development moratorium
Date: Thursday, November 06, 2014 7:37:04 PM

Boulder County Commissioners,

As a Colorado native, a 16 year resident of Boulder County, and registered
Professional Engineer in Enviromental Engineering, | urge you to let the current
temporary moratorium on Boulder County’s processing of applications for oil and gas
development in the unincorporated County expire on January 1, 2015.

Thank you very much for your consideration.

Carmen Porter

7455 Brockway Drive
Boulder, CO

80303
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From: Tom Weis

To: Boulder County Oil and Gas Comment
Subject: comment on extending fracking moratorium
Date: Thursday, November 06, 2014 7:11:03 PM

Elise, Cindy & Deb,

Please listen to your constituents and do the right thing. | know | don't have to tell
you what that is. It's obvious.

Appreciate it!

Tom

Tom Weis, President
Climate Crisis Solutions
303-378-1364 (mobile)
RideForRenewables.com

[NOTE: I'm on a book writing sabbatical, so apologies in advance for delays in
responding.]

Like Renewable Rider on Facebook
Follow Renewable Rider on Twitter
Subscribe to Renewable Rider on YouTube

"Polite conservationists leave no mark save the scars upon the Earth that could have
been prevented had they stood their ground.”
- David Brower (1912-2000)
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From: Sara Michl

To: Boulder County Oil and Gas Comment
Subject: Please extend moratorium
Date: Thursday, November 06, 2014 6:27:19 PM

Dear Commissioners:

Please extend current moratorium on processing applications for oil and gas
development in unincorporated Boulder County.

You know why.

Thank you for your dedicated work for all of us,
Sara Michl


mailto:smichl@Colorado.EDU
mailto:oilgascomment@bouldercounty.org

From: robert ketterhagen

To: Boulder County Oil and Gas Comment
Date: Thursday, November 06, 2014 5:05:17 PM

It is past due time, by decades (i.e. Germany), to move beyond fossil fuels and into
the 21st century toward alternative energy. Let's invest in our abundant solar, and
wind technologies. History will judge you harshly, for all the information points to
undeniable pollution. Please continue the fracking moratorium indefinitely. Thank

you Robert Ketterhagen


mailto:robertketterhagen@yahoo.com
mailto:oilgascomment@bouldercounty.org

From: Edith Stevens

To: Boulder County Oil and Gas Comment
Subject: Fracking moratorium
Date: Thursday, November 06, 2014 5:03:28 PM

Please extend the fracking moratorium. We need to protect our natural resources from its pollution.
Edith Stevens

2059 Hardscrabble Drive

Boulder, CO 80305

Sent from my iPad


mailto:ediest1@me.com
mailto:oilgascomment@bouldercounty.org

From: Cathy Comstock

To: Boulder County Oil and Gas Comment
Subject: Please extend moratorium on fracking
Date: Thursday, November 06, 2014 4:58:51 PM

Dear Commissioners —

While there is a litany of reasons to cite why fracking is toxic on every level—to the
earth (not only contamination but earthquakes), huge quantities of water poisoned
in a drought-ridden state, polluted air, and above all the health of humans and other
species anywhere nearby—I think you know all those and probably feel as though
you have been inundated by fracking water yourself in the deluge of information
with which you've had to deal.

So this is just to let you know you have one more of huge numbers of people who
support you in your courageous stand of a moratorium in the past and hope dearly
that you will extend it. We don’t know enough about fracking to allow it, and what
we do know suggests every reason not to.

Thank you very much for dealing with this very high-pressure issue—if we don't
make a stand now, there will be less and less to save in the future.

~ Cathy


mailto:cathy.comstock@Colorado.EDU
mailto:oilgascomment@bouldercounty.org

From: Anne Bliss

To: Boulder County Oil and Gas Comment
Subject: Please maintain the moratorium on fracking.
Date: Thursday, November 06, 2014 4:14:13 PM

Dear commissioners:

Please extend the moratorium on fracking. This technology has not proven to be
safe for the environment in any way, nor for people who live near the wells. The
fracking process uses chemicals whose compounds do not need to be revealed...yet,
the wells are putting out gas, putting those chemicals into underground geologic
systems that can cause earthquakes and pollute the underground water. As you
know, there are many cases of home wells providing "water" that can burn, and
near La Veta in southern Colorado, where a lot of fracking is being conducted, well
houses have blown up, and people are getting sick from the water.

This is not to mention that the wells in nearby counties are causing a lot of pollution
and other adverse effects simply from the traffic, lights, noise, etc.

Let's, instead of enabling this dangerous practice, consider ways to use less gas.
And, the fracking gas is being exported rather than being fully used "at home"...one
wonders at the economics of the system.

Please, for the sake of our environment and our citizens, maintain the moratorium
on fracking.

Anne Bliss

3550 Catalpa Way
Boulder, CO 80304
303-449-7757


mailto:anne.bliss@gmail.com
mailto:oilgascomment@bouldercounty.org

From: dave@dcbphotographic.com

To: Boulder County Oil and Gas Comment
Subject: Public Hearing on Monday - Question...
Date: Thursday, November 06, 2014 4:02:54 PM
Hello

I will be presenting at the public hearing on Monday.

Will there be any way to plug in a laptop for projection of a 3 minute powerpoint
presentation - or a way to show some images, even as such as jpg's? | can save to
a CD or a thumb drive, etc..

Thank you.

David Baxter
DCB Photographic Imagery,lic

www.dcbphotographic.com

dave@dcbphotographic.com
303.682.lens (5367)


mailto:dave@dcbphotographic.com
mailto:oilgascomment@bouldercounty.org
http://www.dcbphotographic.com/
mailto:dave@dcbphotographic.com

From: Susanne Varlese

To: Boulder County Oil and Gas Comment
Subject: Continue ban on fracking
Date: Thursday, November 06, 2014 3:57:24 PM

We should be cutting back on fracking and continue to ban on fracking. It has been
tied to too much long-term damage to the environment and health of individuals
living near fracking sites. It has been linked to earthquakes, and pollution of water
and land. We need to concentrate more on renewable energy like solar and wind
power. If cities in Germany (which gets far less sunlight than we do) can go fully
renewable, so can Boulder County.


mailto:suvarlese@yahoo.com
mailto:oilgascomment@bouldercounty.org

From: Eernanda Litt

To: Boulder County Oil and Gas Comment
Subject: Oil and Gas Moratorium
Date: Thursday, November 06, 2014 3:29:42 PM

Please extend the Oil and Gas Moratorium in Boulder County.
Thank you!

Fernanda Litt

Fernanda Litt
Fernandalitt@gmail.com


mailto:fernandalitt@gmail.com
mailto:oilgascomment@bouldercounty.org
mailto:FernandaLitt@gmail.com

From: beverly fest

To: Boulder County Board of Commissioners
Subject: fracking
Date: Thursday, November 06, 2014 3:19:12 PM

Please extend the fracking moratorium until 2018 when health studies will be
available and re-evaluate at that time. Thank you. Beverly Fest


mailto:festbt13@gmail.com
mailto:commissioners@bouldercounty.org

From: Jeane Z

To: Boulder County Oil and Gas Comment
Subject: extending of present moratorium for processing applications for oil an d gas development
Date: Thursday, November 06, 2014 2:59:09 PM

Gilbert and Jeane Zyzniewski who have resided at 4780 Chatham St. Boulder, CO for
32 years strongly encourage an extension of the current moratorium on Boulder
County's processing of applications for oil and gas development in

the unincorporated county. We hold the opinion that our quality of life and

health would be greatly diminished should oil and gas development be allowed near
our subdivision. Thank you for your consideration.

JeaneCBZyzniewski

The #1 Worst Carb Ever?

Click to Learn #1 Carb that Kills Your Blood Sugar (Don't Eat This!)
FixYourBloodSugar.com


mailto:namrac7@juno.com
mailto:oilgascomment@bouldercounty.org
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From: nhall

To: Boulder County Oil and Gas Comment

Subject: Extent of well testing and neighborhood notifications required by Article 12 of Boulder County Land Use Code
are insufficient.

Date: Thursday, November 06, 2014 1:59:39 PM

Attachments: NHallCommentsReferences.zip

Dear Boulder County Commissioners and staff:

Extent of well testing and neighborhood notifications required by Article 12 of
Boulder County Land Use Code are insufficient.

Article 12 requires identification of abandoned wells and water wells within Y
mile of the projected path of the bore (EDPR) and neighborhood meetings for
“interested parties’” who must be given notice per 12-400(H)(2) (EDPR and
SDPR).

[NOTE: there is a typographic error in the document that refers to the noticing
language as 12-400(G)(2) rather than (H)(2); the typo is in 12-702(A).]

These requirements were in response to concerns about the potential for water well
contamination by hydraulic fracturing. A recent study [Li 2014] of the well testing
data from the state indicates that the majority of the methane contamination found
is biogenic and that two cases of thermogenic methane were identified, and
“Methane concentration did not correlate with distance although the occurrence of
methane levels above 5 mg/L appeared to decrease at distances greater than 700
m.” [Li 2014]. While the authors conclude that this is evidence of alack of
contamination resulting from oil and gas operations (“elevated methane levels do
not appear to be the result of increased drilling and fracturing” [Li 2014]), | argue
that the conclusion is invalid or misleading, and in fact the study supports the need
for more testing and study. | offer the following reasons:

1. 1. Thereisalack of real baseline data because of widespread oil and gas
development activity [Li 2014] before groundwater testing began.

2. 2. Thermogenic methane was detected in 2 (5%) of the 40 wells tested
with isotopic analysis. It is commonly understood that thermogenic methane
contamination can result from poor annulus casing or failed casings. This kind of
contamination requires only one oil/gas well be drilled, not a high concentration of
drilling. The authors of the study stress the fact that these two wells are located
outside the area of high concentration of drilling, to make a valid but misleading
conclusion that thermogenic contamination is not associated with high
concentration of oil and gas well completions. While this study does not find a
correlation between distance to well and presence of thermogenic gasses, such as
Jackson, et al [Jackson 2013] do, it does suggest that further work is needed in this


mailto:nhall@bococcr.org
mailto:oilgascomment@bouldercounty.org
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BACKGROUND

Wellbore pressure and fluid communication is the ability to detect
pressure variations (increases or decreases) and fluid flows between
wellbores during hydraulic fracturing. The ability to detect pressure
pulses and fluid flow between oil and gas wells in conventional oil
and gas producing formations is well known. Pressure pulses have
been used by petroleum engineers and geologists for decades as
an important tool to characterize and estimate various properties of
producing formations and to determine remaining reserves. Fluid flow
between wells is fundamental to enhanced oil recovery techniques
in conventional formations, primarily water-flooding, which has been
practiced essentially since the beginning of the oil industry and CO2
flooding, which has been practiced since the mid-1970’s.

In hydraulic fracturing operations of nonconventional (shales and
tight sands) formations, relatively large volumes of fluids are pumped
into a producing formation at pressures greater than the formation’s
fracture pressure to create a fracture network. Since shale formations
have extremely low permeabilities, the primary fracture network that is
created during hydraulic fracturing operations is designed to extend
radially up to several hundred feet (150-300 feet is typical, American
Oil and Gas Reporter, July 2010, article by Kevin Fisher) out from

the wellbore.

As a result, operators need to properly plan well completion
operations to control pressure/fluid movement within the target
geologic formation so that these changes do not adversely interact
with nearby or offset wells. A critical aspect of this planning is to
evaluate the area around the well to be fractured to identify offset wells
that penetrate (or come close to penetrating) the target formation.

The design and construction (including plugging) of each offset well
meeting specific criteria should be reviewed to determine its ability to
maintain pressure integrity should the new fracture network intersect
with any existing fracture network or the wellbore.

Factors that should be considered in evaluating the integrity offset
wells include well design and construction, casing depths, cement
properties and placement, production and maintenance history and
nay other relevant factors. With proper planning potential risks
posed by pressure communication between wells can be safely and
effectively managed.

ht 2014 — American nstitute (API), all rights Digital Media | DM2014
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SCENARIOS

There are several general scenarios that could lead

to wellbore communication. Understanding those
scenarios is an important aspect of selecting the most
effective monitoring and mitigation strategies to avoid an
undesired outcome. The risks associated with pressure
communication are associated with the exposure of

the wellbore tubulars (production tubing or casing
strings) or other equipment to excessive pressure or
the introduction of fracturing fluids into a wellbore and
associated production equipment or into other geologic
formations.

Fracture network intersection: As the well density

in a nonconventional formation (shale) increases,

the potential for intersection of the fracture networks
between wells also increases. The majority of these
wells are vertical down to some point above the
producing formation and then horizontal through the
producing formation. Ideally, when a shale formation is
completely developed for oil/gas production, the fracture
networks of adjoining wells should fully penetrate the
productive formation or may overlap slightly. If these
fracture networks intersect, pressure/fluid from a well
being fractured may be detected in an offset well
through the producing formations and the production

FIGURE 1. Potential Pressure Communication Thru Fracture Network Intersection

(Plan View— Showing Horizontal Wellbore/Fracture Section)

casing/tubing. The main source of risk is associated with
the movement of pressure/fracturing fluid into that offset
well. See Figure 1.

Fracture network and offset wellbore intersection:
Many areas undergoing shale development have had
prior exploration or development activity. As a result, the
potential for existing wells (known or unknown), either
producing, idle, or plugged, to pose a risk of pressure
communication is present. The majority of these older
wells are vertical to their total depth. Regardless of
their operational status, any existing wells within a
specified distance of the new well that comes close to
or penetrates the formation that is being considered

for hydraulic fracturing or nearby formations should

be reviewed so that there is a reasonable degree of
confidence that formation’s isolation is maintained within
the existing wellbores. In these situations, the point

of detection of communication would most likely be a
casing annulus, i.e. the surface casing by production (or
intermediate) casing annulus. The main source of risk
is associated with both pressure effects on the exposed
casing string and with the potential for fracturing fluid to
migrate into other formations via the conduit offered by
the existing wellbores. See Figure 2.

EXISTING WELL

| ZONE OF POTENTIAL
| PRESSURE COMMUNICATION
i

NEW WELL
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Isolation Verification, Mitigation, and
Monitoring

With reasonable isolation verification, mitigation, and
monitoring measures, the risk of a potential adverse
outcome associated with communication between
wellbores during hydraulic fracturing operations can be
safely managed.

The first step in this process is establishing the criteria
to identify offset wells for evaluation. The identification
process should include existing and plugged oil and gas
wells, injection wells, and water wells. The criteria used
for this process should be based on regional geologic
conditions, operator experience and available public
information. One approach for establishing the size of
the evaluation zone or area of review (AOR) is to use the
estimated fracture radius (r) for the planned hydraulic
fracturing job, including an appropriate safety factor.
The AOR is the lateral and vertical distance around
the new wellbore and the target formation that will be
used to identify all existing or plugged wells for further
evaluation. The magnitude of the safety factor should
be based on modeling results, local experience, and

" prior job results.

Using available records, the operator should then identify
all wells within the AOR and start the review process.
The next step of this process is to eliminate all wells
that do not penetrate or come near the target formation
(using an appropriate safety factor) and therefore pose
no risk of pressure communication. The remaining
wells, those that do penetrate or come near the target
formation, will require further evaluation; e.g. rock
properties and fracture propagation and the design,
construction and plugging status, if applicable, of those
wells. At a screening level, this evaluation should result
in the remaining wells being categorized as follows:

e Zonal isolation and construction adequate,
monitor only,

e Zonal isolation and/or construction questionable,
further diagnostic work required,

e Zonal isolation and/or construction inadequate,
remedial action or mitigation plan required. » A
1

FIGURE 2. Potential Pressure Communication Thru Fracture Network/\Wellbore Intersection

(Vertical View Showing Fracture Network and Casing/Cement)

INADEQUATE
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SUMMARY

Communication between wellbores during
hydraulic fracturing operations has been

a relatively rare occurrence. One source

(King, SPE 152596, 2012) suggests that in a
highly developed area like the Barnett Shale,
fracture communication between wells occurs
about 10% of the time and that fracture to
wellbore communication may occur once
every ten thousand hydraulic fracturing

events. Regardless, where shale development
occurs in mature producing areas or as shale
development matures in newer development
areas, the potential for pressure communication
between wellbores is a risk that responsible
operators will consider and can safely manage.
When properly managed, the risks posed by
potential communication can be safely and
effectively mitigated.

This briefing paper describes general processes
and procedures that responsible operators

are following. It is important to recognize
however, that case specific conditions can be
highly variable and therefore any solutions can
be highly individualized to meet those case
specific conditions. There are no “one size fits
all” solutions for sound risk management. Each
case should be considered on its own merits.

The AOR used for identifying existing wells
that could be affected by hydraulic fracturing
operations should be established using
reasonable criteria such as predicted fracture
length and orientation with reasonable safety
factors. The risk assessment of wells within
the AOR should be based on reasonable
event scenarios. Monitoring and remedial
action decisions should be based on careful
consideration of the specific conditions of
each case and the near-term and long-term
implications of those actions.

A determination that zonal isolation is adequate can be based on
several factors including calculated cement volumes that fill the
casing annulus to some reasonable height above the top of the
target formation, proper cement pumping operations (cement
volumes, displacement volumes, pumping pressures, and cement
rheology) were within the planned parameters, no indications of
cement channeling or lost returns, casing and tubing strength is
adequate for the anticipated pressures, and an adequate number/
placement of casing centralizers.

A determination that zonal isolation is questionable would be based
on the design parameters described above not being met or from
data that is questionable or unavailable. In these cases, additional
diagnostic work should be performed on these wells conform their
status and identify any necessary mitigation actions that should be
taken.

There are several approaches operators can consider including
pressure and pump testing and various electronic diagnostic tools
to assess the quality and placement of cement and placement

and the condition of the casing and tubing. Most diagnostic tools,
while capable of providing valuable information, require a significant
degree of skill and experience to interpret, thus overdependence

on these tools is cautioned. After diagnostic analysis is complete,
the questionable wells will be re-categorized as either adequate or
inadequate. In some cases there may be challenges with access to
wells operated by others or that are in an orphan or other unknown
status. In those cases it may be appropriate for the operator to enlist
the help of the state regulatory agency in resolving those challenges.
A determination that zonal isolation is inadequate will lead to
remedial action in most cases.

For wells that are not adequately plugged, additional cementing is
the most likely remedial action, although case specific conditions
may dictate other mitigation actions. For wells that are still active
(production or injection), the proposed remedial action is a more
complicated decision and should be based on the case specific
situation and issues. Very importantly, perforating the production
casing in a producing well to achieve improved zonal isolation
should not be the default approach. Perforating the casing in a
producing well can create additional wellbore integrity issues that
should be very carefully considered before this approach is used. In
some situations the best long term mitigation approach may be to
simply monitor pressures and establish pressure thresholds that can
be used to manage the hydraulic fracturing operation should the
threshold criteria be exceeded.
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Review article

Hydraulic fractures: How far can they go?

a1 jRichard ]. Davies ) Simon Mathias a Jennifer Moss b Steinar Hustoft ¢,.Leo Newport®

2 Durham Energy Institute, Department of Earth Sciences, Durham University, Science Labs, Durham DH1 3LE, UK
b 3DLab, School of Earth, Ocean and Planetary Sciences, Main Building, Park Place, Cardiff University, Cardiff CF10 3YE, UK

€ University of Tromsa, Department of Geology, Dramsveien 201, N-9037 Tromsa, Norway

ARTICLE INFO ABSTRACT
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The maximum reported height of an upward propagating hydraulic fracture from several thousand
fracturing operations in the Marcellus, Barnett, Woodford, Eagleford and Niobrara shale (USA) is ~588 m.
Of the 1170 natural hydraulic fracture pipes imaged with three-dimensional seismic data offshore of West
Africa and mid-Norway it is ~1106 m. Based on these empirical data, the probability of a stimulated and
natural hydraulic fracture extending vertically >350 m is ~1% and ~33% respectively. Constraining the

probability of stimulating unusually tall hydraulic fractures in sedimentary rocks is extremely important as

Keywords:
Fracture
Pressure
Shale
Natural
Stimulated

an evidence base for decisions on the safe vertical separation between the depth of stimulation and rock
strata not intended for penetration.

© 2012 Published by Elsevier Ltd.

1. Introduction

Hydraulic fractures propagate when fluid pressure exceeds the
least principal stress and the tensile strength of the host sediment
(Hubbert and Willis, 1957). They continue to propagate until the
stress-intensity at the fracture tip is lower than the critical stress-
intensity of the rock being fractured (e.g. Savalli and Engelder,
2005). These conditions can occur naturally (e.g. Cosgrove, 1995)
but they can also be stimulated to recover oil and gas (Simonson
et al,, 1978), or during injection of water into geothermal bore-
holes (e.g. Legarth et al., 2005; Julian et al., 2010) and unintentionally
as the result of subsurface blowouts (e.g. Tingay et al., 2005).

Hydraulic fractures are commonly described in outcrops at
centimetre to metre scale (e.g. Cosgrove, 1995 — Fig. 1ab). They can
be up to ~50 m in height in the Devonian Marcellus shale
(e.g. Engelder and Lash, 2008) and sand filled fractures (injectites)
have been documented to extend hundreds of metres (Hurst et al.,
2011). But three-dimensional (3D) seismic data now show that
natural hydraulic fractures probably cluster, forming pipe-like
features that often extend vertically for even greater distances
than this (see Leseth et al., 2001; Zuhlsdorff and SpieR, 2004;
Cartwright et al., 2007; Davies and Clark, 2010).

Stimulation of hydraulic fractures as a technique for improved
hydrocarbon production from low permeability reservoirs dates

* Corresponding author.
E-mail address: richard.davies@durham.ac.uk (RJ. Davies).

0264-8172/$ — see front matter © 2012 Published by Elsevier Ltd.
doi:10.1016/j.marpetgeo0.2012.04.001

back to the late 1940s (Montgomery and Smith, 2010). Measure-
ments of the microseismicity they cause (e.g. Maxwell et al., 2002)
have shown that they can extend for several hundred metres
upwards and downwards from the wellbore (Fisher and Warpinski,
2011). Multiple stages of hydraulic fracture stimulation on multiple
wells are routine for the recovery of oil and gas from low perme-
ability sedimentary reservoirs in shale gas provinces in the USA
(e.g. King, 2010). Shale gas exploration is starting in many other
countries with sediments from Neogene to Cambrian age being
potential future targets. Therefore constraining the probability of
stimulating unusually tall hydraulic fractures in sedimentary rocks
is critically important, as it will help avoid the unintentional
penetration of shallower rock strata (Fig. 2) that might be impor-
tant aquifers or subsurface geological storage sites.

Mathematical methods for estimating hydraulic fracturing height
are simplistic (Fisher and Warpinski, 2011) and it is generally
accepted that we cannot yet accurately predict fracture propagation
behaviour in detail, so to date much of what we know of how
fractures will behave in situ conditions comes from operational
experience (King et al., 2008). Future shale gas targets could be in
a variety of different stress regimes and in rocks with varied
mechanical properties and ages. Therefore at this stage our approach
is to include a wide range of the tallest examples of hydraulic frac-
tures that have different geometries, geological settings and trigger
mechanisms.

Although hydraulic fractures are 3D, here we compile new and
existing data on the extents of only the vertical component of both

doi:10.1016/j.marpetgeo.2012.04.001
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Figure 1. (a) Examples of natural hydraulic fractures in shale (b) close-up of a natural
hydraulic fracture filled with shale clasts (both examples from onshore Azerbaijan).

natural and stimulated hydraulic fracture systems hosted in
sediment from Neogene to Devonian in age from eight different
locations (Fig. 3a). We briefly report on key statistics, compare
them and consider which factors control the extent of upward
fracture propagation.
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Figure 2. Schematic diagram showing stimulated hydraulic fractures within a shale
gas reservoir, natural hydraulic fractures initiated at a naturally overpressured reser-
voir, the vertical extent of hydraulic fractures reported here and the safe separation
between shale gas reservoir and shallower aquifer. VE — vertical extent.
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Figure 3. (a) Map of the globe showing location of the eight datasets. Red font — datasets
for stimulated hydraulic fractures, blue font — datasets for natural hydraulic fractures
(pipes). (b) Seismic line from (;%fshore Mauritania showing a representative vertical pipe
imaged on 3D seismic reflection data and its vertical extent. (c) Graph of stimulated
hydraulic fractures in the Marcellus, Barnett, Woodford and Eagleford shales (after Fisher
and Warpinski, 2011) and including unpublished data provided by Halliburton for the
Niobrara shale. Inset — extract of the graph showing how the vertical extents of fractures
were measured. All depths are in true vertical depth (TVD). The black dashed line — depth
of the stimulation of the hydraulic fractures. Coloured spikes — separate hydraulic frac-
tures propagating upwards and downwards from the depth of stimulation.

1.1. Hydraulic fracturing

There are several types of natural hydraulic fracture: injectites
(e.g. Hurst et al., 2011), igneous dikes (e.g. Polteau et al., 2008), veins
(e.g. Cosgrove, 1995), coal cleats (e.g. Laubach et al., 1998), and joints
(e.g. McConaughy and Engelder, 1999). They have been extensively
studied. In the case of joints in the Devonian Marcellus Formation,
USA, it is even possible to study how they grow on the basis of plume
lines that occur at centimetre to metre scale (Savalli and Engelder,
2005). Marcellus shale fractures are thought to form due to gas
diffusion and expansion within shale through multiple propagation
events. In contrast the tallest examples of hydraulic fractures tend to
cluster, are commonly termed chimneys, pipes or blowout pipes
(herein we use the term ‘pipe’) and can extend vertically for
hundreds of metres (e.g. Cartwright et al., 2007; Huuse et al., 2010).
The origin of pipes is not certain, but they probably form due to
critical pressurisation of aquifers and oil and gas accumulations
(Zuhlsdorff and Spief3, 2004; Cartwright et al., 2007; Davies and
Clark, 2010). Pipe development may be followed by stoping, fluid-
driven erosion and collapse of surrounding strata (Cartwright
et al, 2007). Gases that have come out of solution and expand
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during fluid advection may also contribute to their development
(Brown, 1990; Cartwright et al., 2007). They are recognised on
seismic reflection data on the basis of vertically aligned disconti-
nuities in otherwise continuous reflections (Fig. 3b and Cartwright
et al, 2007; Lgseth et al., 2011).

Stimulated hydraulic fractures are created to significantly
increase the rate of production of oil and gas from fine-grained, low
permeability sedimentary rocks such as shale. Commonly a vertical
well is deviated so that it is drilled strata-parallel through the shale
reservoir (Fig. 2). The production casing is perforated and hydraulic
fractures stimulated by injecting saline water with chemical
additives. ‘Proppant’ (for example sand) is used to keep the fractures
open (see King, 2010). Hydraulic fracture stimulation from a hori-
zontal borehole is usually carried out in multiple stages with known
volumes and compositions of fluid (e.g. Bell and Brannon, 2011).
Rather than pipes forming, clustering of fractures commonly occurs
along planes, which are theoretically orthogonal to the least
principle stress direction. So there are fundamental differences in
the geometry of these fracture systems compared to those that
cluster to form pipes, the reasons for which are not yet understood.

Hydraulic fractures can be also be stimulated unintentionally
for example as an underground blowout (e.g. Tingay, 2003) and
they can unintentionally be caused by the injection of waste
water at high enough rates to generate pore pressures which
exceed the pressure required for hydraulic fracturing (e.g. Laseth
et al.,, 2011).

2. Datasets

Hundreds of pipes have recently been identified on 3D seismic
reflection surveys in continental margin settings (Davies and Clark,
2010; Hustoft et al., 2010; Moss and Cartwright, 2010; Laseth et al.,
2011). We compile new data based upon these surveys on the
vertical extents of 1170 pipes (e.g. Fig. 3ab). Pipe heights were
measured by recording their bases and tops in two-way-travel
time and converting these to heights using estimated seismic
velocities for the host successions (Davies and Clark, 2010; Moss
and Cartwright, 2010; Hustoft et al.,, 2010). Errors are related to
the seismic resolution and the estimation of the velocity of the
sediment and are probably <20%. Because of the limits of vertical
seismic resolution the numbers of hydraulic fractures that have
vertical extents of less than 100 m are probably underestimated.
We have not included in this study the heights of vertically
extensive injectites or igneous intrusions because their likely
modes of formation are quite different to stimulated hydraulic
fractures and pipe structures.

The vertical and horizontal extents of stimulated hydraulic
fractures used to recover hydrocarbons can be estimated using the
energy released by the hydraulic fracturing which is recorded as
microseismicity in a nearby borehole (e.g. Maxwell et al., 2002). Both

100
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Figure 4. Graph of frequency against vertical extent for natural hydraulic fractures (pipes) identified on 3D seismic data from (a) offshore Mauritania, (b) Namibe Basin (c) mid- Q2

Norway.

Probability of non-exceedance

tension and shear fractures are detected. We used a compilation of
microseismic events (Fisher and Warpinski, 2011). They presented
measurements of the fracture tops and bottoms for ‘thousands’ of
mapped fracture treatments performed in the Barnett, Woodford,
Marcellus and Eagleford shale gas formations recorded from early
2001 to the end of 2010 (their Figs. 2—6 respectively). A fifth
unpublished dataset from the Niobrara shale (Colorado, USA) was
compiled in the same way and released by Halliburton for publica-
tion here. These operations varied in terms of the depth of fracturing
operations, the execution of the fracturing process and the geolog-
ical setting. It represents the majority of the data released into the
public domain at the time of writing.

Because we did not have access to the primary database
our measurements of fracture height were made by digitising
their published and unpublished graphs (Fisher and Warpinski,
2011 — Fig. 3c). This will have introduced errors but again this
will be mainly with the shorter hydraulic fractures (with vertical
extents < 100 m) therefore the numbers of these are also under-
estimated. Because it is the taller fractures we focus on, this bias
does not change our main conclusions. There are also errors asso-
ciated with the microseismic method, mainly associated with
estimating the velocity of the rock between the hydraulic fracture
and the monitoring well (e.g. Maxwell et al., 2002).

There is significant uncertainty in the depth of the initiation of
fracture systems caused by underground well blowouts, hence we
do not draw on this source of data in this paper. But the depth of the
fracture initiation is well constrained where waste water is being
injected, so here we use a recently reported example from the Tordis
Field, offshore Norway where the fractures eventually intersected
the seabed (Laseth et al., 2011). This example provides some addi-
tional context for the natural and stimulated datasets described.

3. Results
3.1. Natural hydraulic fractures

Offshore of Mauritania 368 vertical pipes were identified over
an area of 1880 km? (Davies and Clark, 2010 — Fig. 3ab) and it was
possible to measure the vertical extent of 360 of these. They are
hosted on a passive continental margin, probably within fine-grained
turbidites and foram-nannofossil hemipelagites of Neogene age
(Henrich et al., 2010). A graph of frequency against vertical extent
shows the most common vertical extent is between ~200 m and
~300 m. The tallest conduit is ~507 m (Fig. 4a). The average vertical
extent is 247 m.

Offshore of Namibia, we measured 366 vertical chimneys in
a succession composed of fine-grained claystones of Miocene to
Recent age (Moss and Cartwright, 2010). The average vertical extent
is 360 m. The maximum vertical extent is ~ 1106 m (Fig. 4a). Vertical
chimneys also form offshore mid-Norway within the Oligocene to
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Figure 5. Graphs of frequency against hydraulic fracture height for (a) upward and (b) downward propagating fractures in the Marcellus, Barnett, Woodford, Eagleford and Niobrara
shales. Graphs of probability of exceedance against height of (c) upward propagating fractures and (d) downward propagating fractures.

Recent fine-grained mudstone and siliceous mudstones of the
Brygge, Kai and Naust Formations (Hustoft et al., 2010). 66% of these
terminate at the seabed. Of the 446 pipes the average vertical extent
is 338 m. The maximum vertical extent is ~882 m (Fig. 4a). Graphs of
hydraulic fracture height against the probability of non-exceedance
of this height for each dataset show the probability of pipes
exceeding a range of vertical extents (Fig. 4b). Based upon these data
the probability of a pipe extending vertically >350 m is ~33%
(Fig. 6ab).

3.2. Stimulated hydraulic fractures

Our compilation of data from the USA shales (Fisher and
Warpinski, 2011 — Fig. 3c) shows that generally the Marcellus is
the shallowest reservoir, then the Niobrara, Barnett, Woodford and
Eagleford. The maximum upward propagation of fractures initiated
in these reservoirs is ~ 588 in the Barnett shale but in each case the
vast majority of hydraulic fractures propagate much shorter
distances (Fig. 5ab). The maximum upward propagation recorded to
date in the Marcellus shale is ~536 m. The graphs show that the
probability of an upward propagating fracture exceeding a height of
200 m, for example, is highest for those initiated in the Marcellus
then the Barnett, Woodford, Niobrara and Eagleford shale reservoirs.
Based upon these data the probability that an upward propagating

hydraulic fracture extends vertically >350 m is ~1% (Fig. 6ab), but
the probability is probably lower than this because we cannot
capture all of the shorter fractures. We cannot accurately estimate
the average vertical extent for the same reason.

3.3. Unintentionally stimulated hydraulic fractures

At the Tordis Field, offshore Norway, waste water produced due
to oil production was injected at ~900 m below the surface. This
caused hydraulic fractures to propagate approximately 900 m to
the seabed. Pressure profiles from the injection well show a stepped
fracturing of the overburden (Lgseth et al., 2011). The injection
lasted for approximately 5.5 months, while the leakage to seafloor
may have occurred for between 16 and 77 days (Leseth et al., 2011).

4. Interpretation and discussion
4.1. Vertical extent

Offshore mid-Norway there are controls on the locations of the
bases of the pipes as many emanate from overpressured strata and
66% terminate at the present-day seabed (Hustoft et al., 2010) and
these controls cause the peak in the frequency versus depth plot
between 300 and 350 m (Fig. 4a). Both of these factors have an
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Figure 6. (a) Graph of frequency against fracture height for all stimulated and natural hydraulic fractures. (b) Graph of probability of non-exceedance against fracture height for

stimulated and natural hydraulic fractures.
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influence on the shape of the probability of exceedance versus
height curves (Fig. 4b). In contrast only 12 of the 360 pipes from
offshore Mauritania terminate at a palaeo-seabed and a small
number of pipes in the Namibe Basin do this. Despite the limita-
tions of the datasets it is clear most of the natural hydraulic
fractures reported here are 200—400 m in height and that very few
natural fracture systems reported to date propagate beyond
a height of 700 m. The tallest is 1106 m, which is comparable to the
tallest injectites documented (Hurst et al., 2011). Lastly hydraulic
fractures that cluster to form pipe structures generally propagate
upwards further than stimulated hydraulic fractures (Fig. 6ab).

The vast majority of stimulated hydraulic fractures have a very
limited vertical extent of <100 m (Figs. 3c and 5a) and the tallest is
~588 m. These taller hydraulic fractures probably form by inter-
secting existing faults which has been recognised because the
clustering and the magnitude of microseismic events changes
(Warpinski and Mayerhofer, 2008).

4.2. Controls on vertical extent

Stimulated hydraulic fractures probably form by a number of
small fracture propagation events rather than a single one. The
stimulation of the hydraulic fractures in shale gas reservoirs nor-
mally takes place over time periods of only 1-2 h for a single
fracturing stage. When this period has been increased, for
example in the Barnett Shale, where pumping for an 11.7 h period
took place with a total volume of c. 5565 m?, the maximum
height of hydraulic fractures was only ~266 m (Maxwell et al.,
2002). During pumping periods of up to 11.3 h into the Barnett
Shale the relationship between height and pumping time and
volume was shown not to be strong (Shelley et al., 2011) and frac-
tures stopped propagating vertically after only 1-3 h. Therefore
there is little relationship between pumping time and fracture
height when measured over these timescales. In the shale gas
provinces local geology such as variations in lithology, provide
natural barriers to propagation because of higher confining stress
or high permeability which allows the fluid to bleed off (Fisher
and Warpinski, 2011). For example in the Barnett shale the Viola
and Ellenberger limestones located below the Barnett shale can
limit the downward propagation of hydraulic fractures (King et al.,
2008).

We propose that natural hydraulic fractures that cluster to
form pipe structures have greater vertical extents for a number of
reasons. There is much more fluid and much longer timescales
available for multiple stages of fracture propagation. A volume of
~6 x 10° m? is reported for an aquifer in the North Sea (UK)
(Heward et al., 2003). Although the flux of only some of the fluid
from an aquifer would cause pressure to drop to hydrostatic levels
and therefore only some of this fluid would have a role in pipe
development, there are orders of magnitude higher volumes of
fluid available than used in fracture stages in shale gas wells. Gas
that comes out of solution during ascent of fluid in natural
hydraulic fractures could also have a contributory role in propa-
gation (Cartwright et al., 2007). The pipes recorded here are hosted
within fine-grained, relatively homogenous successions on conti-
nental margins where there are fewer mechanical boundaries
and generally low permeability strata that do not allow fluid to
bleed off and therefore pressure to drop. Lastly there are significant
geometrical differences between natural and stimulated hydraulic
fractures and we do not know what influence this has on height.
Despite these differences there are similar trends in the datasets.
The vast majority of both natural and stimulated hydraulic fractures
included in this study are <500 m in vertical extent (Fig. 6a). This is
again because of variations in-situ stress, weak interfaces, material
property contrasts and high permeability layers in sedimentary

successions, particularly heterogeneous ones, provide natural
barriers to fracture propagation.

At the Tordis field the average rate of injection of water was
7000 m® a day for 5.5 months (total volume ~ 1,115,000 m>).
Fractures grew from ~900 m depth to the surface through Ceno-
zoic (Tertiary) rather than Palaeozoic strata. But this volume of fluid
is over ~ 123 times greater than typically used for fracture stages in
the shale gas reservoirs and over a time period hundreds of times
longer.

Loseth et al. (2011) reported that pressure profiles from the
injection well show a stepwise fracturing of the overburden and
that fractures actually propagated for 900 m reaching the surface
(the seabed). The complexity of fracture propagation, role of
bed boundaries and pre-existing natural fractures was also
demonstrated at centimetre to metre scale through the mine-back
experiments carried out in the USA where stimulated fractures
were exposed by excavating them (e.g. Cipolla et al., 2008). Prop-
agation continues once the stress at the new boundary exceeds the
least principal stress and the tensile strength of the host sediment
and the stress-intensity at the fracture tip is lower than the critical
stress-intensity of the rock being fractured. Therefore to develop
the vertically most extensive fracture systems there needs to be
long, probably multiple episodes of injection of high pressure fluid
(probably >> 1 day). There would be several steps in the propa-
gation of the fracture system, breaking through permeable beds
and mechanical boundaries. Mechanically homogeneous succes-
sions with low permeability will result in vertically more extensive
fractures than heterogeneous formations with variable perme-
ability and confining stress.

4.3. Implications and further work

Further research should include additional datasets, particularly
from new settings that have not undergone fracturing treatments
to further increase confidence that exceptional propagation heights
have been captured. Additional data may allow for a better
understanding of several potential relationships between the
height of fractures and variables such as the type of stress regime
(i.e. conducive for shear failure or tensile failure), rock type, volume
of pumped fluid and pumping time.

There are some geological scenarios where there could be
connectivity of permeable reservoirs through a significant thick-
ness of overburden. For example sand injectites can cut through
~1000 m of shale (e.g. Hurst et al., 2011) and this could, given long
enough pumping time cause critical pressurisation of shallower
strata and therefore shallower fractures. These and other geological
scenarios should be considered and modelled.

Lastly, stimulated hydraulic fractures have been proposed as
amechanism for methane contamination of aquifers located 1-2 km
above the level of the fracture initiation in the Marcellus shale
(Osborn et al., 2011). Because the maximum upward propagation
recorded to date in the Marcellus shale is ~536 m this link is
extremely unlikely (Davies, 2011; Saba and Orzechowski, 2011;
Schon, 2011). Other mechanisms for contamination such as the
leakage of biogenic or thermogenic gas from porous and permeable
strata behind well casing and natural migration of methane are more
likely.

5. Conclusions

Natural hydraulic fracture pipes have the potential to propagate
upwards further than stimulated ones. The maximum upward
propagation recorded for a stimulated hydraulic fracture to date is
~588 m in the Barnett shale in the USA. Based upon the data
presented here the probability that a stimulated hydraulic fracture
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extends vertically beyond 350 m is ~ 1%. Very few natural hydraulic
fractures pipes or simulated hydraulic fractures propagate past
500 m because layered sedimentary rocks provide natural barriers
to growth.

Microseismic measurement of fracture propagation is an
essential monitoring tool which allows us to provide an evidence
base for the setting of the minimum vertical separation between the
shale gas reservoir and shallower aquifers. This is a comprehensive
compilation of data, but of course should be added to with new
fracture height data from other regions, as the different geological
conditions may result in unusually short or tall fractures. Building
upon this dataset and deriving probabilities from it will help inform
industry and academic geoscientists and engineers, regulators, non
government organisations and publics on safe separation distances
and help ensure environmentally safe shale gas operations.
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ABSTRACT

We compile published examples of induced earthquakes that have occurred since 1929 that
have magnitudes equal to or greater than 1.0. Of the 198 possible examples, magnitudes range
up to 7.9. The potential causes and magnitudes are (a) mining (M 1.6 — 5.6); (b) oil and gas
field depletion (M 1.0 — 7.3); (c) water injection for secondary oil recovery (M 1.9 — 5.1); (d)
reservoir impoundment (M 2.0 — 7.9); (e) waste disposal (M 2.0 —5.3); (f) academic research
boreholes investigating induced seismicity and stress (M 2.8 — 3.1); (g) solution mining (M
1.0 — 5.2); (h) geothermal operations (M 1.0 — 4.6) and (i) hydraulic fracturing for recovery of

gas and oil from low-permeability sedimentary rocks (M 1.0 — 3.8).

Reactivation of faults and resultant seismicity occurs due to a reduction in effective stress on
fault planes. Hydraulic fracturing operations can trigger seismicity because it can cause an
increase in the fluid pressure in a fault zone. Based upon the research compiled here we
propose that this could occur by three mechanisms. Firstly, fracturing fluid or displaced pore
fluid could enter the fault. Secondly, there may be direct connection with the hydraulic
fractures and a fluid pressure pulse could be transmitted to the fault. Lastly, due to poroelastic
properties of rock, deformation or ‘inflation’ due to hydraulic fracturing could increase fluid
pressure in the fault or in fractures connected to the fault. The following pathways for fluid or
a fluid pressure pulse are proposed: (a) directly from the wellbore; (b) through new,
stimulated hydraulic fractures; (c) through pre-existing fractures and minor faults; or (d)
through the pore network of permeable beds or along bedding planes. The reactivated fault

could be intersected by the wellbore or it could be 10s to 100s of metres from it.

We propose these mechanisms have been responsible for the three known examples of felt
seismicity that are probably induced by hydraulic fracturing. These are in the USA, Canada
and the UK. The largest such earthquake was M 3.8 and was in the Horn River Basin,
Canada. To date, hydraulic fracturing has been a relatively benign mechanism compared to
other anthropogenic triggers, probably because of the low volumes of fluid and short
pumping times used in hydraulic fracturing operations. These data and analysis should help
provide useful context and inform the current debate surrounding hydraulic fracturing

technology.
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1. INTRODUCTION

It has been known since the 1960s that earthquakes can be induced by fluid injection.
At that time, military waste fluid was injected into a 3671-m-deep borehole at the Rocky
Mountain Arsenal, Colorado (e.g., Hsieh and Bredehoeft, 1981). This induced the so-called
‘Denver earthquakes’. They ranged up to M 5.3, caused extensive damage in nearby towns,
and as a result, use of the well was discontinued in 1966. Despite the importance of induced
seismicity, only a few holistic reviews have been published (e.g., Nicholson, 1992; Gupta,
2002; Li et al., 2007). Compilations often focus on selected mechanisms although there are

notable exceptions (National Academy of Sciences, 2012).

Recently, the attention of regulators, agencies and the general public has been drawn
to induced seismicity linked to the hydraulic fracturing of low-permeability sedimentary
rocks such as ‘tight” sandstones and shale, for oil and gas exploration and production.
Hydraulic fractures are stimulated to increase the surface area of rock which is connected to
the wellbore. This is achieved by pumping water, proppant and chemicals during multiple
fracture stages, a process known as ‘fracking’ (e.g., King, 2010). After pumping ceases the
injected fluid is allowed to flow back to the surface and can be disposed of by reinjection or
processing. Although hydraulic fracturing has been carried out since the 1940s, the
combination of multiple stages of fracturing in horizontal wells in shale and tight sandstones
and the widespread deployment of this technology did not start until the 1990s (e.g., Curtis,
2002).

During or soon after hydraulic fracturing there may be an increase in fluid pressure
along a fault plane, which, if critically stressed, can be reactivated inducing seismicity (Fig.
1ab). A thorough review of the history of induced seismicity caused by a variety of
mechanisms including hydraulic fracturing is timely as it places the magnitudes and
frequency of hydraulic-fracturing-triggered seismicity into context. We introduce the theory
behind how earthquakes are induced, review the context of global induced seismicity since
1929, and discuss the evidence that faults are being reactivated as a result of hydraulic

fracturing and the processes by which this could be occurring.
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1.1 Earthquakes

All rock masses that experience progressively changing stress are potentially
seismogenic, i.e., capable of producing earthquakes. Progressive loading of stress by tectonic
plate movements is the primary geological earthquake-inducing process. It results in intense
deformation at the boundaries of plates, which are the most active earthquake zones. Plates
are not absolutely rigid and the effect of their motions is transmitted into their interiors.
There, lower-level, intraplate deformation occurs. This is sometimes localized in rift zones,
e.g., the East African rift, and sometimes distributed throughout broad regions, e.g., Britain,

mainland Europe, and the Basin and Range Province, western U.S.A. (Sykes and Sbar, 1973).

Fluids play a critical role in triggering seismicity in many different geological
scenarios. Earthquake activity accompanies volcanic activity, and liquid magma is involved
in those cases, e.g., at Yellowstone, USA. Occasionally, large earthquakes are accompanied
by significant changes in groundwater, e.g., changes in the level of the water table. Usually,
however, there is no direct evidence of fluid involvement. Nevertheless, fluids must lubricate
fault surfaces that slip in earthquakes because otherwise friction on the fault plane would be
too large to be overcome at the failure energy levels observed. This conjecture is supported
by the absence of a large heat flow anomaly above the San Andreas fault zone, which would
inevitably be generated by the friction of dry rock surfaces slipping past each other
(Lachenbruch and Sass, 1980).

Artificially injecting fluids into the Earth’s crust induces earthquakes (e.g., Green et
al., 2012). Fluid injection not only perturbs stress (Fig. 1b) (Scholz, 1990) and creates new
fractures, but it also potentially introduces pressurised fluids into pre-existing fault zones,

causing slip to occur earlier than it would otherwise have done naturally (Fig. 1ab).

1.2 Earthquake sizes

Earthquakes range in magnitude from a maximum of ~ 10 down to arbitrarily small
values. In the most sensitive microearthquake monitoring experiments, the lower magnitude

limit of earthquakes that are reported is approximately M -3. Although traditional earthquake
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magnitudes are a familiar measure to most people, they are an empirical measure and no
longer fit for modern purposes. They have thus been superseded by seismic moment, a

measure that has physical meaning.

In the past, many magnitude scales were proposed to suit convenience in different
situations, and several are still in widespread use. Magnitudes are calculated from
measurements made directly from recorded seismograms, such as wave amplitudes or
durations. Magnitude formulae usually take into account the epicentral distance of the
earthquake from the recording station, but they ignore many other factors such as the
hypocentral depth and the structure of the Earth between the source and the recorder. As a
result, magnitude is not a measure of source physics, but of seismogram characteristics.
Different magnitudes are typically obtained by analysing seismograms recorded at different
seismic stations, or by applying different magnitude scales to the same seismogram.
Examples of different magnitude scales are the local magnitude scale (M_—popularly known
as the “Richter” magnitude scale), the surface-wave magnitude scale (ms), and the duration
magnitude scale (Mp). A further complication is that the type of instrument used may be
included in the magnitude scale definition. For example, local magnitude is defined as
applying to measurements made from seismograms recorded on Wood-Anderson
seismographs. These instruments are now obsolete, so the “Richter” magnitudes commonly

reported nowadays are not valid, for this reason alone.

A rigorous way of estimating earthquake size is by using seismic moment. This is the
low-frequency scalar moment, My, and it is a measure of size based on the fundamental
physics of the earthquake source. Mg varies by over 18 orders of magnitude, and thus it is
conventional to express it using an empirically derived logarithmic moment-magnitude

relationship that yields numbers similar to typical magnitudes. This formula is:

My =% log Mg - 10.7

where My is measured in dyne-cm (Hanks and Kanamori, 1979; Kanamori, 1977). The
moment magnitude (M,,) of an earthquake is theoretically the same regardless of where the

earthquake was measured, the type of recording instrument, structure along the wavepaths, or

5
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which stations are used. If earthquake size is an important parameter it is crucial to use
moment magnitude. Only then can the sizes of earthquakes from different regions or time

periods be meaningfully compared.

If moments are unavailable, the next best thing is to use the same type of magnitude,
e.g., M or Mp. Estimates for the same earthquake made using different magnitude scales

may vary by one, or even as much as two, magnitude units.

1.3 Earthquake numbers

Earthquakes result from brittle failure of the Earth's crust. They exhibit a log normal
frequency distribution (Gutenberg and Richter, 1944). The frequency-magnitude slope of
earthquake sequences is usually approximately unity, meaning that for every reduction of one
magnitude unit, ten times as many earthquakes occur (Gutenberg and Richter, 1944). The
seismic rate for the world is approximately one magnitude 9 earthquake per decade, one
magnitude 8 per year, 10 magnitude 7s, 100 magnitude 6s and so on. The stress released by
an earthquake is, however, approximately 30 times that released by an earthquake one
magnitude unit smaller. From this is easy to see why large earthquakes cannot be prevented
by inducing many smaller earthquakes. The fractal nature of earthquakes induced by human
operations is not fundamentally different from that of natural earthquakes, and no case has
ever been reported where several tens of earthquakes of a given magnitude have been induced

without also producing events a magnitude unit larger.

The number of earthquakes detected by a seismic network is dependent on
observational factors, e.g., the proximity of the nearest seismic station and the quality of the
installation. The closer the station and the higher-quality the installation, the lower will be the
magnitude detection threshold and the larger the number of earthquakes reported.
Improvement of a network such that it detected earthquakes one magnitude unit lower, e.g.,
by adding additional stations close to the activated zone, would immediately increase the
numbers of earthquakes reported by an order of magnitude. Thus, the number of earthquakes

reported must be taken in context. For example, a report that the number of earthquakes
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observed at one project was greater than the number observed at another project is

meaningless unless the monitoring conditions were identical.

Earthquake magnitudes follow a power law distribution described by the Gutenberg-
Richter relationship (Gutenberg and Richter, 1944):

logN=a - bM,

where N is the number of earthquakes with magnitude greater than or equal to magnitude M,

and a and b are constants.

1.4 Induced earthquakes

A fault slips when the normal stress across a fault plane drops to a sufficiently low
level that the shear stress overcomes the static friction on the fault surface. This is expressed
by the Mohr diagram (Fig. 1b). A fault can be brought to a critical state either by increasing
the shear stress, e.g., by plate motions or surface loading, or by decreasing the normal stress
that clamps the fault surfaces together. The latter could be caused by processes such as

stretching, exhumation and erosion and by increasing the fluid pressure in the fault zone.

Stress is perturbed, and earthquakes induced, by a number of anthropogenic activities
that change the loading state of the Earth's crust. These include the removal of subsurface
volume by mining the solid rock or the extraction of oil and gas. Mine-quakes are a
significant safety hazard and are common for example in the UK and South Africa. Some
mining operations, e.g., deep gold mines in South Africa, are seismically monitored for safety
reasons. Depleted hydrocarbon reservoirs are often seismogenic, as reservoirs collapse in

response to the removal of pore fluids.

The injection of fluids into the subsurface is an increasingly common activity. It is
done to dispose of waste water or chemicals, to flush hydrocarbons out of oil reservoirs, to
fracture shale for gas and oil extraction and to introduce water into geothermal reservoirs to

create permeability and for circulation of hot fluid. Because of the importance of managing
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induced earthquakes, the factors that could affect the size of the largest earthquakes induced
by fluid-injection are of critical interest. Candidate operational parameters include the
temperature and volume of the fluid injected, and its type, phase, injection rate, pressure and
depth below the surface. The pre-existing stress- and fracture state of area, i.e., whether the
area contains large faults and is tectonically active, may also be important. Fluid injections in
stable continental interiors where differential stress levels are low and static, and there is no
history of seismicity, are likely be less seismogenic than injections in areas of active tectonics
that already have a high natural seismic rate and are thus critically stressed even before
injection commences. Sometimes, induced seismicity can reveal the presence of previously
unknown faults. Correlations of various operational and seismic parameters have been

measured in an attempt to explore possible mitigating operational approaches.

2. HISTORY OF INDUCED SEISMICITY

Since 1993 there have been seven generally accepted criteria that must be met before
fault reactivation is considered to have an anthropogenic origin (Davis and Frohlich, 1993).
These are:

Are these events the first known earthquakes of this character in the region?

Is there a clear correlation between injection and seismicity?

Are epicentres near wells (within 5 km)?

Do some earthquakes occur at or near injection depths?

If not, are there known geologic structures that may channel flow to sites of earthquakes?

Are changes in fluid pressures at well bottoms sufficient to encourage seismicity?

N o g s~ wDd e

Are changes in fluid pressures at hypocentral distances sufficient to encourage

seismicity?

The literature on induced seismicity dates back to 1933 (Gupta, 1985; Rothe, 1970),
well before the proposal by Davis and Frohlich (1993) of these criteria. In this paper we
compile all potential examples of induced seismicity, many of which did not use these
criteria. The total of 198 possible examples, come from 66 published papers and reports

(Table 1, 2 and 3). Because we only use published examples, our database is not
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comprehensive. For instance, we are aware of many unpublished examples of induced

earthquakes associated with the mining industry in the UK, but it is beyond the scope of this
review paper to analyse unpublished datasets. Lastly, in cases where a swarm of earthquakes
thought to be induced is reported, we have only recorded the magnitude of the largest event.

We subdivide the seismicity by likely trigger mechanism into: (a) mine subsidence,
(b) oil and gas field depletion, (c) fluid injection for secondary oil recovery, (d) research-
related projects, (e) waste-water disposal, (f) solution mining, (g) Enhanced Geothermal
Systems (EGS) operations, (h) reservoir impoundment, (i) groundwater extraction, and (j)
hydraulic fracturing for recovery of hydrocarbons from shale. We briefly review (a) - (i), and

consider (j) in more detail.

2.1 Mine subsidence

Earthquakes induced by mine subsidence are some of the most widely studied. They
are often due to collapse of mine workings (e.g., Bennett et al., 1996; Hubert et al., 2006; Li
et al., 2007). These earthquakes range from M 1.6 to 5.6 (Table 1). Often the only damage
they cause is to the mines and miners working in them, but they have been known to damage

the wider community (Li et al., 2007).

2.2. Oil and gas field depletion

Earthquakes are caused by compaction of reservoirs as a result of hydrocarbon
extraction (e.g., Suckale, 2009). The flexure of the overburden generates shear stresses that
can induce slip along weak shale strata (e.g., Hamilton et al., 1992). At the Lacq gas field
(southwest France) 1639 earthquakes were detected around the field in the magnitude range
M 1.9 to 6 (Bardainne et al., 2008). In 1976 and 1984 there were M 7.0 events at Gazli,
Uzbekistan. The area around Gazli had been aseismic until these events. It is uncertain that
these events were induced, but several criteria indicate that these are the largest examples of

earthquakes induced by gas extraction from a conventional gas field (Table 2).

2.3 Fluid injection for secondary oil recovery
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10

Water is injected into oil fields to increase the percentage of oil recovered and it can
enter faults reducing normal stress and allowing reactivation. Fluid injection for oil recovery
also maintains reservoir pressure and reduces or eliminates the compaction effects if that
pressure is communicated effectively throughout the reservoir. Davis and Pennington (1989)
documented events with My — 4.3 to M — 5 between 1974 and 1982 at the Cogdell oil field in
West Texas, USA. Cesca et al. (2011) document an example of a 4.3 M event at the Ekofisk
field (North Sea, UK), probably caused by water injection. Magnitudes of earthquakes range
from M 1.9 - 5.1 (Table 2).

2.4 Research-related projects

Approximately 400 earthquakes occurred in association with the German Continental
Deep Drilling Program, which included a borehole drilled to 9.1 km depth. They occurred at
an average depth of 8.8 km and are thought to have been induced by injection of brine into a
70-m-thick open-hole section near the bottom of the borehole. One conclusion of this work
was that critically stressed, permeable fault zones exist in the crust, even at great depth and
temperature (Zoback and Harjes, 1997). The event magnitudes ranged from 2.8 - 3.1 (Table
2).

2.5 Waste-water disposal

Frohlich et al. (2011) concluded that the most likely cause of an increase in seismicity
in the Dallas Fort Worth area, USA, with events of up to M 3.6, was probably the result of
injecting waste flowback water derived from the hydraulic fracturing of shale for gas
production. The depth and location of seismicity were close to recent waste water injection
activity. Magnitudes for a range of different waste water injection activities are 2.0 - 5.3
(Table 2).

2.6 Solution mining

10
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Solution mining involves drilling wells into underground salt deposits and injecting
water into them to dissolve the salt. The earliest reported induced earthquake is attributed to
this operational technique (see Pechmann et al., 1995). That earthquake occurred in Attica
(New York, USA) in 1929, and had a magnitude of M 5.3.

2.7 Enhanced Geothermal Systems (EGS) operations

The US$60 million Basel, Switzerland Enhanced Geothermal Systems project
involved creating a fracture network in hot rock, through which fluid could be circulated to
extract heat. Earthquakes with magnitudes up to M 2.9 began to occur six days into the main
hydraulic fracturing operation (e.g., Haring et al., 2008). This activity exceeded a pre-decided
injection-cessation threshold, but even though pumping was stopped, several more
earthquakes with magnitudes exceeding M 3.0 occurred over the following two months. In

total, 13,500 earthquakes were recorded, nine of which were of M 2.5 or larger (Table 2).

2.8 Reservoir impoundment

Reservoir impoundment is a widely documented cause of induced earthquakes, and a
significant review was carried out in 1985 (Gupta, 1985). The weight of water loading on the
surface provides enough pressure to induce earthquakes (Carder, 1945). Magnitudes of
recorded cases range from 1.0 to 7.9 (Table 3). There is dispute, however, as to whether the
very large Wenchuan, China M 7.9 earthquake resulted from filling the reservoir, or whether
it was a natural process (Ge et al., 2009 vs. Deng et al., 2010). It resulted in ~ 90,000 deaths
and ~ 100,000 injuries (Gahalaut and Gahalaut, 2010). This issue is currently causing concern
as the Three Gorges Dam on the Yangtze river fills, and induced earthquakes as large as M
6.5 there have been forecast (Lixin et al., 2012).

2.9 Groundwater extraction

Gonzaélez et al. (2012), suggest that stress induced by major groundwater extraction

probably triggered the M,, 5.1 earthquake that occurred in Lorca, southeast Spain, 11th May
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2011. This earthquake caused nine fatalities and considerable devastation for such a moderate

event, principally because the focus was shallow at about 2-4 km depth.

Faults in the crust are in a state of frictional equilibrium under complex systems of
stress, partly tectonic in this case through the interaction between the North African and
Southern European areas, and also because of the weight of the overburden itself. Isostatic
unloading and the associated elastic response of the crust and lithosphere is well known as
a cause of seismicity, and much of NW Scotland’s historic seismicity is associated with
glacial unloading from the last ice sheet ca. 10,000 years ago. The Betic Cordillera is one of
the most seismically active areas in the Iberian Peninsula and it is not surprising that the
removal of 250 m of groundwater since 1960, a significant mass change over a short period of
time, together with the many centimetres of subsidence caused by the consequential
compaction, could provide the minor stress perturbation necessary to bring local faults to

failure.

Figure 2 shows a graph of earthquake magnitude vs. frequency where magnitudes
range from 1.0 - 7.9. This graph only documents examples of induced seismicity which have
been published, and the hundreds of anecdotal mining-induced earthquakes with M > 1 in the
UK, for example, are not included. Figure 2 shows that the most commonly reported induced
earthquakes are M 3 - 4. The paucity of events of smaller magnitudes reflects lack of
detection and reporting. Mining, oil- and gas-field depletion, reservoir impoundment, EGS
wells, and waste water injection are the most frequently reported causes of induced

seismicity.

3. HYDRAULIC FRACTURING

3.1 Operations

Exploration wells targeting low permeability sedimentary reservoirs, particularly in
new exploration settings, are commonly drilled vertically and then hydraulically fractured.
Production wells are typically deviated so that the borehole is strata-parallel through the

reservoir (Fig. 1a). The production casing is perforated and hydraulic fractures are stimulated
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by injecting saline water with chemical additives. ‘Proppant’— sand or synthetic ceramic
spheres — is used to keep the fractures open (e.g. King, 2010). Hydraulic fracture stimulation
from a horizontal borehole is usually carried out in multiple stages with fluids with known
volumes and compositions (e.g., Bell and Brannon, 2011). Approximately 10-40% of the
hydraulic fracturing fluid used flows back after stimulation. In some cases faulted areas of the
reservoir are specifically targeted because there may be pre-existing fault and fracture

permeability.

There are many good examples of hydraulic fracturing that has caused fault or fracture
reactivation (e.g., Warpinski et al., 1998; Wolhart et al., 2005; Vulgamore et al., 2007;
Maxwell, 2008; Cipolla et al., 2012). The seismicity is generally very low magnitude (< M 0)
and typically not recorded above the noise level by traditional surface seismometer networks.
Monitoring of fracture growth and fault reactivation is thus done using downhole geophone
strings that are deployed within a few hundred metres of the hydraulic fracturing. Only by
deploying sensors so close to the seismicity can data be collected of sufficient high quality
that locations and other processing results can be calculated for these tiny events.
Alternatively, massive surface arrays comprising hundreds or thousands of seismometers are
deployed, so the signal-to-noise ratio can be enhanced by stacking the seismograms (Grechka,
2010; Gei et al., 2011).

Most of the criteria proposed by Davis and Frohlich (1993) for induced seismicity are
fulfilled for seismicity recorded during hydraulic fracturing operations. We review the data
here, and use it to understand the geological processes by which fault reactivation occurs

during and after the hydraulic fracturing operations.

3.2 Earthquake magnitudes

Fault reactivation can cause earthquakes with magnitudes larger than expected for
fracture propagation. Wolhart et al. (2005) demonstrated this in the Jonah Field in Wyoming,
USA (Fig. 3). Hydraulic fracturing of the Late Cretaceous Lance Formation was carried out
in a number of wells, with 9-11 hydraulic fracturing stages, using an energized borate cross-
linked gel (Wolhart et al., 2005; Downie et al., 2010). The East 1 well was used for seismic
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measurements and the East 3 well was used for the hydraulic fracturing (Fig. 3). A graph of
moment magnitude vs. distance is commonly used to identify seismicity that is anomalously
large, and that clusters at specific distances from the monitoring well. Both characteristics
indicate reactivation of a discrete fault (Fig. 3).

Increases in the magnitude of the microearthquakes with time following the onset of
pumping are indicative of fault reactivation. These have been reported to have been
accompanied by a sharp reduction in b-value, calculated for a moving subset of events over
the time that pumping took place (Maxwell et al., 2009 — Fig. 4). For example, in the case of
the study of Maxwell et al. (2009), a thrust fault was penetrated by the treatment well.
Sandstones offset by the fault were hydraulically fractured with a ca. 80-minute-long
injection. After pumping ceased, the earthquakes would be expected to reduce in size, but in
this case they became larger. The b-value dropped from ~2 to ~1, and this was interpreted as
indicating fault reactivation (Maxwell et al., 2009; Downie et al., 2010 — Fig. 4). Until
recently such analyses were carried out after hydraulic fracturing was completed. However,
Kratz et al. (2012) report results from the hydraulic fracturing of four horizontal wells in
Montague county in Texas, in the lower Barnett shale, and propose that the b-values are

evidence for early fault movement during and after the hydraulic fracturing.

Precursory microseismicity was not recorded in the Preese Hall well, in Lancashire,
UK in 2011, where several events up to M 2.3 have been ascribed to fault reactivation (Fig. 5,
Green et al., 2012). At the Preese Hall 1 well, 55 events were recorded. That the hydraulic
fracturing caused fault reactivation was proposed on the basis of the unusually high

magnitude and the close temporal coincidence with hydraulic fracturing stages (Fig. 5).

3.3 Spatial and temporal characteristics

Spatial clustering of the larger earthquakes can occur (Wolhart et al., 2005 - Fig. 3).
Earthquakes induced at the Jonah Field, Wyoming, showed a spatial distribution that
suggested new hydraulic fractures fed hydraulic fracturing fluid into a fault which
consequently reactivated (Maxwell et al., 2008, — Fig. 6). The fault is approximately 200 m

from the injection well.
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Clustering can be temporal as well as spatial. Wessells et al. (2011) showed that for
three hydraulic fracturing operations in a 24 hour period there were significant increases in
the normalised seismic energy emitted, and this was interpreted as discrete episodes of fault
movement. Hulsey et al. (2010) describe induced strike-slip and reverse faulting in the
Marcellus shale, USA, resulting from hydraulic fracturing, and characterized by short bursts

of earthquakes.

Mapping hydraulic fractures in the Montney Formation, Canada, using seismicity,
shows that hydraulic fractures can terminate at faults which have been mapped using 3D
seismic reflection data (Maxwell et al., 2011) (Fig. 7). The edge detection map (often used to
identify faults in 3D seismic datasets) reveals a number of faults that trend NW-SE. The
largest earthquakes located are close to a NW-SE trending fault, consistent with the

interpretation that it was reactivated.

As well as injection into faults via new fractures, injection directly into faults has been
recorded in the Barnett Shale (USA) (Kratz et al., (2012) (Fig. 8). The faults are strike-slip,
whereas the fractures are normal. Thus, the changes in the sense of shear as well as the spatial

clustering are diagnostic of fault reactivation rather than the stimulation of new fractures.

There is a growing body of research that models the process of fluid-injection-induced
seismicity (e.g., Shapiro and Dinske, 2009). For example Rozhko (2010) focus on the spatial
and temporal development of the microseismicity that occurs due to hydraulic fracturing and
proposes that it can modelled on the basis of linear pressure diffusion in the fluid, coupled to
deformation of a linear poroelastic medium. The microseismicity is considered to be caused
by changes in the Coulomb yielding stress along a pressure diffusion front, caused by seepage
forces (Rozhko, 2010). Geiser et al., (2012) propose that they can image extensive pre-
existing fractures stimulated by these processes using a passive seismic method coined
‘tomographic fracture imaging’ caused by transmission of a fluid pressure pulse. The
following year Lacazette and Geiser (in press) clarified that, it’s not only a fluid pressure

pulse but also poroelastic coupling of the stress in the rock to pore and fracture fluids could
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cause the stress changes without any fluid flow that stimulates fractures 100s of metres from

place where hydraulic fractures were initiated.

3.4 Long-period and long-duration events

Because of the high pressure of the hydraulic fracturing fluid, faults poorly orientated
relative to the stress field may slip, but the slip may be slow and not generate conventional
high-frequency microearthquakes (Das and Zoback, 2011). Das and Zoback (2011) studied
10-80 Hz, long-period, long-duration (LPLD) events which have similar characteristics to
tectonic tremors observed in subduction zones and strike-slip plate boundaries. The maximum
number of LPLD events were detected in the hydraulic fracturing stages with the highest
pumping pressure and the highest natural fracture density (Fig. 9). The events were
interpreted as slow shear slip on pre-existing natural fractures as a result of the high fluid

pressure. The faults that moved were poorly orientated relative to the stress field.

3.5 Nuisance seismicity

The majority of data from the USA show that when fault reactivation occurs the
earthquake magnitudes tend to be very low, and do not exceed ~ M 1 (Fig. 10). There are
three known exceptions to this, Etsho and Kiwigana, Canada in 2009, 2010 and 2011 (BC Qil
and Gas Commission, 2012), the Eola Field, Oklahoma, USA in 2011 (Holland, 2011) and
Lancashire, UK in 2011 (de Pater and Baisch, 2011). In 2011 a felt earthquake of magnitude
M 2.3 occurred in Lancashire, UK, as a result of hydraulic fracturing of the Preese Hall well
(Fig. 5). The seismicity at the Eola Field, southern Garvin County, Oklahoma, has been
tentatively attributed to hydraulic fracturing. The field is characterised by a series of WNW -
ESE striking faults. 43 earthquakes were located there in 2011 with magnitudes up to 2.8.
Hydraulic fracturing was carried out in a number of stages and earthquakes onset 13 hours

after operations began (Holland, 2011).

A total of 216 earthquakes occurred 2009-2011 at the Etsho and Kiwigana fields in
Horn River, Canada and 19 were between M 2 and 3 (Fig. 11). The largest event had a
magnitude of M 3.8, it occurred in May 2011, and it was felt. There was a clear temporal
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relationship between pumping and the seismicity, with earthquakes starting several hours

after the beginning of pumping (BC Oil and Gas Commission, 2012).

4. PROCESS MODEL

A number of conclusions can be drawn from these examples. Firstly there is evidence
that faults can be connected to the injection well via hydraulic fractures (Fig. 6) as well as
direct injection into faults intersecting the treatment wells (Fig. 8). Even where faults are
intersected by the treatment wells, there is often a time lag of several hours between the start
of pumping and fault reactivation. At the Preese Hall 1 well, (Lancashire, UK) there was a
delay of 10 hours between cessation of pumping and the M 2.3 earthquake (de Pater and
Baisch, 2011). The same observation was made by Maxwell et al. (2009) who observed a
delay of approximately 80 minutes from the onset of pumping and evidence for fault
reactivation in gas wells in Western Canada. Examples of felt seismicity documented in the
Horn River, Canada occurred several hours after the start of pumping (BC Oil and Gas
Commission, 2012). The delay between pumping and the reactivation of some faults (e.g.,
Maxwell et al., 2009) may in part be because the fault into which fluid is injected has inherent
storage and transmissibility characteristics, or due to the time required for the transmission of

fluid pressure by pressure diffusion and due to poroelasticity (Lacazette and Geiser, in press).

In summary there are several mechanism by which faults are reactivated due to hydraulic
fracturing to cause felt seismicity. Fracturing fluid or displaced pore fluid could enter the
fault, a fluid pressure pulse could be transmitted to the fault and due to poroelasticity,
deformation or ‘inflation’ of the rock due to injection could increase fluid pressure in the fault
or in the fractures connected to the fault (e.g. Lacazette and Geiser, in press). The following
pathways for fluid or a fluid pressure pulse are proposed: (a) directly from the wellbore; (b)
through new, stimulated hydraulic fractures; (c) through pre-existing fractures and minor
faults; or (d) through the pore network of permeable beds or along bedding planes (Fig. 12).
The reactivated fault could be intersected by the wellbore or it could be 10s to 100s of metres

from it.

5. CONCLUSIONS
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Of the 198 possible examples of induced seismicity reported in the literature,
magnitudes range up to M 7.9. Hydraulic fracturing of sedimentary rocks, for recovery of gas
from shale, usually generates very small magnitude earthquakes only, compared to processes
such as reservoir impoundment, conventional oil and gas field depletion, water injection for
geothermal energy recovery, and waste water injections. We have proposed four primary
mechanisms for fault reactivation by hydraulic fracturing. Although there are approaches for
mitigating the risks (e.g., Brodylo et al., 2011; Green et al., 2012) and faults can often be
imaged by seismic reflection data, and avoided, it cannot be ruled out that reactivation of pre-
existing faults could induce felt seismicity. It should be noted, however, that after hundreds of
thousands of fracturing operations, only three examples of felt seismicity have been
documented. The likelihood of inducing felt seismicity by hydraulic fracturing is thus
extremely small but cannot be ruled out.
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FIGURES

Figure 1. Induced seismicity caused by hydraulic fracturing. (a) Cartoon of a well drilled
vertically and then horizontally into fine-grained, low-permeability strata (dark grey), which
are offset by a normal fault (thick black line). Fluid, or a fluid pressure pulse, can be
transmitted into a nearby or intersecting, critically stressed fault (white arrows). Compressive
stresses 01, 67, and oz act upon the fault. In this case o; is depicted as being vertical, o, is
horizontal (out of the page and not shown), and oy is the normal stress acting on the fault
plane. Failure occurs when the shear stress (t) is higher than the sum of the shear strength (10)
and frictional stress on the fault plane (uoy), where L is the coefficient of friction. (b) A Mohr
diagram for the fault plane. Mohr Circle 1 represents 6; and o3 for the critically stressed fault
plane prior to hydraulic fracturing. It is therefore located close to the Mohr failure envelope.

During hydraulic fracturing, or during shut in of the well before flowback, the fluid pressure
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within the fault zone could increase. This could occur due to transmission of a fluid pressure
wave or because hydraulic fracturing fluid or pore fluid enters the fault increasing fluid
pressure. This causes a reduction in the compressive stress, 61 and 63, S0 the Mohr circle
shifts to the left (red arrow, Mohr Circle 2), intersects the failure envelope, shear failure
occurs, and if this is over a significant length of the fault, there is the potential for felt

seismicity.

Figure 2 Frequency vs. magnitude for 198 published examples of induced seismicity (see
Tables 1, 2 and 3). The many examples of induced seismicity that are not published are not

included on this graph.

Figure 3 Moment magnitude vs. distance from seismic stations for induced hydraulic
fracturing operations in a number of wells in the Jonah Field (Wyoming, USA — after Wolhart
et al., 2005). The clustering of events with larger magnitudes is indicative of fault reactivation

due to pumping of hydraulic fracturing fluid. Inset — location map.

Figure 4 Detecting fault reactivation by changes in b-value. In this example a thrust fault was
reactivated after the injection period had ended and this is marked by a change in the b-value
from 2 to 1 (after Maxwell et al., 2009).

Figure 5 Pumped volume, flowback volume and moment magnitude for several
microearthquakes vs. time for the Preese Hall well, drilled in 2011 in Lancashire, UK (de
Pater and Baisch, 2011).

Figure 6 Microearthquakes from the Jonah Field, (Wyoming, USA, location Fig. 3 inset).
Blue dots: microearthquakes caused by the propagation of hydraulic fractures in East 3 well.
This probably allowed fluid movement into a fault, reducing normal stress, and reactivating it
(yellow and green dots). After Wolhart et al. (2005).

Figure 7 (a) Three wells, A, B, and C, drilled into the early Triassic upper Montney
Formation in northeast British Columbia. The orange dashed line bounds the microseismicity
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in the northeast. (b) Edge attribute (see Brown, 2010) for a reflection in a 3D dataset over the

upper Montney Formation showing NW-SE orientated faults. After Maxwell et al. (2011).

Figure 8 Map of microearthquakes induced by multiple stages of hydraulic fracturing in the
Barnett shale (after Kratz et al., 2012). Blue lines — boreholes, blue dots — earthquakes with
strike-slip motion, red dots — earthquakes with dip slip motion. Changes in the sense of shear
on failure planes are thought to indicate a change from the stimulation of new hydraulic
fractures (red dots) to fault reactivation (blue dots). Yellow-dashed lines mark interpreted
extents of damage zones. This case study probably represents an example of the direct

injection of fracturing fluid into a fault zone.

Figure 9 Long-period, long-duration (LPLD) seismicity recorded during a multi-well, multi-
stage hydraulic fracturing operation in the Barnett Shale in Texas (after Das and Zoback,
2011). (a) Geometry and arrangement of wells A-E with reported seismicity. (b) Axial
spectrogram of stage 7 of wells A and B revealing numerous LPLD events. (c) Examples of
LPLD events observed at frequencies below 100 Hz taken from (b). Blue arrows point to the
LPLD seismic events.

Figure 10 Comparison of earthquake moment magnitudes recorded in the USA, Canada and
UK. Red dots indicate felt seismicity with the magnitude marked. (1) from Warpinski et al.
(2012); (2) from Pater and Baisch (2011); (3) from Holland (2011); (4) from the BC Oil and
Gas Commission (2012).

Figure 11 Range of magnitudes for the cases of felt seismicity including only magnitudes > M
1. Etsho and Kiwiganaola were reported on the M scale (magnitudes from figure 9 of BC Oil
and Gas Commission, 2012), Preese Hall-1 events were recorded as moment magnitudes (de

Pater and Baisch, 2011) and Eola Field, Oklahoma, USA events as duration magnitude.

Figure 12 Cartoon of low-permeability reservoir with an intersecting fault and potential
mechanisms for the transmission of a pore fluid pressure pulse or fluid into a fault to cause
reactivation. 1 — Direct connection and injection into the fault (e.g., Hulsey et al., 2010); 2 —

fluid flow through the stimulated hydraulic fractures into the fault (e.g., Wolhart et al., 2005);
20
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3 — fluid flow through the existing fractures; 4 — fluid flow through permeable strata and

along bedding planes.

Table 1. Earthquakes induced by mining operations. 1. Pechmann et al. (1995); 2. Bennett et
al. (1996); 3. Hubert et al. (2006); 4. Bischoff et al. (2009); 5. Redmayne (1988); 6. Fritschen
(2009); 7. Arabasz et al. (2005); 8. Zhang Zhong et al. (1997); 9. Vallejos and McKinnon
(2011); 10. Li et al. (2007); 11. Amidzic et al. (1999); 12. Majer (2011). Gaps in this and

subsequent tables are where information was not specified in the published source.

Table 2. Earthquakes induced by waste injection, oil and gas field depletion, pressure support
for oil and gas fields, salt mining, hydraulic fracturing for shale gas exploitation and
geothermal exploitation. 1. Nicholson (1992); 2. Davis et al. (1995); 3. Lahaie et al. (1998); 4.
Mirzoev et al. (2009); 5. Roest and Kuilman. (1994); 5. Jalali et al. (2008); 6. Davis and
Pennington (1989); 7. Doser (1992); 8. Galybin et al. (1998); 9. Genmo et al. (1995); 10.
Ottermoller (2005); 11. Kouznetsov et al. (1994); 12. Giardini (2011); 13. Howe et al. (2010);
14. Van Eck et al. (2006); 15. Ohtake (1974); 16. Nicholson and Wesson (1990); 17. Zoback
and Harjes (1997); 18. Frohlich et al. (2011); 19. de Pater and Baisch (2011); 20. Van Poollen
and Hoover (1970); 21. Ake et al. (2005); 22. Holland (2011); 23. Julian et al. (1996); 24.
Gibbs et al. (1973); 25. Haring et al. (2006); 26. Baisch et al. (2006); 27. Bourouis and Pascal
(2008); 28. Majer et al. (2007); 29. Keiding et al. (2010); 30. Batini (1985); 31. Phillips et al.
(2002); 32. Evans et al. (2012); 33. Kugaenko et al. (2005); 34. Kaieda et al. (2010). 35. BC
Oil and Gas Commission, (2012).

Table 3. Earthquakes induced by surface reservoir construction and impoundment. 1: Gupta
(1985); 2: Rothé (1970); 3: Gough and Gough (1970); 4: Stein et al. (1982); 5: Keith et al.
(1982); 6: Zoback and Hickman (1982); 7: Chung and Chao (1992); 8: Gahalaut and Gahalaut

(2010); 9: Lei et al. (2008); 10: Klose (2007); 11: Ge et al. (2009).
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Table 1

Largest Earthquake

Magnitude Type

Mine Location Resource Date Magnitude reported Reference
Trona Mines Wyoming Trona 1995 5.1 M. 1
Newcastle Australia Coal 1989 5.6 Mo 2
Ural Mts Russia 1995 4.4 M 2
South Africa 1994 5.6 M 2
Kentucky USA 1995 4 M 2
New York USA 1994 3.6 M 2
Welkom South Africa Gold 1976 5.2 M 3
Klerksdorp South Africa Gold 1977 5.2 M. 3
Carletonville South Africa Gold 1992 4.7 Mo 3
Klerksdorp South Africa Gold 2004 4.9 M. 3
Klerksdorp South Africa Gold 2005 5.3 M. 3
Saar Germany Coal 2008 4 M. 4
Ruhr Germany Coal 2007 3.3 M. 4
UK Coal 1986 2.8 M. 5
Saarland Germany Coal 2008 4 M. 6
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Utah USA Coal 2000 2.2 M 7
Liaoning China Coal 1977 4.3 M 8
Copper CIiff North Ontario, Canada 2008 3.8 Mo 9
Craig Ontario, Canada 2007 2.2 Mo 9
Creighton Ontario, Canada 2006 4.1 Mo 9
Fraser Ontario, Canada 2008 2.4 Mo 9
Garson Ontario, Canada 2008 3.3 M 9
Kidd Creek Ontario, Canada 2009 3.8 Mo 9
Macassa Ontario, Canada 2008 3.1 Mo 9
Nanshan China Coal 2001 3.7 M. 10
Gangdong China Coal 2.3 M. 10
Shengli China Coal 1978 2.8 M. 10
Laohutai China Coal 1981 2.5 M 10
Wulong China Coal 2004 3.8 M. 10
Taiji China Coal 1977 4.3 M. 10
Benxi Caitun China Coal 2004 2.8 M. 10
Mentougou China Coal 1994 4.2 M. 10
Chengzi China Coal 3.4 M. 10
Fangshan China Coal 1997 3 M. 10
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Jinhuagong China Coal 2.1 M. 10
Baidong China Coal 1983 2.7 M. 10
Hauting China Coal 3.3 M. 10

Taozhuang China Coal 1982 3.6 M. 10

Shunyuan China Coal 2002 3.6 M. 10
Sanhejian China Coal 2003 3.4 M. 10
Weixi China Salt 1979 4.2 Mo 10
Zigong China Salt 1985 4.6 M. 10
Louguanshan China 1994 4.3 M. 10
Chayuan China Coal 1987 4.3 M. 10
Yanshitai China Coal 1987 4.3 M. 10
Huachu China Coal 1982 4.1 Mo 10
Sijiaotian China Coal 1985 2.7 M. 10
Liuzhi China Coal 1991 3.6 M. 10
Dizong China Coal 1985 2.7 M. 10

Bingshuijing China Coal 1991 3.6 M. 10
Dayong China Coal 1991 3.1 M. 10

Xifeng Nanshan China Coal 1991 3.1 M. 10
Shanjiaocun China Coal 1997 3.1 M. 10
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Yueliangtian China Coal 1997 3.1 M. 10
Dahebian China Coal 1985 2.8 M. 10
Kaiyang China Phosphorus 1990 2.2 M. 10
Meitanba China Coal 1991 2.8 M. 10
Enkou China Coal 1976 2.9 M. 10
Doulishan China Coal 1985 25 M. 10
Qiaotouhe China Coal 1974 2.2 M. 10
Shixiajiang China Coal 1991 1.6 M. 10
Xindong China Coal 1994 3 M. 10
Niumasi China Coal 1997 3.2 M. 10
Dahuatang China Coal 1997 2.7 M. 10
Qingshan China Pyrite 1996 2.6 M. 10
Qixingjiezhen China Coal 1996 3.1 M. 10
Xujiadong China Uranium 1998 3.4 M. 10
Niwan China Gypsum 2003 2.8 M. 10
Shuikoushan China Lead-Zinc 2 M. 10
Yanguan China Coal 1988 25 M. 10
Huayazi China Coal 1973 2.8 M. 10
Huaibashi China Coal 1972 3.6 M. 10
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Wacang China Coal 1971 3.8 M. 10
Western Deep Levels East South Africa Gold 1996 4 M. 11
Wapingers Falls New York, USA 1974 3.3 M 12
Reading Pennsylvania, USA 1994 4.3 12
Belchatow Poland Coal 1980 4.6 12
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Table 2
Largest Earthquake
Project Location Resource Activity i Ref
Year Magnitude Magrr;gg?ti;'ype
. M,
Catoosa Oklahoma, USA Gas Withdrawal 1956 4.7 1
M
East Durant Oklahoma, USA Gas Withdrawal 1968 3.5 - 1
M
El Reno Oklahoma, USA Gas Withdrawal 5.2 - 1
M
Flashing Field Texas, USA Gas Withdrawal 34 - 1
M
Imogene Field Texas, USA Gas Withdrawal 1984 3.9 - 1
M
War-Wink Texas, USA Gas Withdrawal 3 - 1
M
Fashing Texas, USA Gas Withdrawal 1993 4.3 b 2
M
Lacq France Gas Withdrawal 1978 4.2 - 3
M
Gazli Uzbekistan Gas Withdrawal 1976 7.3 : 4
M
Eleveld Netherlands Gas 1991 2.7 - 5
M
Snipe Lake Alberta, Canada Hydrocarbons Secondary Recovery 1970 5.1 - 1
M
Strachan Alberta, Canada Hydrocarbons Secondary Recovery 1974 4 - 1
M
Sleepy Hollow Nebraska, USA Hydrocarbons Secondary Recovery 2.9 - 1
M
Love Co Oklahoma, USA Hydrocarbons Secondary Recovery 1.9 - 1
M
Gobles Field Ontario, USA Hydrocarbons Secondary Recovery 1979 2.8 - 1
M
Cogdell Field Texas, USA Hydrocarbons Secondary Recovery 1989 5.3 - 1,6
M
Dollarhide Texas, USA Hydrocarbons Secondary Recovery 3.5 - 1
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Dora Roberts Texas, USA Hydrocarbons Secondary Recovery 3 M. 1
Kermit Field Texas, USA Hydrocarbons Secondary Recovery 4 M. 1
Keystone Texas, USA Hydrocarbons Secondary Recovery 3.5 M. 1
Monahans Texas, USA Hydrocarbons Secondary Recovery 3 M. 1
Panhandle Texas, USA Hydrocarbons Secondary Recovery 3.4 M. 1
Ward-Estes Texas, USA Hydrocarbons Secondary Recovery 3.5 M. 1
Ward-South Texas, USA Hydrocarbons Secondary Recovery 3 M. 1
Apollo Hendrick Field Texas, USA Hydrocarbons Secondary Recovery 2 M 7
Iran Hydrocarbons 6 M. 5
Montebello California, USA Oil Production 1987 5.9 M. 1
Orcutt Field California, USA Oil Production 1991 3.5 M. 1
Wilmington California, USA Qil Production 5.1 M. 1
Richland Illinois, USA Qil Production 4.9 M 1
Romashkinskoye Russia Oil Production 1991 4 M, 8
Rengjiu China oil Production 1987 45 M. 9
Xingtai China oil Production 1981 6 M. 9
Hunt Field Mississippi, USA Qil Secondary Recovery 1978 3.6 M. 1
East Texas Texas, USA Oil Secondary Recovery 1957 4.3 M. 1
Ekofisk North Sea, UK Oil Secondary Recovery 2001 4.2 M. 10
Barsa-Gelmes-Wishka Turkmenistan Qil Secondary Recovery 6 M. 11
Akmaar Netherlands Oil Withdrawal 3.5 M 12
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Cleburne Texas, USA il Withdrawal 2.8 M 13
Groningen Field Netherlands Oil Withdrawal 3.2 M 14
Roswinkel Netherlands QOil Withdrawal 3.4 M 14
Rotenburg Germany QOil Withdrawal 4.5 M 13
Elsenbech Germany Other 5.8 M 13
Upper Silesian Germany Other 4.5 M 13
Rangely Colorado, USA Research Research 3.1 M. 1

Matsushiro Japan Research Research 1970 2.8 M 15,16
KTB Germany Research Research 2.8 M 17
Attica New York, USA Salt Solution Mining 1929 5.2 M. 1
Dale New York, USA Salt Solution Mining 1971 1 M. 1
Cleveland Ohio, USA Salt Solution Mining 3 M. 1
Dallas-Fort Worth Texas, USA Shale Gas Water Disposal 2009 3.3 M 18
Ashtubla Ohio, USA Shale Gas Water Disposal 1987 3.6 M. 1
Perry Ohio, USA Shale Gas Water Disposal 2.7 M. 1
Bowland UK Shale Gas Withdrawal 2011 2.3 Mo 19
Etsho and Kiwigana, Canada Shale Gas Withdrawal 2009-2011 3.8 M. 35
Eola Field Ohio Water Injection 2.8 M 22
Cold Lake Alberta, Canada Waste Disposal 2 M. 1

El Dorado Avrizona, USA Waste Disposal 3 M. 1,16

Denver Colorado, USA Waste Disposal 1967 5.3 M. 1,20
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Lake Charles Los Angeles, USA Waste Disposal 3.8 M. 1
Paradox Valley Colorado, USA Waste Disposal 4.3 M 21
Geysers California, USA Geothermal 1982 4.6 M. 23
Rangely Colorado, USA Geothermal 1964 3.4 M. 24
Basel Switzerland Geothermal 2006 3.4 M. 25
Cooper Basin Australia Geothermal 2003 3.7 M, 26
Soultz France Geothermal 2.7 M. 27
Berlin El Salvador Geothermal 2003 4.4 Mo 28
Reykjanes Iceland Geothermal 2008 4 M. 29
Larderello Italy Geothermal 1978 3.2 M. 30
Fenton Hill New Mexico, USA Geothermal 1971 1 M 31
Bad Urach Germany Geothermal 1.8 M, 32
Cesano Italy Geothermal 2 M, 32
Krafla Iceland Geothermal 2 Mo 32
Landau Germany Geothermal 2.7 M 32
Latera Italy Geothermal 3 M, 32

German Continental

Deep Drilling Program Germany Geothermal 1.2 M, 32
Monte Amiata Italy Geothermal 3.5 M. 32
Mutnovsky Russia Geothermal 2 M 33
Ogachi Japan Geothermal 2 M 34
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M,
Rosemanowes UK Geothermal 2 32
M
Torre Alfina Italy Geothermal 3 ° 32
. M,
Unterhaching Germany Geothermal 2.4 32
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Table 3
vear of Largest Earthquake
Reservoir Location Impoundment Date Magnitude Magnitude Type Reported References
Marathon Greece 1929 1938 5.7 M. 1
Oued Fodda Algeria 1932 1933 3 M. 1,2
Hoover Nevada, USA 1935 1939 5 M. 1,2
Shasta California, USA 1944 1944 3 M. 1
Clark Hill Indiana, USA 1952 1974 43 M 1
Eucumbene Australia 1957 1959 5 M. 1
Kariba Zambia 1958 1963 6.2 Mo 1,3
Kerr North Carolina, USA 1958 1971 4.9 M. 1
Camerillas Spain 1960 1964 4.1 M. 1
Canellas Spain 1960 1962 47 M. 1,2
Kurobe Japan 1960 1961 4.9 M. 1
Koyna India 1962 1967 6.3 M. 1,2
Monteynard France 1962 1963 4.9 M. 1,2
Contra Switzerland 1963 1965 3 M 1
Aswan Dam Egypt 1964 1981 5.5 M. 1
Benmore New Zealand 1964 1966 5 M. 1
Kremesta Greece 1965 1966 6.3 M. 1,2,4
Piastra Italy 1965 1966 4.4 M. 1
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Grancarevo Serbia 1967 1967 3 M 1
Oroville Washington, USA 1967 1975 5.7 M. 1
Blowering Australia 1968 1973 3.5 M. 1
Vouglans France 1968 1971 4.4 M. 1
Kastraki Greece 1969 1969 4.6 M. 1
Hendrik VVerwoerd South Africa 1970 1971 2 M. 1
Kamafusa Japan 1970 1970 3 M. 1
Schlegeis Austria 1970 1971 2 M. 1
Jocassee South Carolina, USA 1971 1975 3.2 M. 1,56
Talbingo Australia 1971 1973 3.5 M. 1
Nurek Tajikistan 1972 1972 4.6 M. 1,5
Emmonson Switzerland 1973 1973 3 M. 1
Keban Turkey 1973 1973 3.5 M. 1
Volta Grande Brazil 1973 1974 4 Mo 1
Idukki India 1975 1977 3.5 M. 1
Manicouagan Quebec Canada 1975 1975 4.1 M. 1
Itezhitezhi Zambia 1976 1978 4 M 1
Monticello California, USA 1977 1979 2.8 M. 1
Srinagarind Thailand 1977 1983 5.9 M. 1,7
Toktogul Kyrgyzstan 1977 2.5 M. 1
Zipingpu China 2006 2008 7.9 M. 1,8,9, 10,11
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We thank Thorogood and Younger for their commenbwnpaper ‘Oil and gas wells and
their integrity: Implications for shale and uncontienal resource exploitation’. We agree
with several of the points they make: that hydrboas are tightly bound into unconventional
reservoirs, that reactive UK regulation has sudoéigsdentified well integrity failures, and
that pre-emptive action can mitigate against fuprablems. Indeed, we raised the very same
issues in the paper itself (Davies et al., 2014\weler, they make other criticisms of the
paper that close reading shows are demonstralbyraut.

Thorogood and Younger state that ‘the fundamerdal 6f the paper is its failure to
acknowledge that well integrity is a product ofdboegulation, technology and prevailing
operational culture.” This statement is demonsyraidorrect: we acknowledged this issue in
the abstract, introduction and conclusions. Formgxta, we state that there is significant
variability in failure statistics and this ‘relatesthe fact that the sizes of the datasets are
variable; the included wells were drilled over aipe of more than a century, using different
well designs and technology, were targeting uncotiweal and conventional hydrocarbons;
and were drilled in diverse geological settingsayi®s et al., 2014: section 4.6). Similarly

the claim that we have ‘[attempted] to extrapofatkire rates from a diverse international







dataset’ is false. At no point was the collectidulatasets used to make a prediction about
potential UK failure rates. The paper even statasguch direct extrapolations cannot be
performed with the data provided: ‘a wide rangéadtire statistics is therefore reported, and
although they are presented on a single graphaw e spread of results, this is not
intended to imply that direct comparisons betweeny different datasets (i.e. size, age of

wells, geology) can be made’ (Davies et al, 20&4tien 2).

Thorogood and Younger state that the Hatfield Md@gas Field blowout ‘did not occur due
to a lack of casing integrity per se as Davied.aetply’. This statement is again incorrect;
we did not imply that the Hatfield Blowout was cadsy lack of casing integrity. There is
very little text on this in the paper, but we sthtieat ‘although the onshore sedimentary
succession is not thought to be overpressuredphgdoons could still migrate upwards
because of their buoyancy relative to pore waté¢hefluid in a borehole (e.g. the Hatfield
blow-out near Doncaster, UK...)" (Davies et al., 204dction 4.5). This does not imply that
the incident was caused by casing failure. Howewerdisagree with Thorogood and
Younger that a blowout is not an example of welkgnity failure; by definition, such an

incident is precisely that.

Thorogood and Younger claim that we equivocate wedgrity data and anecdotes across
continents and jurisdictions. This claim is incatreln the paper, we state that it is ‘unclear
which of the datasets used in this study will beertiost appropriate analogues for well
barrier and integrity failure rates at shale gasipction sites in the UK and Europe’ (Davies
et al., 2014: section 9).

Thorogood and Younger state that actions can lntakw to ensure there won't be a
problem in the future. We agree, and make sevecallnmendations as to what actions could
be taken, most importantly in regard to monitoramgl open access to data on well integrity
and barrier failure (see Davies et al., 2014: sacd).

We agree that the Singleton Oil Field provides@seasful example of how a reactive
approach on the part of UK regulators has idemtifieme well integrity failures. However it
is also a good example of data that were not inpth®ic domain. This reinforces one of our
central points, that although monitoring is in @dor active wells the data are not readily

available and this hinders the scientific resegrcitess.







We agree with Thorogood and Younger that uncongaatireservoirs are unlikely to be a
natural source of leaking gas because they haydmerpermeability and the hydrocarbons
are tightly bound into the rock structure. We m#ds point in our paper, stating that ‘fluid
movement through and from shales is likely to bieezwely slow’ (Davies et al., 2014:
section 8.4). However recent analysis (Ingraffeal.e 2014) shows that for wells drilled
after 2009 in Pennsylvania the risk of a cemenitAigaisnpairment is 1.57 times higher in an
unconventional gas well relative to a conventiomell drilled within the same time period.
So we should not assume that wells targeting losmpability unconventional reservoirs
have a lower chance of cement or casing failurepased to wells drilling conventional

reservoirs as the data thus far does not supgert th

Thorogood and Younger state that the probabilitieakage after well abandonment is
negligible as ‘gas and oil is so tightly bound ttrety never exceed bubble pressure’. Publicly
available monitoring data from shale gas welldettiin Pennsylvania show that a small
percentage of wells targeting unconventional reses\have well barrier or integrity failure.
Regarding the UK, we point out in our paper tharpvessure-driven leakage is unlikely. We
also note that this is not the only means of gaisl/finigration, particularly in a fractured
reservoir, and that fluids in the overburden cdwéch source (see Davies et al., 2014, fig. 2:

section 4.5).

Thorogood and Younger claim that the Environmengémgy and regulators are capable —
through ‘adherence to well integrity guidelinesdfensuring the long-term, safe
abandonment of wells. This may generally be the.ddswever, our example of the
Sunderland borehole (Davies et al., 2014, fig.skttion 7) presents a scenario in which
neither operators, landowners, regulators, or dpesk were aware of the condition of the
well, nor were any plans in place to safely abanslosafeguard the well’s integrity prior to
the site being developed as a housing estate nMdysbe an unusual situation, but it can

occur.

Thorogood and Younger state that ‘The paper has&rtunate tendency towards
speculation’. This is a little unfair and is nopresentative of the paper. We state in the
abstract that, ‘of 143 active UK wells that weregurcing at the end of 2000, one has

evidence of a well integrity failure’ (Davies et,&014). It was essential that we provided







context for this statistic, and as most wells artemonitored and there is very little publicly
available data, we made the cautious statementhtisaigure is very likely to be an
underestimate of the true number of wells that leawell barrier or integrity failure. It
would have been unsound not to have indicated Asisve indicated, more data on the

monitoring of active and abandoned wells would relifuce this uncertainty.

We recognize the concerns that Thorogood and Yaouagee, which focus on the challenges
of drawing together meaningfully a mix of datadetsn different jurisdictions. It would
undoubtedly be preferable to have the existing datactive wells from the UK in the public
domain and start to systematically monitor abandamells. Such data should help reduce

uncertainties and help inform decision makers.
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Summary

Davies et al. (2012) measured the heights of stimulated and natural hydraulic fractures caused by
high fluid pressure from eight sedimentary successions from around the world. They found the
tallest natural hydraulic fractures to be ~ 1133 m in height and the tallest upward propagating
stimulated hydraulic fractures, generated by fracking operations for gas and oil exploitation to be
588 m in height. This provided a rationale for an initial, safe separation distance of 600 m between
aquifers and the deeper shale gas and oil reservoirs where hydraulic fractures are being stimulated.
Three months after the paper went online, Geiser et al. (2012) published a new method,
tomographic fracture imaging, which potentially detects the movement of a fluid pressure wave in
pre-existing natural fracture systems located close to where stimulated hydraulic fractures are
forming. These fracture systems are not necessarily natural hydraulic fractures, but could be joints
and faults formed due to folding or faulting. They found the maximum vertical extent of these to be
~ 1000 m. The new results (Geiser et al., 2012) highlight the importance of understanding the
vertical extent of pre-existing fracture systems and the location of natural barriers to fracture

propagation where fracking operations are to take place.

The hydraulic fracturing controversy

Hydraulic fractures are stimulated to increase the rate of fluid flow from low permeability oil and gas
reservoirs (e.g. shale). The aim of Davies et al. (2012) was to test the hypothesis that hydraulic
fracturing has caused methane contamination of drinking water in the USA and to provide an
evidence base for the safe vertical separation distance between shale reservoirs and aquifers. The
contamination hypothesis was explicit in the title of the Osborn et al. (2011) paper ‘Methane
contamination of drinking water accompanying gas-well drilling and hydraulic fracturing’ and

popularised by the 2010 film ‘Gaslands’.

The approach adopted by Davies et al. (2012) was entirely empirical and based upon measuring the
heights of natural and stimulated hydraulic fractures. We did not consider the vertical extent of
fractures unrelated to pore pressure caused by tectonic stresses exceed the tensile strength of the
rock. Also for the stimulated hydraulic fractures we relied upon the microseismicity measurements
of Fisher and Warpinski (2011). From this database of thousands of the tallest hydraulic fracture
systems, we derived probability of exceedance plots for hydraulic fracture heights. These provide a

range of probabilities of natural and stimulated hydraulic fractures extending vertically beyond







©CO~NOOOTA~AWNPE

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Reply to comment by Lacazette and Geiser (2013)

specific distances. The results suggested that no stimulated hydraulic fractures heights measured
using microseismicity and published by Fisher and Warpinski (2011) propagated upwards past 588 m
in height and the chances of an artificially stimulated hydraulic fracture propagating vertically past

350 m was only 1%.

Is a 600 m vertical separation distance safe?

Davies et al. (2012) was purely statistical and therefore blind to factors such as local geology and
operational factors such as the volume of fracturing fluid used which would need to be considered
for specific sites. If the geology of a region where hydraulic fracturing is carried out is characterised
by evidence for vertically extensive fluid flow driven by overpressure (e.g. mud volcanoes which can
extend vertically for >> 1 km), then this introduces a significant risk that there are open pathways for
fluid flow. But there may also be natural barriers to fracture propagation, known as ‘frack barriers’,

which could limit the extent of fractures so that the tallest fractures are << 600 m.

Lacazette and Geiser (2013) in their comment propose that fluid pressure pulses triggered by
hydraulic fracturing move vertical distances of ~ 1 km through pre-existing natural fracture systems,
hundreds of metres further than the maximum propagation distance for stimulated hydraulic
fractures (Fisher and Warpinksi, 2011; Davies et al., 2012). This is detected using a new tomographic
fracture imaging method (Geiser et al., 2012). The work of Davies et al. (2012) remains valid as a
statistical analysis of stimulated hydraulic fracture height measurements derived using
microseismicity. But this avoids the important question; does the new tomographic fracture imaging
method reveal pre-existing fractures, not necessarily generated natural hydraulic fracturing, that
allow for a far more vertically extensive transmission of fracking or pore fluid? If so what are the

implications?

In the form the method is presented by Geiser et al. (2012), there are three shortcomings. The new
method is a passive seismic monitoring technique which may detect energy released as a result of
the transmission of fluid pressure waves. The method assumes that energy emission is linearly
related to the sum of the area of failure over time and that regions of highest crack density have the
highest semblance value. They also state that they use a summation method to capture a greater
fraction of the acoustic energy generated by fracturing, allowing imaging of very weak activity. But
our first concern is that perhaps because of proprietorial reasons, the exact workflow they use to

detect this pressure wave is not described in detail.
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Secondly, they are unclear on the exact physical process that is potentially being detecting. Geiser et
al. (2012) hypothesize that it may be some sort of the Biot ‘slow wave’ (Biot, 1962). Lacazette and
Geiser (2013) propose that two processes are potentially operating, the transmission of a fluid
pressure pulse in the fracture due to its direct connection with fracking, and coupling of stress in the
rock matrix by in-situ fluid. Thirdly, although they document some validation of their method, (e.g.
using boreholes which detect fractures located in similar positions to those imaged), more

validations needs to be published before the method is fully validated.

Despite these issues, the method and results are potentially a very significant addition to existing
seismic approaches used to monitor fracking operations. If the method performs well it will extend
the ability of passive seismic monitoring to map fractures activated over time-scales longer than the
nucleation time of stimulated hydraulic fractures. It may dramatically improve our understanding of
the extent of pre-existing fracture systems and ultimately verify whether fractures allow fluid

transmission to shallower levels than previously thought possible, over human time-scales.

Implications for the protection of water supplies

It long been know that fracture systems of 1000 m extent occur in sedimentary rocks (Lgseth et al
2001) and Davies et al (2012) showed that three-dimensional seismic data can image natural
hydraulic fractures can extend this far. If we assume fractures (hydraulic or otherwise) are also
being imaged by the tomographic fracture imaging approach then the key question is whether they
remain open after the fracking operations to enable the ascent of buoyant fluid. Confining stresses
would cause fractures to close-up when pumping stops and the pressure in the fluid drops, but we
cannot be confident that there are no permeable routes within the pre-existing fracture systems.
Also after thousands of fracking operations, there are no proven examples of contamination of
drinking water aquifers due to hydraulic fracturing. But we take the opportunity to incorporate the
new measurements of Geiser et al. (2012) in a new summary diagram of the heights of fractures
potentially stimulated by hydraulic fracturing (Fig. 1). We also provide the maximum heights for a
range of natural vertical fluid flow pathways, which include hydraulic fractures and other routes,

such as joints and faults (Fig. 2).
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The new work of Geiser et al. (2012) highlighted in the Lacazette and Geiser (2013) comment shows
that consideration of local geology and specifically through-going fracture systems and fracture

barriers are important parts of risk assessments prior to fracking operations.
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Figure 1 Approximate maximum vertical extent of fluid transmission in natural fracture systems.
(a) fractures, faults and hydraulic fractures normally located within the crest of anticlines can allow
fluid flow in mud volcano systems (Kopf et al., 2003; Davies and Stewart 2005; Stewart and Davies,
2006). Fluid flow may be in stages to intermediate fluid reservoirs and the fluid has been traced to
reservoirs > 2 km in depth (Kopf et al., 2003); (b) injectites are thought to extend a maximum of up
to ~ 1 km, form due to hydraulic fracturing the remobilisation of sand, driven by overpressure
(Hurst et al., 2011); (c) chimneys or pipes are probably clusters of hydraulic fractures imaged with

seismic reflection data (Lgseth, 2001; Hustoft et al., 2010; Moss and Cartwright 2010).

Figure 2 Potential maximum vertical extent of fluid transmission and fluid pressure pulse
transmission related to fracking operations. (a) and (b) fluid pressure pulses may be transmitted
through pre-existing fracture systems of 1 km in vertical extent (Geiser et al., 2012); (c) stimulated
hydraulic fractures may extend for ~ 600 m vertically (Fisher and Warpinski 2011; Davies et al.,

2012).
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ABSTRACT: Public concerns over potential environmental contam-
ination associated with oil and gas well drilling and fracturing in the
Wattenberg field in northeast Colorado are increasing. One of the
issues of concern is the migration of oil, gas, or produced water to a
groundwater aquifer resulting in contamination of drinking water. Since
methane is the major component of natural gas and it can be dissolved
and transported with groundwater, stray gas in aquifers has elicited
attention. The initial step toward understanding the environmental
impacts of oil and gas activities, such as well drilling and fracturing, is to
determine the occurrence, where it is and where it came from. In this
study, groundwater methane data that has been collected in response to
a relatively new regulation in Colorado is analyzed. Dissolved methane
was detected in 78% of groundwater wells with an average
concentration of 4.0 mg/L and a range of 0—37.1 mg/L. Greater

Methane
® 0.00-2.00 ® 2.00-10.00
©10.00-20.00 © 20.00 - 25.00
® 25.00- 37.00

QillGas Well Density e Thermogenic Methane
[ | Hiohse2) @ Microbial Methane
Low:0 COGCC Wattenberg Fiekt

than 95% of the methane found in groundwater wells was classified as having a microbial origin, and there was minimal overlap
between the C and H isotopic characterization of the produced gas and dissolved methane measured in the aquifer. Neither
density of oil/gas wells nor distance to oil/gas wells had a significant impact on methane concentration suggesting other
important factors were influencing methane generation and distribution. Thermogenic methane was detected in two aquifer wells
indicating a potential contamination pathway from the producing formation, but microbial-origin gas was by far the predominant

source of dissolved methane in the Wattenberg field.

B INTRODUCTION

There has been increasing attention directed toward the
potential for environmental contamination associated with
horizontal drilling and hydraulic fracturing, the key technolo-
gies employed during the extraction of unconventional oil and
gas resources.’ Hydraulic fracturing is utilized to increase
formation permeability through introduction of large amounts
of injection fluid under high pressure.” In addition to increasing
the recovery of oil and gas from the producing formation, it has
been suggested that hydraulic fracturing could create seepage
pathways of natural gas (methane) and deep formation water
(with high TDS) migrating to the shallow formation, resulting
in aquifer contamination and green house gas emissions.”*
Methane is formed in nature through two primary types of
processes: microbial and thermogenic. Microbial methane is
produced by subsurface bacteria and is a common natural
source of methane gas in groundwater aquifers, usually found in
water wells, swamps, and other environments with high carbon
concentrations and low redox potential.® Microbial or biogenic
methane can be produced through two pathways, acetate
fermentation and CO, reduction. Thermogenic methane gas is
produced at greater depths through high pressure and
temperature processes, characteristic of deep oil and gas
reservoirs that conventional and unconventional hydrocarbon

v ACS Publications  © XxXx American Chemical Society

wells tap.° Methane migration from deep underground
formations to the surface can be achieved by several
mechanisms including advective transport (gas migrates from
areas of high pressure to areas of low pressure) through or
around the protective casing that surrounds the production
piping.7

Significant oil and gas development has occurred recently in
the Denver-Julesburg (DJ) basin of northeast Colorado.®
Intensive well drilling and fracturing in the Wattenberg field,
located in the DJ basin,” first discovered in 1970, has resulted in
greater than 19 000 producing oil and/or gas wells and 7500
abandoned wells through August, 2013.° The Colorado Oil and
Gas Conservation Commission (COGCC) has compiled oil
and/or gas extraction and production information and, more
recently, has required groundwater monitoring at a minimum
of two groundwater sources before and after drilling an oil and
gas well (Rule 318A.e.(4))."° The objective of this paper is to
understand the occurrence and distribution of methane in
groundwater in the Wattenberg field. In addition, the
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relationship between methane and oil/gas activity is studied
with chemical and spatial analysis of COGCC groundwater

baseline data.

B MATERIALS AND METHODS

The COGCC Baseline Groundwater Sampling Program
requires oil and gas operators to sample two groundwater
wells, springs, or seeps on opposite sides of one drilling location
from the deepest aquifer within a half-mile radius of the surface
location.'® A subsequent sample needs to be taken between 12
and 18 months after the well completion or facility installation
and again between 60 and 78 months after the initial sampling
event (dry holes are exempt from this requirement). Isotopic
and gas compositional analysis needs to be collected if the
methane concentration exceeds 1.0 mg/L.

The study area, the Wattenberg field, is located on a 1280
000-acre parcel in northeast Colorado."" Groundwater and gas
composition data were collected in the area of the Wattenberg
field and at COGCC groundwater well points. The
components of water and gas were analyzed by standard
methods (Supporting Information Table 1).">~"*

A total of 223 data points from 176 drinking water wells were
included in this analysis, with replicate samples collected from
4S groundwater wells that encountered a methane change, and
131 single sample wells. Within the 176 groundwater wells, 60
isotopic test results (carbon and hydrogen) from 40 wells were
obtained to determine the composition of dissolved gases in
water (such as methane), including 19 wells that were sampled
multiple times.

B RESULTS AND DISCUSSION

The origin of methane is related to the microbial and thermal
alteration of organic matter. Carbon and hydrogen isotopic
compositions of methane can be used to examine the different
origins due to distinct characteristics of the two types,
thermogenic and biogenic."

BC in CH, is depleted in the primary microbial dissimilation
reactions, acetate fermentation and carbon dioxide reduction
(shown below), and is accompanied by minimal C, and C;
production.'® However, thermogenic methane production will
result in the production of heavier hydrocarbons (C,, Cj;
etc.),'”” and the stable isotope '*C in CH, is closer to the
isotope of the substrate that produced methane but more
enrichigl via the thermogenic process than microbial mecha-
nisms.

Acetate fermentation pathway:

CH,COOH = CH, + CO,

CO, reduction pathway:
CO, + 4H, = CH, + 2H,0

Most microbial methane is generated in shallow aquifers
while thermogenic methane is found in deep formations
exceeding 3000 feet'” due to the elevated temperature and
pressure required. Therefore, the occurrence of thermogenic
methane in groundwater can be indicative of upward migration
of methane from deeper sections of the earth’s crust. Rice and
Ladwig® reported that Wattenberg field natural gas methane,
that came from greater depths (usually 6000—8000 feet deep),
contained significant amounts of heavier hydrocarbons (C,/
C,_s values range from 0.83 to 0.87) and was isotopically
heavier (6 "*C—CH, values range from —49 to —43 %o). The

chemical and isotopic composition of the gases indicated a
thermogenic origin and were generated by thermal cracking
processes during intermediate stages of thermal maturity in the
deeper part of the Denver basin, consistent with the level of
maturation determined by source rock studies.

Stable carbon and hydrogen isotope test results were plotted
in Figure 1 to define the various sources of CH,, and all the
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data points could be divided into two classifications,
thermogenic and microbial, using a CD—diagram.21 Of the 60
samples in our study, most of the samples could be classified as
microbial methane and only 4 samples from 2 well sites were
characterized as thermogenic-origin in the early mature stage.
Average “thermogenic” methane concentration was 3.5 mg/L,
and average methane concentration designated microbial in
origin was 3.2 mg/L. Occurrence of microbial methane is
ubiquitous accounting for over one-fifth of the world’s gas
accumulations® and is influenced by vegetation and soil
conditions, or other anthropogenic activities.**

A dlear illustration of the different methane sources is shown
in Figure 2, a comparison of isotopic characteristics (* listed
definitions of §'3C and 6D) between dissolved methane found
in aquifer wells (blue tilted squares) and gas phase methane
from natural gas production wells (red triangles). Two distinct
data point clusters are observed indicating that methane from
the groundwater wells was formed with a different mechanism
than methane from oil and gas wells. Samples from oil and gas
wells were isotopically heavier than the samples from
groundwater wells, implying thermogenic methane in origin.
Oil/gas wells are much deeper than groundwater wells and
produce methane by thermal cracking due to extremely high
temperatures and abundant organic carbon sources during the
early or intermediate thermal maturity stages.”* Microbial and
thermogenic methane, with distinct isotopic characteristics, are
separated by low-permeability formations between groundwater
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Figure 2. Plot of carbon and hydrogen isotopic results from a
groundwater well (blue) and gas from an oil/gas well (red).

wells (up to 1000 feet (300 m) deep) and oil/gas wells (average
6500 feet (1980 m) deep).

Methane characteristics including concentration, C,/C,,, and
5 ®CH, are plotted versus groundwater well depth in Figure 3.
None of the methane characteristics has a significant correlation
with water well depth, and concentration appears random.
Figure 3b shows that most of the methane is considered “dry”
or relatively devoid of C,, compounds, another indication of a
predominant biogenic origin.25 In addition, most of the values
of 5 BCH, below —60%c (Figure 3c) suggest a microbial
methanogenesis process.26 Figure 3a shows the variation in the
concentrations of dissolved methane in groundwater at
different depths, that the methane concentration was low
close to the surface (depth less than 150 m) while methane
began to increase with depth. In groundwater with a low redox
potential, anaerobic organisms such as Methanogens can
produce methane. Jenden and Kaplan®” observed that
increasing depth could cause the change from fermentation
to CO, reduction. Rich deposits of organic carbon in the shale
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formations not only provides a large amount of hydrocarbons at
greater depths but also favors anaerobic organisms to generate
microbial methane in shallower formations. The presence of
microbial methane coincident with deep natural gas deposits is
a likely occurrence since the microorganisms could use the
released energy with organic matter being oxidized to support
their growth.

To investigate the impact of oil and gas activities in the
Wattenberg field on aquifer well methane concentrations, well
density was examined. The evolution of oil and gas well density
was explored to understand if the increased occurrence of
drilling through groundwater aquifers and shallow reservoirs of
microbial methane could result in a higher occurrence of stray
gas migrating around casing leading to contamination of
drinking water. For water samples collected between January
2012 and August 2013, Figure 4 illustrates the distributions of
methane concentration, methane of different origins (biogenic
or thermogenic), and oil/gas well density. The well density is
based on total wells drilled (wellbores were completed) in and
before 2012 to account for potential delayed effects related to
drilling activity. Because isotopic components are only
measured if dissolved methane exceeded 1.0 mg/L, the number
of data points with isotope results are less than that shown in
Figure 4a.

The average methane concentration was 4.0 mg/L ranging
from 0 to 37.1 mg/L with a standard deviation of 6.6 mg/L.
Over 20% of 223 samples had methane concentrations under
the detection limit; 47% of the total samples had methane levels
between 0 and 2 mg/L, and 2% of total sample points had
methane in a range between 2 and $ mg/L. Therefore, 70.5% of
the overall samples had methane concentrations below S mg/L
and only 3 out of 223 smaples had values exceeding 25 mg/L
(1.2%). As shown in Figure 4b, the two groundwater wells that
had “thermogenic” concentrations of methane were not located
in the higher-density drilling areas.

Cumulative interpolation maps are shown in Figure S for
both methane distribution and well density. Figure Sa shows
the evolution of methane distribution and well density from
2006 to 2012 based on data provided by COGCC that includes
all wells drilled.

Figure S shows spatial interpolation maps of methane
concentration and well density incorporating all of the valid
data associated with predicted areas with methane concen-
tration exceeding 8 mg/L through the designated year in the
analysis. A key assumption is that methane measured in one
year will remain at that concentration in subsequent years if no
more observations were available; otherwise, the mean
concentration would be used. Methane in the northern
Wattenberg field stayed at a low level which might be due to
sufficient sulfate content in the water preventing microbial
reduction of carbonate to methane.***’ Figure S illustrates the
evolution of high methane areas (concentration of methane
exceeded 8 mg/L), the growth of oil and gas activities, and the
overlap of the high density areas. For the year 2008, the area
with methane concentrations of 2—5 mg/L expanded in the
south and began to have a small region exhibiting methane
above 10 mg/L in the north edge of this 2—5 mg/L methane
area. Locations of relatively high methane (above 10 mg/L)
remained the same after 2008 but expanded slightly from 2008
to 2012. In contrast, methane in the northern Wattenberg field
remained at a low level, distinct from areas to the south. The
reason for this could be explained by methane or groundwater
transport and heterogeneity of geological structure.

Potential transfers of methane involved two different
migration mechanisms in the unsaturated and saturated
zones. In the saturated zone, most of the methane would
dissolve in water and transfer with groundwater flow; while in
the unsaturated zone, methane partitions into three compart-
ments, methane gas, dissolved methane, and sorbed methane
on the soil surface.>® Methane will preferentially dissolve in the
water instead of partitioning to gas or solid phases when below
saturation concentrations.’®

The groundwater wells in the Wattenberg field for this
analysis were located in the Laramie-Fox Hills aquifer32’33. Two
opposite flow directions form in the north and south
Wattenberg field due to an uplifting of the aquifer in the
north part of the basin. This flow direction prevents the
groundwater flow from south to north and along with the
shallower buried depth of the aquifer contributes to the relative
absence of dissolved methane in the northern section of the
Wattenberg field. The lack of an available carbon source and/or
the presence of higher redox conditions (higher sulfate
concentrations) could also contribute to the lower incidence
of elevated dissolved methane concentrations.

The area (km?) and fraction (%) of the high methane areas
(above 8 mg/L) in Figure Sb that overlap with different well
density regions is shown in Table 1. Even in the latest year for

Table 1. Overlap between High Methane Areas (above 8
mg/L) and Areas of Different Well Densities: 2006 to 2012

well density (number of wells within 500 m radius area)

0-5 5—-10 10-15 15—20 total
area area area area area
year (km*) % (km?) % (km?) % (km?) % (km?)
2006 55 83 11 17 0 0 0 0 66
2008 48 97 1 3 0 0 0 0 49
2010 111 87 16 13 <1 <1 0 0 127
2012 91 49 51 27 44 24 0 0 186

which data was analyzed (2012), there is no overlap between
the highest well density regions (15—20 wells within 500 m)
and the high methane areas. The lack of overlap between the
two high-density areas may indicate the absence of a correlation
between oil and gas well drilling and the occurrence of biogenic
methane. There does appear to be an increase in the overlap of
the 10—15 wells within the 500 m density and the high
methane concentration, but this is accompanied by a reduction
in overlap with lower density areas (111 km” in 2010, 91 km? in
2012).

Plots of methane concentration versus the number of oil/gas
wells within 500 and 1000 m are shown in Figure 6 for the
water samples collected in 2012 and 2013. The figures
represent the total number of oil/gas wells (since January
2012) in a circle area centered at the COGCC groundwater
well with 500 and 1000 m radii, respectively. Methane
concentration was randomly distributed with increasing
numbers of oil/gas wells, and no obvious trend was observed.

For the 500 m radius, there is a decrease of methane
concentration when the number of oil/gas wells within S00 m
changed from 0—10 to 10—20 as the average methane
concentration dropped from 5.8 to 2.5 mg/L (p = 0.03). For
a 1000 m radius, there was no difference of methane
concentration when the number of oil/gas wells changed
from 0 to 40 (p = 0.4483). In summary, increasing well density
did not correspondingly increase the methane concentration.
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Figure 7. Plot of methane concentration versus distances to the nearest OG (oil/gas) well.

Distance from a groundwater well to the nearest oil/gas well
is another factor used by Robert®* and other studies to analyze
the impact of oil and gas activities on methane occurrence.
Since the Wattenberg field has been extensively developed over
the past decades, there are high-density oil and gas producing
areas at those distances. The majority of data points analyzed
had distances to the nearest oil/gas wells less than 1000 m
(96.6% from Table 2) and 84.7% of the total 223 data points
within 500 m. Only 6 out of 223 samples (3.4%) were greater

than 1000 m away from an oil and/or gas well. Since 150 feet
was the minimum setback from an oil/gas well to a building
(Rule 604),* few sampling wells were located within this limit.

Distance to the nearest oil and gas well was also used in our
study to understand the contributing factors to methane
occurrence in the Wattenberg field. Data were grouped by
distance and average methane concentrations for each group
and are shown in Figure 7. Methane concentration did not
correlate with distance although the occurrence of methane
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Table 3. Statistical Analysis Results (P Value) of Differences of Methane Concentration Classified by Distance

distance to nearest oil/gas well (meters)

P (t test) 0-100 100-200 200—300 300—400 400—500 500—1000
100—200 03073
200-300 0.5694 0.0014
300—400 0.9485 0.0874 0.4396
400—500 0.6667 0.0220 0.8625 0.6048
500—1000 0.3873 0.0008 0.5571 0.2309 0.5208
>1000 0.1077 2.81 x 107! 0.0045 0.0065 0.0393 0.0962
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Figure 8. Plot of distances vs 5*CH, and C,/C,,.
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levels above 5 mg/L appeared to decrease at distances greater
than 700 m. The highest mean methane concentration (6.5
mg/L) occurred in groundwater wells between 100 and 200 m
from oil and gas wells, and 42.2% of the wells in this range had
methane concentrations greater than 8 mg/L. The groundwater
wells having oil/gas wells between 0 and 100 m had a mean
concentration of methane of 4.0 mg/L, lower than that within
the 100—200 m range, without a statistical difference (p =
0.3073). The methane concentrations did not change
significantly when the distance decreased from 500 to 200 m
(t test results shown in Table 3 by comparison of
concentrations of methane grouped by distance).

Figure 8 shows §*C—CH, and ratio of C; to C,, plotted
versus distances to the nearest oil and gas wells. Methane
sources (biogenic versus thermogenic) can be inferred on the
basis of only the isotopic carbon component (§"C). An
isotopic signature of 513C—CH4 > —40%o (reference to Vienna
Pee Dee Belemnite standard*®) generally suggests a thermo-
genic origin for methane, whereas §"”C—CH, < —60%o
indicates a microbial derived methane source. §'*C—CH,
falling in between —40 and —60 %o refers to a mixed or
transition status.’

Neither 6"*C—CH, or gas dryness (ratio of C, to C,,)
appeared to correlate with the distance to the nearest oil/gas
well. These results coupled with observations from Figure 7
indicate that distance from nearest oil and gas wells does not
have an obvious effect on the methane concentration or
methane source. However, in both Figures 7 and 8, there are
fewer data points within 100 m of an oil and gas well,
potentially due to regulated setback distances. Since thermo-
genic methane would be expected to have a low C,/C,,, the
three points with a ratio less than 10 in Figure 8b being closer
to the water well may be an expected observation.

Methane is pervasive in groundwater wells in the Wattenberg
field with widely varying concentrations. Greater than 98% of
dissolved methane measurements appear to have been
generated from microbial processes, and the concentration
and occurrence increased with increasing water well depth. The
results of the study did not indicate systematic contamination
of aquifers with methane due to oil and gas activities in the
Wattenberg field, and elevated methane levels do not appear to
be the result of increased drilling and fracturing. More likely,
increased methane occurrence is due to aquifer utilization in
areas with abundant sources of naturally occurring biogenic
methane.
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BACKGROUND: Birth defects are a leading cause of neonatal mortality. Natural gas development
(NGD) emits several potential teratogens, and U.S. production of natural gas is expanding.

OBJECTIVES: We examined associations between maternal residential proximity to NGD and
birth outcomes in a retrospective cohort study of 124,842 births between 1996 and 2009 in
rural Colorado.

METHODS: We calculated inverse distance weighted natural gas well counts within a 10-mile radius
of maternal residence to estimate maternal exposure to NGD. Logistic regression, adjusted for
maternal and infant covariates, was used to estimate associations with exposure tertiles for congeni-
tal heart defects (CHDs), neural tube defects (NTDs), oral clefts, preterm birth, and term low birth
weight. The association with term birth weight was investigated using multiple linear regression.

RESULTS: Prevalence of CHDs increased with exposure tertile, with an odds ratio (OR) of 1.3 for
the highest tertile (95% CI: 1.2, 1.5); NTD prevalence was associated with the highest tertile of
exposure (OR = 2.0; 95% CI: 1.0, 3.9, based on 59 cases), compared with the absence of any gas
wells within a 10-mile radius. Exposure was negatively associated with preterm birth and positively
associated with fetal growth, although the magnitude of association was small. No association was
found between exposure and oral clefts.

CONCLUSIONS: In this large cohort, we observed an association between density and proximity of
natural gas wells within a 10-mile radius of maternal residence and prevalence of CHDs and pos-
sibly NTDs. Greater specificity in exposure estimates is needed to further explore these associations.
CITATION: McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL. 2014. Birth
outcomes and maternal residential proximity to natural gas development in rural Colorado. Environ

Health Perspect 122:412—417; http://dx.doi.org/10.1289/ehp.1306722

Introduction

Approximately 3.3% of U.S. live-born
children have a major birth defect (Centers
for Disease Control and Prevention 2013;
Parker et al. 2010); these defects account
for 20% of infant deaths as well as 2.3% of
premature death and disability (McKenna
et al. 2005). Oral clefts, neural tube defects
(NTDs), and congenital heart defects
(CHD) are the most common classes of birth
defects (Parker et al. 2010). These defects
are thought to originate in the first trimester
as a result of polygenic inherited disease or
gene—environment interactions (Brent 2004).
Suspected nongenetic risk factors for these
birth defects include folate deficiency (Wald
and Sneddon 1991), maternal smoking
(Honein et al. 2006), alcohol abuse and sol-
vent use (Romitti et al. 2007), and exposure
to benzene (Lupo et al. 2010b; Wennborg
et al. 2005), toluene (Bowen et al. 2009),
polycyclic aromatic hydrocarbons (PAHs)
(Ren et al. 2011), and petroleum-based
solvents, including aromatic hydrocarbons
(Chevrier et al. 1996). Associations between
air pollution [volatile organic compounds
(VOCs), particulate matter (PM), and nitro-
gen dioxide (NO,)] and low birth weight and
preterm birth have been reported (Ballester
et al. 2010; Brauer et al. 2008; Dadvand
et al. 2013; Ghosh et al. 2012; Llop et al.
2010). Many of these air pollutants are
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emitted during development and production
of natural gas (referred to herein as NGD),
and concerns have been raised that they may
increase risk of adverse birth outcomes and
other health effects (Colborn et al. 2011;
McKenzie et al. 2012). Increased prevalence
of low birth weight and small for gestational
age and reduced APGAR scores were reported
in infants born to mothers living near NGD
in Pennylvania (Hill 2013).

Technological advances in directional
drilling and hydraulic fracturing have resulted
in a global boom of drilling and produc-
tion of natural gas reserves [U.S. Energy
Information Administration (EIA) 2011a,
2011b; Vidas and Hugman 2008]. NGD
is an industrial process resulting in poten-
tial worker and community exposure to
multiple environmental stressors (Esswein
et al. 2013; King 2012; Witter et al. 2013).
Diesel-powered heavy equipment is used for
worksite development as well as transporting
large volumes of water, sand, and chemicals
to sites and for waste removal (Witter et al.
2013). It is increasingly common for NGD
to encroach on populated areas, potentially
exposing more people to air and water emis-
sions as well as to noise and community-level
changes that may arise from industrializa-
tion [Colorado Oil and Gas Conservation
Commission (COGCC) 2009]. Studies in
Colorado, Texas, Wyoming, and Oklahoma

have demonstrated that NGD results in
emission of VOCs, NO,, sulfur dioxide
(SO,), PM, and PAHs from either the well
itself or from associated drilling processes
or related infrastructure (i.e., drilling muds,
hydraulic fracturing fluids, tanks containing
waste water and liquid hydrocarbons, diesel
engines, compressor stations, dehydrators,
and pipelines) (CDPHE 2007; Frazier 2009;
Kemball-Cook et al. 2010; Olaguer 2012;
Walther 2011; Zielinska et al. 2011). Some
of these pollutants, such as toluene, xylenes,
and benzene, are suspected teratogens (Lupo
et al. 2010b; Shepard 1995) or mutagens
(Agency for Toxic Substances and Disease
Registry 2007) and are known to cross the
placenta (Bukowski 2001), raising the possi-
bility of fetal exposure to these and other pol-
lutants resulting from NGD. Currently, there
are few studies on the effects of air pollution
or NGD on birth outcomes.

In this analysis, we explored the association
between maternal exposure to NGD and birth
outcomes, using a data set with individual-level
birth data and geocoded natural gas well loca-
tions. We conducted a retrospective cohort
study to investigate the association between
density and proximity of natural gas wells
within a 10-mile radius of maternal residences
in rural Colorado and three classes of birth
defects, preterm birth, and fetal growth.

Methods

Study population. We used information avail-
able in the publically accessible Colorado Oil
and Gas Information System (COGIS) to
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build a geocoded data set with latitude, lon-
gitude, and year of development (1996-2009)
for all gas wells in rural Colorado (COGIS
2011). Live birth data were obtained from
the Colorado Vital Birth Statistics (CDPHE,
Denver, CO). Geocoded maternal addresses at
time of birth were linked to the well locations.
Distance of each maternal residence from all
existing (not abandoned) natural gas wells
within a 10-mile radius was then computed
using spherically adjusted straight line dis-
tances. We conducted our analysis on the final
de-identified database containing maternal
and birth outcome data described below and
distance to all wells within the 10-mile radius.
The Colorado Multiple Institutional Review
Board reviewed and approved our study
protocol. Informed consent was not required.

We restricted analysis to births occur-
ring from 1996 through 2009 to focus our
analysis on growth of unconventional NGD,
characterized by use of hydraulic fractur-
ing and/or directional drilling (King 2012),
which expanded rapidly in Colorado begin-
ning around 2000 (COGIS 2011). We also
restricted our analysis to rural areas and towns
with populations of < 50,000 (excluding the
Denver metropolitan area, El Paso County,
and the cities of Fort Collins, Boulder,
Pueblo, Grand Junction, and Greeley) in 57
counties to reduce potential for exposure to
other pollution sources, such as traffic, con-
gestion, and industry. The final study area
included locations with and without NGD.
We conducted a retrospective study on the
resulting cohort of 124,842 live births to
explore associations between birth outcomes
and exposure to NGD operations. We
restricted eligibility to singleton births and
excluded the small proportion (< 5%) of non-
white births because there were too few to
analyze separately.

Birth outcomes. 1dentified birth outcomes
were a) oral cleft, including cleft lip with
and without cleft palate as well as cleft palate
[nternational Classification of Diseases, Ninth
Revision, Clinical Modification 1CD-9-CM)
code 749.xx] (National Center for Health
Statistics 2011); 4) NTD, including anen-
cephalus, spina bifida without anecephaly, and
encephalocele (ICD-9-CM 740.xx, 741.xx,
and 742.0); ¢) CHD, including transposition
of great vessels, tetralogy of Fallot, ventricular
septal defect, endocardial cushion defect, pul-
monary valve atresia and stenosis, tricuspid
valve atresia and stenosis, Ebstein’s anomaly,
aortic valve stenosis, hypoplastic left heart
syndrome, patent ductus arteriosis, coarcta-
tion of aorta, and pulmonary artery anoma-
lies (codes 745.xx, 746.xx, 747 xx, excluding
746.9, 747.5); d) preterm birth (< 37 weeks
completed gestation); ¢) term low birth weight
(2 37 weeks completed gestation and birth
weight < 2,500 g); and ) term birth weight
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as a continuous measure. Births with an oral
cleft, NTD, or CHD were excluded from pre-
term birth and term low birth weight analysis.
Preterm births were excluded from term birth
weight analysis. Oral cleft, CHD, and NTD
cases in the Colorado Responds to Children
with Special Needs (CRCSN) birth registry,
obtained from hospital records, the Newborn
Genetics Screening Program, the Newborn
Hearing Screening Program, laboratories, phy-
sicians, and genetic, developmental, and other
specialty clinics (CRCSN 2011) were matched
with Colorado live birth certificates. Cases are
reflective of reporting as of 12 July 2012, were
not necessarily confirmed by medical record
review, and are subject to change as CRCSN
ascertains diagnosis up to 3 years of child’s
age and/or supplements information by medi-
cal record review. We analyzed birth defects
in three heterogeneous groups to increase
statistical power. Data set information was
not sufficient to distinguish between multiple
and isolated birth anomalies or to identify
chromosomal birth anomalies. In an explor-
atory analysis, we considered seven clinical
diagnostic groupings of CHDs: @) conotrun-
cal defects (tetralogy of Fallot and transposi-
tion of great vessels); ) endocardial cushion
and mitrovalve defects (EMD; endocardial
cushion defect and hypoplastic left heart syn-
drome); ¢) pulmonary artery and valve defects
(PAV; pulmonary valve atresia and stenosis
and pulmonary artery anomalies); ) tricus-
pid valve defects (TVD; tricuspid valve atresia
and stenosis and Ebstein’s anomaly); ¢) aortic
artery and valve defects (aortic valve stenosis
and coarctation of aorta); fJ ventricular septal
defects (VSD); and g) patent ductus arteriosis
in births > 2,500 g (Gilboa et al. 2005).

Exposure assessment. Distribution of
the wells within a 10-mile radius of mater-
nal residence shows 50% and 90% of wells
to be within 2.3 and 7.7 miles of maternal
residence, respectively. We used an inverse
distance weighted (IDW) approach, com-
monly used to estimate individual air pollut-
ant exposures from multiple fixed locations
(Brauer et al. 1998; Ghosh et al. 2012), to
estimate maternal exposure. Our IDW well
count accounts for the number of wells within
the 10-mile radius of the maternal residence,
as well as distance of each well from the mater-
nal residence, giving greater weight to wells
closest to the maternal residence. For example,
an IDW well count of 125 wells/mile could be
computed from 125 wells each located 1 mile
from the maternal residence or 25 wells each
located 0.2 miles from the maternal residence.
We calculated the IDW well count of all exist-
ing natural gas wells in the birth year within a
10-mile radius of each maternal residence as a
continuous exposure metric:

IDW well count = 2., 1]

VOLUME 122 | NumBER 4 | April 2014

where IDW well count is the IDW count
of existing wells within a 10-mile radius of
maternal residence in the birth year; 4; is
the distance of the ith individual well from
maternal residence; and 7 is the number
of existing wells within a 10-mile radius of
maternal residence in the birth year.

The IDW well count was calculated for
each maternal residence with > 1 gas wells
within 10 miles. The final distribution then
was divided into tertiles (low, medium, and
high) for subsequent logistic and linear regres-
sion analysis. Each tertile was compared
with the referent group (no natural gas wells
within 10 miles, IDW well count = 0).

Statistical analysis. We used logistic
regressions to study associations between each
dichotomous outcome and IDW exposure
group. We also considered term birth weight
as a continuous outcome using multiple linear
regression. First, we estimated the crude odds
ratio (OR) associated with IDW exposure
tertile for each binary outcome, followed by
a Cochran—Armitage test to evaluate linear
trends in binominal proportions with increas-
ing IDW exposure (none, low, medium, and
high). We further investigated associations by
adjusting for potential confounders, as well as
infant and maternal covariates selected based
on both « priori knowledge and empirical con-
sideration of their association with exposure
and an outcome. Specifically, covariates in
our analysis of all outcomes except outcomes
with very few events (i.e., NTDs, conotrun-
cal defects, EMDs, and TVDs) included
maternal age, education (< 12, 12, 13-15,
> 16 years), tobacco use (smoker, nonsmoker),
ethnicity (Hispanic, non-Hispanic white), and
alcohol use (yes, no), as well as parity at time
of pregnancy (0, 1, 2, > 2) and infant sex.
Gestational age was also included in the analy-
sis of term birth weight. Elevation of maternal
residence also was considered in the analy-
sis because most wells are < 7,000 feet, and
elevation has been associated with both pre-
term birth and low birth weight (Niermeyer
et al. 2009). For 272 births where elevation
of maternal residence was missing, elevation
was imputed using mean elevation for mater-
nal ZIP code. For outcomes with very few
events, only elevation was included in the
multiple logistic modeling to avoid unstable
estimates. The ORs and their 95% CIs were
used to approximate relative risks for each out-
come associated with IDW count exposure
tertile (low, medium, and high) compared
with no wells within 10 miles, which is rea-
sonable because of the rarity of the outcomes.
We considered the statistical significance of
the association, as well as the trend, in evaluat-
ing results, at an alpha of 0.05. We evaluated
the confounding potential of the 1998 intro-
duction of folic acid fortification on the birth
defect outcomes and found only a decrease in
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NTD prevalence after 1998 (see Supplemental
Material, Table S1).

In a sensitivity analyses, we explored reduc-
ing exposure to 2- and 5-mile buffers around
the maternal residence, as well as restricting the
cohort to births occurring between 2000 and
2009 to exclude births before the expansion
of NGD. We report estimated associations
with 95% Cls. All statistical analyses were con-
ducted using SAS® software version 9.3 (SAS
Institute Inc., Cary, NC).

Results

Births were approximately evenly divided
between exposed and unexposed groups
(0 wells in a 10-mile radius versus > 1 well in
a 10-mile radius) (Table 1). Estimated expo-
sure, represented by IDW well counts, tended
to be higher for births to mothers with resi-
dence addresses at lower elevations (< 6,000
feet), and among nonsmoking and Hispanic
mothers (Table 1).

Both crude and adjusted estimates indi-
cate a monotonic increase in the prevalence
of CHDs with increasing exposure to NGD,
as represented by IDW well counts (Table 2).
Births to mothers in the most exposed ter-
tile (> 125 wells/mile) had a 30% greater
prevalence of CHDs (95% CI: 1.2, 1.5)
than births to mothers with no wells within a
10-mile radius of their residence.

Prevalence of NTDs was positively asso-
ciated with only the third exposure tertile,
based on crude and estimated adjusted ORs
for elevation (Table 2). Births in the highest
tertile (> 125 wells/mile) were 2.0 (95% CI:
1.0, 3.9) times more likely to have a NTD
than those with no wells within a 10-mile
radius, based on 59 available cases. We
observed no statistically significant associa-
tions between oral clefts and NGD, based on
trend analysis across categorical IDW well
count exposure (Table 2).

Both crude and adjusted estimates
for preterm birth suggest a slight (< 10%)
decreased risk of preterm birth with increas-
ing exposure to NGD (Table 3). Crude
term low birth weight measures suggested
decreased risk of term low birth weight with
increasing exposure to NGD. A weak non-
linear trend remained after adjusting for
elevation and other covariates. This associa-
tion is consistent with the multiple linear
regression results for continuous term birth
Weight, in which mean birth Weights were
5-24 g greater in the higher IDW well count
exposure tertiles than the referent group.

We observed a monotonic increase in the
prevalence of NTDs with increasing expo-
sure to NGD in our sensitivity analyses using
2- and 5-mile exposure radii as well as some
attenuation in decreased risk for preterm birth
and term low birth weight (see Supplemental
Material, Tables S2-7). Restricting births
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Discussion

We found positive associations between
density and proximity of natural gas wells
within a 10-mile radius of maternal residence
and birth prevalence of CHDs and possibly
NTDs. Prevalence of CHDs increased mono-
tonically from the lowest to highest exposure
tertile, although even in the highest tertile
the magnitude of the association was modest.
Prevalence of NTDs was elevated only in the
highest tertile of exposure. We also observed
small negative associations between density
and proximity of natural gas wells within
a 10-mile radius of maternal residence and

to 2000 through 2009, the period of most
intense NGD in Colorado, attenuated the
positive association between NTDs in the
highest tertile and did not alter observed
relationships for other birth outcomes (see
Supplemental Material, Tables S2-S7).
Exploratory analysis of CHDs by clini-
cal diagnostic groups indicates increased
prevalence of PAV defects by 60% (95%
Cl: 1.1, 2.2), VSDs by 50% (95% CI: 1.1,
2.1), and TVDs by 400% (95% CI: 1.3,
13) in the most exposed tertile compared
with those with no wells within a 10-mile

radius (Table 4).

Table 1. Study population characteristics for unexposed and exposed subjects from rural Colorado
1996-2009.

Referent group

(0 wells within Low Medium High

Maternal or infant characteristic Total 10 miles) (first tertile)? (second tertile)? (third tertile)?
Total n(%) 124,842 66,626 (53) 19,214 (15) 19,209 (15) 19,793 (16)

Median 27 27 26 27 27

25th percentile 22 22 21 22 23

75th percentile 32 32 30 31 31
Maternal ethnicity (%)

Non-Hispanic white 73 74 72 76 69
Sex (%)

Male 51 51 51 51 51
Maternal smoking (%)¢

Smokers i 1 14 13 8
Maternal alcohol (%)¢

No 99 98 99 99 99
Parity (%)

0 33 33 31 32 32

1 23 23 24 24 25

2 19 19 20 19 20

>2 25 25 26 25 24
Residential elevation (feet)

Median 5,000-5,999  6,000-6,999 <5,000 5,000-5,999 <5,000

25th percentile < 5,000 5,000-5,999 < 5,000 < 5,000 < 5,000

75th percentile 7,000-7,999 7,000-7,999  5,000-5999 6,000-6,999  5,000-5,999
Maternal education (%)

<12 years 21 20 26 19 22

12 years 30 30 33 29 28

13-15 years 23 22 25 25 24

> 16 years 26 28 18 26 27

aFirst tertile, 1-3.62 wells/mile; second tertile, 3.63-125 wells/mile; third tertile, 126-1,400 wells/mile. fIncludes both Non-
Hispanic and Hispanic white. ¢During pregnancy.

Table 2. Association between inverse distance weighted well count within 10-mile radius of maternal
residence and CHDs, NTDs, and oral clefts.

Inverse distance 0 wells within Low Medium High Cochran—Armitage trend
weighted well count? 10 miles (first tertile) ~ (second tertile)  (third tertile) test p-value?
Live births (n) 66,626 19,214 19.209 19,793
CHDs
Cases (n) 887 281 300 355
Crude OR 1 1.1 12 1.3 <0.0001
Adjusted OR (95% Cl)® 1.1(093,1.3)  1.2(1.0,1.3) 1.3(1.2,1.5)
NTDs
Cases (n) 27 6 7 19
Crude OR 1 0.77 0.90 24 0.01
Adjusted OR (95% ClI)? 0.65(0.25,1.7) 0.80(0.34,1.9) 2.0(1.0,3.9)
Oral clefts
Cases (n) 139 31 41 40
Crude OR 1 0.77 1 0.97 09

Adjusted OR (95% CI)® 0.65(0.43,0.98) 0.89(0.61,1.3) 0.82(0.55,1.2)

aFirst tertile, 1-3.62 wells/mile; second tertile, 3.63-125 wells/mile; third tertile, 126-1,400 wells/mile. "Performed as two-
tailed test on unadjusted logistic regression. “Adjusted for maternal age, ethnicity, smoking, alcohol use, education, and
elevation of residence, as well as infant parity and sex. YAdjusted only for residence elevation because of low numbers.
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preterm birth and term low birth weight, and
a small positive association with mean birth
weight. We found no indication of an associa-
tion between density and proximity of natural
gas wells within a 10-mile radius of maternal
residence and oral cleft prevalence.
Nongenetic risk factors for CHDs and
NTDs possibly attributable to NGD include
maternal exposure to benzene (Lupo et al.
2010b; Wennborg et al. 2005), PAHs (Ren
et al. 2011), solvents (Brender et al. 2002;
Chevrier et al. 1996; Desrosiers et al. 2012;
McMartin et al. 1998), and air pollutants
(NO,, SO,, PM) (Vrijheid et al. 2011). NGD
emits multiple air pollutants, including ben-
zene and toluene, during the “well comple-
tion” phase (when gas and water flow back
to the surface after hydraulic fracturing) as

Natural gas development and birth outcomes

well as from related infrastructure (CDPHE
2009a, 2009b; Garfield County Public Health
Department 2009; Gilman et al. 2013;
McKenzie et al. 2012; Pétron et al. 2012).
Ambient benzene levels in areas with active
NGD in Northeast Colorado ranged from
0.03 to 6 parts per billion by volume (ppbv)
(CDPHE 2012; Gilman et al. 2013; Pétron
et al. 2012). Furthermore, 24-hr average ambi-
ent air benzene levels near active well develop-
ment sites in western Colorado ranged from
0.03 to 22 ppbv (McKenzie et al. 2012).

Two previous case—control studies have
reported associations between maternal expo-
sure to benzene and birth prevalence of NTDs
and/or CHD:s (Lupo et al. 2010b; Wennborg
et al. 2005). The study by Lupo et al. (2010b)
of 4,531 births in Texas found that mothers

Table 3. Association between inverse distance weighted well count within 10-mile radius of maternal
residence and preterm birth and term low birth weight.

Cochran—Armitage

Inverse distance 0 wells within Low Medium High trend test
weighted well count? 10 miles (first tertile)  (second tertile) (third tertile) pvalueb
Preterm birth
Live births (n) 65,506 18,884 18,854 19,384
Cases (n) 4,849 1,358 1,289 1,274
Crude OR 1 0.97 0.92 0.88 <0.0001
Adjusted OR (95% Cl)° 0.96(0.89,1.0) 0.93(0.87,1.0) 0.91(0.85,0.98)
Term low birth weight
Full-term live births (n) 60,653 17,525 17,565 18,104
Cases (n) 2,287 525 471 432
Crude OR 1 0.79 0.70 0.62 <0.0001
Adjusted OR (95% Cl)° 1.0(0.9,1.1) 0.86(0.77,0.95) 0.9(08,1)
Mean difference in birth 0 5(-2.2,13) 24(17,31) 22 (15, 29)
weight (g)?

aFirst tertile, 1-3.62 wells/mile; second tertile, 3.63—125 wells/mile; third tertile, 126-1,400 wells/mile. *Performed as
two-tailed test on unadjusted logistic regression. °Adjusted for maternal age, ethnicity, smoking, alcohol use, education,
and elevation of residence, as well as infant parity and sex. Adjusted for maternal age, ethnicity, smoking, alcohol use,
education, and elevation of residence, as well as infant parity, sex, and gestational age.

Table 4. Association between inverse distance weighted well count within 10-mile radius of maternal
residence and CHD diagnostic groups.

0 wells within Low Medium High

Inverse distance weighted well count? 10 miles (first tertile)  (second tertile)  (third tertile)
Conotruncal defects

Cases (n) 40 14 13 15

Adjusted OR (95% Cl)? 1 1.1(057,22) 1.1(0.55,2.0) 1.2(0.6,2.2)
Ventricular septal defects

Cases (n) 210 68 59 84

Adjusted OR (95% Cl) 1 1.3(0.96,1.8) 1.1(0.81,1.5) 15(1.1,2.1)
Endocardial cushion and mitrovalve defects

Cases (n) 39 14 12 12

Adjusted OR (95% CI)? 0.81(0.42,1.6) 0.80(0.41,1.5) 0.67(0.33,1.32)
Pulmonary artery and valve defects

Cases (n) 137 52 62 66

Adjusted OR (95% Cl)® 1 1.3(0.89, 1.8) 15(1.1,2,1) 16(1.1,2,2)
Tricuspid valve defects

Cases (n) 9 5 8 8

Adjusted OR (95% CI)? 1 2.6(0.75,9.1) 39(1.3,11) 42(1.3,13)
Aortic artery and valve defects

Cases (n) 75 22 21 24

Adjusted OR (95% Cl)® 1 1.1(0.68,19) 10(062,1.8  1.2(0.73,2.1)
Patent ductus arteriosis

Cases (n) 59 18 17 15

Adjusted OR (95% Cl)¢ 1 1.0(0.56,1.8) 0.96(0.55,1.7) 0.83(0.44,1.5)

aFirst tertile, 1-3.62 wells/mile; second tertile, 3.63-125 wells/mile; third tertile, 126-1,400 wells/mile. ?Adjusted only for
residence elevation of because of low numbers. “Adjusted for maternal age, ethnicity, smoking, alcohol use, education,
and elevation of residence, as well as infant parity and sex.
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living in census tracts with the highest ambi-
ent benzene levels (0.9-2.33 ppbv) were 2.3
times more likely to have offspring with spina
bifida than mothers living in census tracts with
the lowest ambient benzene levels (95% CI:
1.22, 4.33). An occupational study of Swedish
laboratory employees found a significant asso-
ciation between exposure to occupational lev-
els of benzene in the critical window between
conception, organogenesis, and neural crest
formation and neural crest malformations
(Wennborg et al. 2005). Children born to
298 mothers exposed to benzene had 5.3
times greater prevalence of neural crest mal-
formations than children born to mothers
not exposed to benzene (95% CI: 1.4, 21.1).
Other studies of maternal exposures to organic
solvents, some of which contain benzene,
have reported associations between maternal
occupational exposure to organic solvents
and major birth defects (Brender et al. 2002;
Desrosiers et al. 2012; McMartin et al. 1998).
Although exposure to benzene is a plausible
explanation for the observed associations, fur-
ther research is needed to examine whether
these associations are replicated and whether
benzene specifically explains these associations.

Air pollutants emitted from diesel engines
used extensively in NGD also may be associ-
ated with CHDs and/or NTDs. Trucks with
diesel engines are used to transport supplies,
water, and waste to and from gas wells, with
40 to 280 truck trips per day per well pad
during development (Witter et al. 2013).
Generators equipped with diesel engines are
used in both drilling wells and hydraulic frac-
turing. Air pollutants in diesel exhaust include
NO,, SO,, PM, and PAHs. A meta-analysis
of four studies suggested associations of mater-
nal NO, and SO, exposures with coarctation
of the aorta and tetralogy of Fallot, and of
maternal PM;, exposure with arterial septal
defects (Vrijheid et al. 2011). Two case—
control studies in China reported positive
associations between PAH concentrations in
maternal blood and the placenta and NTDs
(Li et al. 2011; Naufal et al. 2010). Several
CHD:s were associated with traffic related car-
bon monoxide and ozone pollution in a case
control study of births from 1987 to 1993 in
Southern California (Ritz et al. 2002).

The small negative associations with term
low birth weight and preterm birth in our
study population were unexpected given that
other studies have reported postive associa-
tions between these outcomes and urban air
pollution (Ballester et al. 2010; Brauer et al.
2008; Dadvand et al. 2013; Ghosh et al.
2012; Llop et al. 2010) and proximity to
natural gas wells (Hill 2013). It is possible
that rural air quality near natural gas wells in
Colorado is not as compromised as urban air
quality in these studies, and exposure repre-
sented as IDW well count may not adequately
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represent air quality. In addition, the power
of our large cohort increases the likelihood
of false positive results for small associations
close to the null. Although associations were
consistent across measures of birth weight
(i.e., reduced risk of term low birth weight
and increase in mean birth weight), they
attenuated toward the null in sensitivity analy-
sis for 2- and 5-mile radii (see Supplemental
Material, Tables S6-S7). If causal, stronger
associations would be expected with more
stringent exposure definions. Our incomplete
ability to adjust for socioeconomic status,
health, nutrition, prenatal care, and preg-
nancy complications likely accounts for these
unexpected findings.

This study has several limitations inher-
ent in the nature of the available data. Not
all birth defects were confirmed by medical
record review. Also, birth defects are most
likely undercounted, because stillbirths, ter-
minated pregnancies, and later-life diagnoses
(after 3 years of age) are not included. Birth
weight and gestational age were obtained from
birth certificates, which are generally accurate
for birth weight and useful but less accurate
for gestational age (DiGiuseppe et al. 2002).
Data on covariates were obtained from birth
certificates and were limited to basic demo-
graphic, education, and behavioral informa-
tion available in the vital records. Distribution
of covariates among exposure tertiles and the
unexposed group was similar; nevertheless, our
incomplete ability to adjust for socioeconomic
status, health, nutrition, prenatal care, and
pregnancy complications may have resulted in
residual confounding. In addition, low event
outcomes (e.g., NTDs) were adjusted only
for elevation. The data set did not contain
information on maternal folate consumption
and genetic anomalies, both independent
predictors of our outcomes, which may have
confounded these results. We did observe a
large decrease in the prevalence of NTDs after
the introduction of folic acid in 1998, and
small increases in the prevalence of CHDs
and oral clefts, although none of the estimates
are statistically significant (see Supplemental
Material, Table S1). Further study is needed
to determine whether unaccounted folate con-
founding is attenuating our results toward the
null. There is no evidence indicating genetic
anomalies would differ by IDW well count
around maternal residence.

Because of the rarity of specific birth
defects in the study population, birth defects
were aggregated into three general groups.
This limited our study in that associations
with specific birth defects may have been
obscured. An exploratory analysis of CHDs by
clinical diagnostic groups indicates increased
prevalence of specific diagnostic groups
(i.e., PAV, VSD, and TVD) compared with
aggregated CHDs (Table 4).
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Another limitation of this study is the
lack of temporal and spatial specificity of
the exposure assessment. Because we did not
have maternal residential history, we assumed
that maternal address at time of delivery was
the same as maternal address during the first
trimester of pregnancy—the critical time
period for formation of birth defects. Studies
in Georgia and Texas estimate that 22-30%
of mothers move residence during their
pregnancy, and most mothers move within
their locality (Lupo et al. 2010a; Miller et al.
2010), potentially introducing some expo-
sure misclassification for the early pregnancy
period of interest. However, these studies
found little difference in mobility between
cases and controls (Lupo et al. 2010a; Miller
et al. 2010), and maternal mobility did not
significantly influence the assessment of ben-
zene exposure (Lupo et al. 2010a). We were
able to determine only whether a well existed
within the calendar year of birth (e.g., 2003)
and did not have sufficient data to determine
if a well existed within the first trimester of
the pregnancy. Therefore, some nondifferen-
tial exposure misclassification is likely and the
overall effect of this is unknown.

Similarly, we had consistent information
only on existence of a well in the birth year.
Lack of information on natural gas well activity
levels, such as whether or not wells were pro-
ducing or undergoing development, may have
resulted in exposure misclassification. Actual
exposure to natural gas—related pollutants
likely varies by intensity of development activi-
ties. Lack of temporal and spatial specificity
of the exposure assessment would most likely
have tended to weaken associations (Ritz et al.
2007; Ritz and Wilhelm 2008). To address
spatial and temporal variability, additional air
pollution measurements and modeling will
be needed to improve exposure estimates at
specific locations. Last, information on the
mother’s activities away from her residence,
such as work and recreation, as well as proxim-
ity of these activities to NGD was not avail-
able and may have led to further exposure
misclassification and residual confounding.

Conclusion

This study suggests a positive association
between greater density and proximity of
natural gas wells within a 10-mile radius of
maternal residence and greater prevalence
of CHDs and possibly NTDs, but not oral
clefts, preterm birth, or reduced fetal growth.
Further studies incorporating information
on specific activities and production levels
near homes over the course of pregnancy
would improve exposure assessments and
provide more refined effect estimates. Recent
data indicate that exposure to NGD activi-
ties is increasingly common. The COGCC
estimates that 26% of the > 47,000 oil and

gas wells in Colorado are located within
150-1,000 feet of a home or other type of
building intended for human occupancy
(COGCC 2012). Taken together, our results
and current trends in NGD underscore the
importance of conducting more comprehen-
sive and rigorous research on the potential

health effects of NGD.
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area

3. 3. This study found that “Methane concentration did not correlate with
distance although the occurrence of methane levels above 5 mg/L appeared to
decrease at distances greater than 700 m.”[emphasis added] [Li 2014]

4. 4.  The study showed a clear temporal relationship between drilling and
rising methane concentrations over the entire study area. The authors suggest that
this temporal relationship may be due to depletion of groundwater (because
methane concentration increases with well depth), however, this hypothesis was
not explored, as they gave no discussion of data supporting increase of methane
concentration over time in wells of fixed depth.

5. 5. Fuid connectivity could result from propagation of hydraulic fracturing
fluids through induced fractures combined with natural faults [Davies 2012] (and
possible additionally combined with fractures from stimulated adjacent wells [API]
or reactivation of faults as far away as 100's of meters) [Davies 2012] [Davies
2012a] [Lacazette 2012] [Davies 2013].

In light of the above, please direct the staff to expand the noticing requirements
and the mapping requirements for both the EDPR and SDPR to include the
following :

Residents within a much larger distance of the proposed bore need to be given
notice. The existing oil and gas wells with which there could be communication
during hydraulic fracturing should be a factor in determining the extent of the
noticing requirements, and the owners of water wells within this expanded area
should be encouraged to have their wells tested at no cost to them. The American
Petroleum Institute [API] suggests that a safety factor be added when considering
the potential for communication of fractures; such a factor should be added in to
determine the extent of the notices required. Said safety factor might be as much
as miles, considering the findings of Mckenzie, et a. in arecent study [McKenzie
2014].

Residents within the notice area should be told of observed and potential
emissions of toxic compounds near oil and gas wells [Petron 2014][Rabinowitz
2014], and given instructions for reporting rotten-egg smells and other
observations that might indicate toxic emissions are present.

Sincerely,
Nancy Hall



12892 Sheramdi St.

Unincorporated Boulder County

References: (articles not referenced in staff report on oil and gas web page are
attached)

[Li 2014] Huishu Li and Kenneth H. Carlson, Distribution and Origin of
Groundwater Methane in the Wattenberg Oil and Gas Field of Northern Colorado,
Environmental Science and Technology 2014, 48(3),pp 1484-1491 ,( also available

online at CSU http://cewc.cal ostate.edu/wp-content/upl oads/2014/05/M ethane-in-
Wattenberg-article.pdf)

[Jackson 2013] Robert B. Jackson, Avner Vengosh, Thomas H. Darrah, Nathaniel
R. Warner, Adrian Down, Robert J. Poreda, Stephen G. Osborn, Kiaguang Zhao,
and Jonathan D. Karr, Increased stray gas abundance in a subset of drinking water
wells near Marcellus shale gas extraction, Proceedings of the National Academy of
Sciences, Vol 110, no 28, pp 11250-11255

http://www.pnas.org/content/110/28/11250

[Davies 2013] Richard Davies; Gillian Foulger; Annette Bindley; Peter Styles,
Induced Seismicity and Hydraulic Fracturing for the Recovery of Hydrocarbons,
Marine and Petroleum Geology Volume 45, August 2013, pp 171-185 ( author

manuscript at https://www.dur.ac.uk/resources/refine/I nducedSei smicityfull.pdf )

Excerpt:Reactivation of faults and resultant seismicity occurs due to areduction in
effective stress on fault planes. Hydraulic fracturing operations can trigger
seismicity because it can cause an increase in the fluid pressure in a fault zone.
Based upon the research compiled here we propose that this could occur by three
mechanisms. Firstly, fracturing fluid or displaced pore fluid could enter the fault.
Secondly, there may be direct connection with the hydraulic fractures and afluid
pressure pulse could be transmitted to the fault. Lastly, due to poroelastic
properties of rock, deformation or inflation due to hydraulic fracturing could
increase fluid pressure in the fault or in fractures connected to the fault. The
following pathways for fluid or a fluid pressure pulse are proposed: (a) directly
from the wellbore; (b) through new, stimulated hydraulic fractures; (c) through pre-
existing fractures and minor faults; or (d) through the pore network of permeable
beds or along bedding planes. The reactivated fault could be intersected by the
wellbore or it could be 10s to 100s of metres from it.


http://cewc.colostate.edu/wp-content/uploads/2014/05/Methane-in-Wattenberg-article.pdf
http://cewc.colostate.edu/wp-content/uploads/2014/05/Methane-in-Wattenberg-article.pdf
http://www.pnas.org/content/110/28/11250
https://www.dur.ac.uk/resources/refine/InducedSeismicityfull.pdf

[Davies 2012] Richard J Davies, Simon Mathias, Jennifer Moss, Steinar Hustoft,
Leo Newport, Hydraulic Fractures. How far can they go?, Marine and Petroleum
Geology Volume, Issue 1, 37 November 2102 (author manuscript at

https://www.dur.ac.uk/resources/refine/Hydraulicfractures.pdf)

Note: Authors set out to show low probability of upward migration of stimulated
hydraulic fracture to settle minds about ability of stimulation to contaminate
aquifers [Davies 2013]. Conclude that probability that an upward propagating
hydraulic fracture extends vertically > 500 m is ~ 0.8%. If that is a % of the
number of fractures, it could amount to a significant number, given the number of
stages per bore and the number of bores per square mile. None of their data are
from the D-J Basin, and their studies show considerable variability from basin to
basin, based on the local geology.

[Lacazette 2012] Lacazette, A., Geiser, P., Comment on Davies et a 2012 -
Hydraulic Fractures: How far can they go?, Marine and Petroleum Geology(2013)
doi: 10.1016/j.marpetgeo.2012.12.08 ( manuscript at

https://www.dur.ac.uk/resources/refine/comment_on_hyd. fractures.pdf )

Excerpt 1. Natural fracture systems consist of joints (natural extensional fractures)
and faults (natural shear fractures). Natural fractures may become seismically
active during a fracture treatment through at least two and perhaps more
mechanisms. The first mechanism is fluid pressure increase in the fracture via a
direct fluid connection with the treatment well. By “direct fluid connection” we
mean that a fluid pressure pulse can be transmitted either through the inter-
connected pore system of the rock, through connected fractures, or both. Note that
afluid pressure pulse can be transmitted with or without significant fluid flow. By
“significant fluid flow” we mean a change of the fluid composition in the affected
natural fracture. The second mechanism is changes in the resolved shear stress on,
or the fluid pressure within, a natural fracture due to inflation. Poroel asticity
couples stress in the solid skeleton of the rock to the in-situ fluids so that stress
changes can affect the fluid pressure in a natural fracture without fluid flow.
“Inflation” is the elastic deformation of the rock volume around the treatment well
due to introduction of the frac fluid. Such inflation is routinely observed during
tiltmeter studies of hydraulic fracture treatments. The routine observation of
surface deformation with tiltmeters demonstrates that such elastic deformations
propagate over 1 km vertically.

Excerpt 2:

In conclusion, although we agree with Davies et a (2012) regarding propagation of


https://www.dur.ac.uk/resources/refine/Hydraulicfractures.pdf
https://www.dur.ac.uk/resources/refine/comment_on_hyd._fractures.pdf

artificial hydraulic fractures, hydraulic fracture fluid and fluid pressure pulses can
move greater distances in preexisting natural fracture systems. Fluid pressure
pulses can be transmitted without significant flow, i.e. without changing the
original fluid composition in the fracture network.

[Davies 2013a] Richard J Davies, Simon Mathias, Jennifer Moss, Steinar Hustoft,
Leo Newport, Reply: Davies et a. (2012), Hydraulic fractures: how far can they
go?,

( author manuscript at

Excerpt: Lacazette and Geiser (2013) in their comment propose that fluid pressure
pulses triggered by hydraulic fracturing move vertical distances of ~ 1 km through
pre-existing natural fracture systems, hundreds of metres further than the maximum
propagation distance for stimulated hydraulic fractures (Fisher and Warpinks,
2011; Davies et d., 2012). This is detected using a new tomographic fracture
imaging method (Geiser et a., 2012). The work of Davies et a. (2012) remains
valid as a statistical analysis of stimulated hydraulic fracture height measurements
derived using microseismicity. But this avoids the important question; does the
new tomographic fracture imaging method reveal pre-existing fractures, not
necessarily generated natural hydraulic fracturing, that allow for afar more
vertically extensive transmission of fracking or pore fluid? If so what are the
implications?

[McKenzie 2014] McKenzie LM, Witter RZ, Savitz DA, Newman LS, and Adgate
J,

Birth outcomes and maternal residential proximity to natural gas development in
rural Colorado.

Environmental Health Perspectives 2014 Apr;122(4):412-7. doi:
10.1289/ehp.1306722. Epub 2014 Jan 28.

http://www.ncbi.nlm.nih.gov/pmc/articles PM C3984231/

Conclusions: In this large cohort, we observed an association between density and
proximity of natural gas wells within a 10-mile radius of maternal residence and
prevalence of congenital heart defects and possibly neural tube defects. Greater
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3984231/

specificity in exposure estimates is needed to further explore these associations.

[API] Wellbore Pressure and Fluid Communication associated with Hydraulic
Fracturing, American Petroleum Institute, undated briefing paper,
http://www.api.org/~/media/Files/Oil-and-Natural -Gas/Hydraulic-
Fracturing/Wellbore-Pressure-HF-B.pdf

[Rabinowitz 2014] Rabinowitz, P et al. (2014), Proximity to Natural Gas Wells
and Reported Health Status: Results of a Household Survey in Washington
County, Pennsylvania, Environmental Health Perspectives, advance publication,

http://ehp.niehs.nih.gov/1307732/

[Petron 2014] Pétron, G., et a. (2014), A new look at methane and nonmethane
hydrocarbon emissions from oil and natural gas operations in the Colorado
Denver-Julesburg Basin, J. Geophys. Res. Atmos., 119, 6836-6852,

http://www.readcube.com/articles/10.1002/2013JD021272
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From: Gerardo A. Brucker

To: Boulder County Oil and Gas Comment
Subject: Extend the Moratorium
Date: Thursday, November 06, 2014 1:49:40 PM

Dear Commissioners,

I would like to urge you to extend the moratorium on oil and gas drilling in Boulder County. Science is
proving the case against fracking and even more evidence will be collected as more and more
unfortunate communities experience the detrimental effects of fracking. There are no “do overs”; the
damage done is irreparable . Please know that you have the continued support of many who oppose
fracking and will continue to fight for the environment and the the health of our citizens. We live in an
area of extraordinary beauty that deserves our respect.

Thank you,

Terri Brucker
2214 Harvard Ct.
Longmont, CO


mailto:bruckerfamily@me.com
mailto:oilgascomment@bouldercounty.org

From: Scott W Smith

To: Boulder County Oil and Gas Comment

Cc: "Scott Smith"

Subject: County Proclaiming To Abuse My Rights
Date: Thursday, November 06, 2014 12:10:52 PM

It's a great day to be alive in Boulder!

The other day | sent an email to the “oil & gas” comments and received an automated reply in which
was contained the following statement:

Boulder County is concerned about the potential for significantly expanded oil and
gas development within the county, and supports appropriate, tighter restrictions
and increased local control to mitigate the impacts of these activities.

This concerns me a great deal inasmuch as this reads like you have already decided that my life,
liberty and constitutional rights can be impacted and violated by allowing expanded oil and gas
development in Boulder County.

Your support of appropriate tighter restrictions, local control and mitigating impacts (of oil & gas) is
STILL a violation of my life, health and environment. Restriction, control and reduced HARM is
STILL a violation of people’s rights and health. | do NOT consent! Read the constitution and you'll see
rather clearly we have a right to life, not a reduced state of life from being forced by you or the State
to suffer thousands of trucks, noisy machinery, exhaust fumes, toxic chemicals, polluted air, toxic
emissions and all the other consequences of neighborhood-localized industrial mining and oil refining in
the form of a practice called fracking.

| just wanted to clear that up so can provide these details to your county legal counsel and staff ...
who’d be well-advised to re-read the both the Federal and State constitutions.

Cheers,
Scott Smith

Boulder,...above flood line Wagon Wheel Gap


mailto:swsmith@congruitytech.com
mailto:oilgascomment@bouldercounty.org
mailto:scott@gmknow.org

From: Anne Knoll

To: Boulder County Oil and Gas Comment
Subject: Fracking moratorium
Date: Thursday, November 06, 2014 11:59:01 AM

Honorable County Commissioners:

The Federal government is not willing to protect us. The State is not willing to
protect us. Here at the Local level we must continue to fight to protect our health
and safety. Please extend the fracking moratorium until we have more scientific
data that fracking is not putting at risk our water, air, and soil. | have not seen any
evidence that fracking is safe for us now and for future generations. We must think
beyond today's profits if we are to survive on this planet earth. As history proves we
cannot trust companies to do the right thing. We need your help, Commissioners!
We will help you if you tell us how. Please extend the moratorium on fracking.

Anne Knoll
815 Emery St.
Longmont, Co 80501


mailto:anneknoll@yahoo.com
mailto:oilgascomment@bouldercounty.org

From: ellenrs1946@comcast.net

To: Boulder County Board of Commissioners
Subject: Moritorium
Date: Thursday, November 06, 2014 11:51:11 AM

| recently read Kristen Iverson's memoir, Full Body Burden: Growing Up in the
Shadow of Rocky Flats and | was struck by the parallels between the language used
today to justify hydraulic fracturing and the language used in the 1970s through the
1990s to convince the public that there was nothing to be concerned about.

Reports in the press covered up and denied problems with radioactive emissions in
the same way we are being inundated by industry claims that there is no definitive
proof that fracking causes illness, water contamination, or air pollution. Yet there
have been numerous studies that tell us just the opposite. There is indeed reason to
be concerned about the long term repercussions of fracking.

It is your responsibility to protect the citizens you represent and the environment we
live inhabit. This is one instance when "innocent until proven guilty" should not
considered. There is enough evidence to support caution and patience in the face of
dire consequences of fracking.

| urge you to extend the moratorium on hydraulic fracturing.
Sincerely,
Ellen Smith

519 Mills St.
Lafayette


mailto:ellenrs1946@comcast.net
mailto:commissioners@bouldercounty.org

From: Shirley Jin

To: Boulder County Oil and Gas Comment
Subject: Fracking Moratorium
Date: Thursday, November 06, 2014 11:43:52 AM

Please extend the current temporary moratorium on Boulder County's
processing of fracking applications in the unincorporated County

Shirley Jin
1430 Ithaca Dr
Boulder, CO


mailto:shirleyjin1430@gmail.com
mailto:oilgascomment@bouldercounty.org

From: Adelman. Todd

To: Boulder County Board of Commissioners

Subject: | urge you to extend the moratorium in Boulder County!
Date: Thursday, November 06, 2014 11:02:53 AM
Attachments: image001.png

image002.png

Please continue all of the great work you are doing and extend the moratorium on
Fracking.

All the best,

Todd
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From: KB

To: Boulder County Oil and Gas Comment

Subject: Please extend the moratorium of fracking applications in Boulder
Date: Thursday, November 06, 2014 10:55:59 AM

Hello,

Please extend the moratorium of fracking applications in Boulder County.
Fracking is bad for the environment, bad for our water, and bad for our
property values.

Thank you,
Kevin Bane


mailto:kevinbane01@gmail.com
mailto:oilgascomment@bouldercounty.org

From: Ann Tagawa

To: Boulder County Oil and Gas Comment
Subject: fracking
Date: Thursday, November 06, 2014 10:29:20 AM

I urge you to extend the moratorium on fracking applications in Boulder County and
hopefully ban them altogether.

Thank you,

Ann Tagawa


mailto:anntagawa@msn.com
mailto:oilgascomment@bouldercounty.org

From: Lawrence Crowley

To: Boulder County Oil and Gas Comment
Subject: Keep Fracking Banned
Date: Thursday, November 06, 2014 9:57:39 AM

Dear Commissioners:
I am writing as a very concerned citizen who values quality of life over profits for corporations.

Please continue to ban all fracking and other oil and gas development on our public lands. It makes no
ecological sense.

Thank you.
Lawrence Crowley

441 Pheasant run
Louisville, CO 80027


mailto:magic@ecentral.com
mailto:oilgascomment@bouldercounty.org

From: tamm

To: Boulder County Board of Commissioners
Subject: Please don"t frack boulder county.....
Date: Thursday, November 06, 2014 8:55:23 AM

Dear County Commissioners:

I have lived here for 18 years. | want to continue to sleep with my window open at
night for that fresh Colorado mountain air. Please don't let us be exposed to ground
level ozone which is a by product of fracking. Please protect one of the most special
places to live in all of the United States,Boulder Colorado.

Please extend the ban for 3 more years.
Tammy Stewart

2017 Grayden CT
Superior,CO 80027


mailto:gardenblue@gmail.com
mailto:commissioners@bouldercounty.org

From: Alexis Bullen

To: Boulder County Oil and Gas Comment

Subject: Spam: boulder county oil and gas public hearing commentary
Date: Thursday, November 06, 2014 8:17:03 AM

Hello,

I am writing to ask you to please extend the current temporary moratorium
on processing oil and gas development applications.

Water is a precious resource and with the Colorado River in an extended drought,
allowing fracking, which is incredibly water intensive to expand is not a good idea.
Well sites in Colorado already use enough water for 66,400 to 118,400
homes in Colorado annually and that water does not go back into the
system, unlike residential use.

We already don't have enough water to go around- do we really want to lose out
and contaminate more of it?

Until the industry comes up with a better system to clean, dispose of and/or reuse
the sometimes radioactive fracking fluid, it shouldn't be in our backyard.

While oil and gas has long been a part of Colorado's economy, now is not the time
to expand fracking in particular and the smartest way to do that is to extend
the moratorium.

Sincerely,
Alexis Bullen

415-637-2232
Sustainable Colorado


mailto:acvbullen@gmail.com
mailto:oilgascomment@bouldercounty.org
http://sustainablecolorado.wordpress.com/

From: Sarah Hallowell

To: Boulder County Oil and Gas Comment
Subject: Fracking moratorium,
Date: Thursday, November 06, 2014 7:38:34 AM

Dear County Commissioners,

PLEASE extend the moratorium on fracking in Boulder County.

The impact on the county's economics, health and safety, visual beauty, property's values, water and
air resources will be devastating.

To bow to the greed and un sustainability of the oil and gas industry is cowardice.

We need courageous LEADERSHIP.

The rest of the nation watches.

Thank you for your consideration.

Sarah Hallowell
2435 Topaz drive
Boulder, CO 80304

What | do you cannot do; but what you do, | cannot do. The needs are great, and none of us,
including me, ever do great things. But we can all do small things, with great love, and together we
can do something wonderful.

- Mother Theresa


mailto:s.w.hallowell1@gmail.com
mailto:oilgascomment@bouldercounty.org

From: Ken Bonetti

To: Boulder County Board of Commissioners
Subject: Please Extend the Moratorium
Date: Thursday, November 06, 2014 7:24:13 AM

November 6, 2014

Dear Commissioners:

First, 1 want to thank you for initiating the current moratorium on oil and gas drilling
in Boulder County. Your action is truly appreciated by many of your constituents. |
also want to thank you for considering an extension of the moratorium beyond
January 1, 2015.

I and many others urge you to allow County residents adequate time to view the
results of several ongoing studies analyzing the impacts from hydraulic fracturing on,
water and air quality. According to legal analysis by the Sierra Club legal team,
precedent exists for such an extension when a governmental entity is awaiting
relevant information necessary to inform a public policy response to an activity that
risks substantial impacts on communities.

Another reason to extend the moratorium is the complexity and heavy impacts of
hydraulic fracturing require an equally complex and effective regulatory response to
protect communities and the environment. Effective regulation takes considerable
time to develop and implement. Further, the virtual absence of an effective federal
and state regulatory framework places a heavy burden on local communities to
protect themselves from the impacts of a technology wielded by an industry that
seems quite comfortable with unaccountability and impunity.

Most importantly, there is the moral imperative to honor the Precautionary Principle,
which says that activities posing potential widespread and irreversible negative
impacts should not be permitted until sufficient information is available to ensure
such impacts can either be prevented or mitigated. It is far from clear whether
hydraulic fracturing can be accomplished in a safe and healthful manner, regardless
of regulatory imperatives. Almost daily, new evidence surfaces throughout the
country from both experience and scientific investigation that hydraulic fracturing, its
infrastructure and the large volume of waste it generates pose substantial risks to
public health, water and air quality, geologic stability, habitats, wildlife, adjacent
property values, public infrastructure, fiscal integrity, and community peace and
security.


mailto:kenecon2004@gmail.com
mailto:commissioners@bouldercounty.org

It is in light of these aforementioned reasons that | urge you to extend the
moratorium at least until June 2018 so that Boulder County has an opportunity to
make well considered scientifically based and wise decisions, which will forever
affect our environment, our quality of life, and the long term health of our
communities and residents.

Sincerely,

Ken Bonetti

1170 Monroe Dr. Unit B

Boulder, CO



From: Sierra Club Membership Services on behalf of Donna Bonetti

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Wednesday, November 05, 2014 9:25:59 PM

Nov 5, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mrs. Donna Bonetti

1170 Monroe Dr Apt B
Boulder, CO 80303-8323


mailto:sierra@sierraclub.org
mailto:sierra@sierraclub.org
mailto:oilgascomment@bouldercounty.org

From: Barbara Brandt

To: Boulder County Oil and Gas Comment
Subject: protect open space
Date: Wednesday, November 05, 2014 8:19:20 PM

Dear Commissioners,

Please do not let oil and gas operations further penetrate into existing open space parks, land
preservation, and trail areas in Boulder County. Such activities are not consistent with the intent of open
space acquisition. Many of us have lived in Boulder County for decades, and have without fail supported

additional taxes for open space. We entrust our elected officials to preserve and protect these areas for
wildlife, and sensible recreation use--not for exploitation by oil and gas interests.

Thank you,
Barbara

Sent from my iPad


mailto:Barbara.Brandt@Colorado.EDU
mailto:oilgascomment@bouldercounty.org

From: Sierra Club Membership Services on behalf of Kathy Gritz

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Wednesday, November 05, 2014 7:26:17 PM

Nov 5, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Kathy Gritz

72 Lakeshore Park Rd
Boulder, CO 80302-9534


mailto:sierra@sierraclub.org
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mailto:oilgascomment@bouldercounty.org

From: Martha Swanson

To: Boulder County Board of Commissioners
Subject: Extend fracking moritorium
Date: Wednesday, November 05, 2014 6:33:03 PM

Please extend the fracking moratorium until 2018 when health studies will be
available and re-evaluate at that time. Thank you for hearing the voice of the

people.

Martha Swanson

Martha S. Scheer, CPA P.C
Small Business Consultant
303 447-9711 consultant@msscpa.com Www.msscpa.com

Solving your business problems with custom solutions
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From: Susan G

To: Boulder County Board of Commissioners
Subject: Please Extend Fracking Moratorium

Date: Wednesday, November 05, 2014 6:29:42 PM
Importance: High

Dear Commissioners,
Please extend the fracking moratorium until 2018 when health studies

will be available and re-evaluate at that time.
Thank you for hearing the voice of the people.
Regards,

Susan Gallagher

700 Walnut # 405
Boulder, Co 80302


mailto:gallaghergrp@hotmail.com
mailto:commissioners@bouldercounty.org

From: Sierra Club Membership Services on behalf of Aron Ralston

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Wednesday, November 05, 2014 6:25:47 PM

Nov 5, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mr. Aron Ralston

928 Mapleton Ave
Boulder, CO 80304-4147


mailto:sierra@sierraclub.org
mailto:sierra@sierraclub.org
mailto:oilgascomment@bouldercounty.org

From: Scott Smith

To: Boulder County Oil and Gas Comment

Cc: "Scott Smith"

Subject: Denton Texas, the birthplace of fracking, Citizens vote to ban fracking
Date: Wednesday, November 05, 2014 6:24:14 PM

Good day!

| submit the following article for your consideration which provides ample justification, as if defending
our rights merited any further considerations, to extend the fracking moratorium well into the future by
at least 3 years and preferably even longer.

http://rt.com/usa/202543-texas-fracking-ban-denton/

Kind regards,
Scott Smith

Wagon Wheel (above the flood line)

Boulder


mailto:scott@gmknow.org
mailto:oilgascomment@bouldercounty.org
mailto:scott@gmknow.org
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From: Mimsi Milton

To: Boulder County Board of Commissioners
Subject: Fracking moratorium
Date: Wednesday, November 05, 2014 6:18:48 PM

Dear Commissioners;
It is imperative that you extend the moratorium on fracking at least three years
until there is more science on the subject and the citizens have a chance to make

their voices heard.

Mimsi Milton
9572 Firenze Way
Highlands Ranch, CO


mailto:mimsim@gmail.com
mailto:commissioners@bouldercounty.org

From: Miki Magyar

To: Boulder County Board of Commissioners
Subject: PLEASE extend fracking moratorium
Date: Wednesday, November 05, 2014 4:31:54 PM

Commissioners,

I urge you to extend the moratorium on fracking in Boulder county. We live in
Heatherwood, and our beloved open space is definitely at risk if fracking is allowed.
Even if they don't start drilling, our property value will go down. | know you've
heard all the arguments and reasons why fracking is not needed, uneconomical, and
hazardous. There is no harm - except perhaps to big oil - in delaying the process.

Sincerely,
Miki Magyar


mailto:mikim1@mindspring.com
mailto:commissioners@bouldercounty.org

From: nhall

To: Boulder County Oil and Gas Comment
Subject: Hydrogen Sulfide

Date: Wednesday, November 05, 2014 4:19:30 PM
Attachments: MacevETAL2014 -supplement.doc

MaceyETAL2014 -paper.pdf
Elsevier2014-Worker_Safety.pdf
Lee2014EEReport.pdf

Dear Boulder County Commissioners and staff:

Hydrogen Sulfide is a concern not being addressed by Article 12 of the Boulder County
Land Use Code.

| have testified in the past about hydrogen sulfide being a product of oil and gas extraction
and the risks associated with its emission where operations are taking place[Lee 2014]. If my
memory serves me, | wastold by Bo Co Health Department staff that while emissions of H2S
is a matter of legitimate concern elsewhere, hydrogen sulfide is not produced here on the
Front Range due to the geology. | have recently come across evidence that it does indeed
appear here during oil and gas operations [Macey 2014], and so | ask that you direct staff to
explore this hazard and what can be done to prevent it and mitigate it when emissions are
found. Specificaly, please delay the processing of new applications until Chapter 12 can be
amended to require state-of -the-art monitoring and controls [Elsevier 2014] for hydrogen
sulfide, including scrubbing of emissions at well pads, disaster planning for hydrogen sulfide
such as required in Texas [Lee 2014], and any other measures needed to address this hazard.

Sincerely,

Nancy Hall

12892 Sheramdi St.
Unincorporated Boulder County

References [ATTACHED AL SO]

[Macey 2014] Gregg P Macey, Ruth Breech, Mark Chernaik, Caroline Cox, Denny Larson,
Deb Thomas and David O Carpenter, Air concentrations of volatile compounds near oil and
gas production: a community-based exploratory study, Environmental Health 2014, 13:82 (

http://www.ehjournal .net/content/13/1/82 )

Conclusions: Air concentrations of potentially dangerous compounds and chemical mixtures
are frequently present near oil and gas production sites. Community-based research can
provide an important supplement to state air quality monitoring programs.

Note: study areaincluded northern Front Range sites; hydrogen sulfide found in large
concentration in one near CO 52 and WCR 5.

[Elsevier 2014] Collaboration and Innovation: Prioritizing Oil and Gas Worker Safety at
Hydraulic Fraturing Sites,

(http://www.elsevier.com/__data/assets/pdf file/0011/197777/Worker_Safety.pdf )

Excerpt: Hydrogen sulfide (H2S), a naturally occurring chemical in oil and natural gas, is
present at drilling operations, compressor stations and refineries. As a byproduct of the
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Table S1. Arkansas Grab and Passive Sample Results and Symptoms by Location.

		Location

		Date (Sample ID)

		Time

		Type

		Compound


((g/m3)

		TICs


((g/m3)

		Symptoms



		35.205301N  92.115837W

		11/4/13


(AR-4912)

		12:45 p.m.

		Grab

		Ethanol (79)


Acetone (80)


d-Limonene (8.7)


Methane (2.6 ppmV)




		Hexamethyl-cyclotrisiloxane (28)


2,4-Dimethylheptane (56)


4-Methyloctane (37)


C12H26 Branched Alkane (23)


Dodecane (27)

		Smell:  Strong natural gas odorant smell mixed with sweet

Feel:  Shaking hands



		35.213499N


92.02414W

		11/3/13


(AR-4913)

		12:55 p.m.

		Grab

		Ethanol (80)


Acetone (66)


Methane (3.9 ppmV)

		2,4-Dimethylheptane (25)

		Smell:  Natural gas odorant smell


Feel:  Burning nostril



		35.213504N


92.02385W

		11/3/13


(AR-4198)

		11:55 p.m.

		Grab




		Ethanol (55)


Toluene (11)


Methane (4 ppmV)




		2,4-Dimethylheptane (23)

		See:  White smoke


Smell:  Sewer, sweet, skunk, burnt chemical, natural gas odorant. Severe smell came and went in correlation with sounds from compressor


Feel:  Headache, nauseous, sore throat


Taste:  Sweet


Hear:  Oscillating noise, rumble, running/idling



		35.213501N


92.02450W

		11/3/13


(AR-4914)

		11:45 p.m.

		Grab

		Ethanol (53)


Methane (2.5 ppmV)

		

		Smell:  Natural gas odorant smell

Feel: burning nose, stomach cramps, nausea





		35.28603N  92.282789W

		10/23/13


(AR-4724)

		3:23 p.m.

		Grab

		Propene (61)


Dichlorodifluoromethane (5.8)


1,3 Butadiene (8.5)


Ethanol (120)


Acetone (67)


THF (7.7)


n-Heptane (13)


4-Methyl-2-pentanone (5.7)


Toluene (56)


n-Octane (8.8)


Ethylbenzene (30)


m,p-Xylenes (45)


0-Xylene (14)


n-Nonane (15)


alpha-Pinene (62)


1,2,4-Trimethyl-benzene (5.2)


d-Limonene (83)


Methane


(7.4 ppmV) 

		C4H8 Alkene (35)


2-Butanol (28)


C10H16 Compound (22)


3-Carene (26)


Eucalyptol (29)




		See:  Chemical vapor


Smell:  Antifreeze, sweet, skunk, burnt chemical, gasoline; smell was more intense on pad adjacent to station


Feel:  Headache, nauseous, sore throat, itchy, skin became very irritated


Taste:  Sweet


Hear:  Oscillating noise, running/idling





		35.221233N 92.121360W

		10/22/13


(AR-4701)

		1:43 p.m.

		Grab

		Ethanol (68)


Acetone (57)


Methane


(2.5 ppmV)

		

		See:  White dust


Smell:  Chlorine, burnt chemical similar to when plastic burns


Feel:  Headache, burning nose



		35.165528N 92.254383W

		1/17/13


(AR-0215)

		10:00 a.m.

		Grab

		Ethyl Acetate (17)

		

		Smell:  Sewer, sweet, gas odorant

Feel:  Headache, nauseous, sore throat, had fever for two days afterwards


Taste:  Sweet, sour, battery acid



		35.205355N 92.12540W

		1/17/13


(AR-0214)

		8:05 a.m.

		Grab

		Ethyl Acetate (21)

		

		See:  Chemical vapor


Smell:  Sweet, skunk, really strong, had to cover face


Feel:  Headache, nauseous, burning eyes/nose/lips, dizzy, bloody nose, shaking, nose bleed, and tremors later that day


Taste:  Sweet


Hear:  Oscillating noise, running/idling



		35.205340N 92.12438W

		11/3/13


AR-4924-001)

		12:22 p.m.

		Passive

		Formaldehyde (48)

		

		See:  Chemical vapor


Smell:  Sweet


Feel:  Headache, coughing



		35.165510N 92.254621W

		11/3/13


(AR-4923-001)

		10:30 p.m.

		Passive

		

		

		See:  Chemical vapor


Hear:  Oscillating noise, rumble, running/idling



		35.121422N 92.213218W

		11/3/13


(AR-4915-001)

		n/a

		Passive

		

		

		



		35.165520N 92.254609W

		9/26/13


(AR-4333-001)

		3:05 p.m.

		Passive

		Formaldehyde (44)

		

		



		35.22328N 92.12572W

		9/26/13


(AR-4335-001)

		2:15 p.m.

		Passive

		

		

		Smell:  Sweet, skunk, burnt chemical


Feel:  Headache, nauseous, burning nose/throat, dizzy, itchy, concentration problem



		35.22308N 92.12588W

		9/26/13


(AR-4332-001)

		8:20 a.m.

		Passive

		

		

		



		35.121422N 92.213218W

		9/25/13


(AR-4336-001)

		11:30 p.m.

		Passive

		Formaldehyde (51)

		

		



		35.205347N 92.12487W

		9/25/13


(AR-4331-001)

		4:30 p.m.

		Passive

		Formaldehyde (23)

		

		



		35.165516N 92.254615W

		9/25/13


(AR-4334-001)

		3:55 p.m.

		Passive

		

		

		



		35.165522N 92.254602W

		8/12/13


(AR-3562-001)

		1:25 p.m.

		Passive

		Formaldehyde (28)

		

		



		35.22346N  92.12563W

		8/12/13


(AR-3561-001)

		12:50 p.m.

		Passive

		Formaldehyde (27)

		

		



		35.165563N 92.254621W

		7/18/13


(AR-3136-003)

		9:14 a.m.

		Passive

		Formaldehyde (36)

		

		



		35.28819N 92.284001W

		7/17/13


(AR-3136-002)

		1:04 p.m.

		Passive

		

		

		



		35.165563N 92.254621W

		7/17/13


(AR-3136-001)

		11:37 a.m.

		Passive

		Formaldehyde (34)

		

		





Table S2. Colorado Grab and Passive Sample Results and Symptoms by Location.

		Location

		Date 

(Sample ID)

		Time

		Type

		Compound


((g/m3)

		TICs


((g/m3)

		Symptoms



		40.00008N


105.067164W

		8/21/12


(CO-3460)

		10:25 p.m.

		Grab

		Toluene (7.1)


alpha-Pinene (9)

		Unidentified Compound (27)


2-Ethyl-1-hexanol (75)


C12H26 Branched Alkane (25-75)

		



		40.2286N


105.22439W

		8/6/12


(CO-3190)

		6:00 a.m.

		Grab

		Ethanol (69)

		Butane (22)

		



		40.3379N


105.34058W

		8/2/13


(CO-3402)

		6:15 p.m.

		Grab

		Ethanol (230)


Toluene (6.6)


Chlorobenzene (37)


d-Limonene (8.2)


Methane


(4.4 ppmV)

		Propane (31)

		Smell:  Gas smell in waves


Feel:  Nausea, lips tingle



		40.089891N


105.013863W




		7/31/12


(CO-3137)

		11:41 p.m.

		Grab

		Hydrogen Sulfide (41)


Toluene (5.5)


alpha-Pinene (26)


d-Limonene (8)




		C8H16 Compound (29)


C11H24 Branched Alkane (37-78)


beta-Pinene (35)


2-Ethyl-1-hexanol (180)


C12H26 Branched Alkane (43-350)


Unidentified Compound (37)


Unidentified Compound (33)


Unidentified Compound (45)


Unidentified Compound (28)

		



		40.23342N


105.35470W

		7/30/12


(CO-3118)

		6:16 p.m.

		Grab

		

		

		



		40.51626N


104.531097W

		10/28/13


(CO-4831-003)

		8:15 p.m.

		Passive

		

		

		



		40.52282N


104.531100W

		10/28/13


(CO-4831-002)

		8:10 p.m.

		Passive

		

		

		



		40.53135N


104.531211W

		10/28/13


(CO-4831-001)

		8:05 p.m.

		Passive

		

		

		





Table S3. Ohio Grab and Passive Sample Results and Symptoms by Location.

		Location

		Date 

(Sample ID)

		Time

		Type

		Compound


((g/m3)

		TICs


((g/m3)

		Symptoms



		41.1755854N  80.810184W

		10/30/13 


(OH-4842)

		6:30 p.m.

		Grab

		Methane


(3 ppmV)




		

		



		

		10/29/13 


(OH-4818)

		3:00 p.m.

		Grab

		n-Hexane (13)


n-Heptane (21)


Toluene (11)


n-Octane (27)


m,p-Xylenes (11)


n-Nonane (40)


1,2,4-Trimethylbenzene (6.8)


Methane


(2.2 ppmV)

		Methylcyclohexane (22)


4-Methyloctane (22)


Decane (21)


Undecane (20)




		Smell:  Diesel fumes, tar, petroleum, chemical smell, a sweet chemical smell


Feel:  Headache



		41.1755854N


80.810184W

		10/29/13 


(OH-4822)

		2:00 p.m.

		Grab

		Methane


(2 ppmV)

		

		



		40.545118N 81.010255W

		10/26/13 


(OH-4866)

		7:30 p.m.

		Grab

		Toluene (19)


Methane


(2.8 ppmV)

		2,4-Dimethylheptane (25)

		



		40.7515269N 81.9173190W

		10/31/13 


(OH-4881-005)

		6:47 p.m.

		Passive

		

		

		



		40.7336620N 80.9353187W

		10/31/13 

(OH-4881-004)

		6:40 p.m.

		Passive

		

		

		



		40.6833190N


80.9667705W

		10/31/13 

(OH-4881-003)

		6:26 p.m.

		Passive

		

		

		



		40.5527906N


81.0116763W

		10/31/13 

(OH-4881-002)

		6:02 p.m.

		Passive

		

		

		



		40.5607067N


81.0119634W

		10/31/13 

(OH-4881-001)

		5:50 p.m.

		Passive

		

		

		





Table S4. Pennsylvania Grab and Passive Sample Results and Symptoms by Location.

		Location

		Date 

(Sample ID)

		Time

		Type

		Compound


((g/m3)

		TICs


((g/m3)

		Symptoms



		40.325570N


80.296268W

		9/14/13


(PA-4136)

		8:57 p.m.

		Grab

		n-Hexane (330)


Benzene (5.7)


Cyclohexane (25)


n-Heptane (46)


Toluene (8.2)


n-Octane (5.4)


Methane


(330 ppmV)



		Propane (12,000)


Isobutane (7,700)


n-Butane (11,000)


Neopentane (120)


Isopentane (3,600)


n-Pentane (4,700)


2,2-Dimethylbutane (54)


Cyclopentane (34)


2,3-Dimethylbutane (78)


2-Methylpentane (570)


3-Methylpentane (280)


Methylcyclopentane (65)


2-Methylhexane (42)


3-Methylhexane (42)


Methylcyclohexane (35)

		



		41.71783N


75.87332W

		9/9/13


(PA-4082)

		6:47 p.m.

		Grab

		Toluene (6.7)


Chlorobenzene (8.3)


Methane (17 ppmV)

		

		Feel:  Sore throat



		41.71783N


75.87332W

		8/13/13


(PA-3570)

		12:02 p.m.

		Grab

		

		

		Smell:  Heavy oil odor, sweet smell, burnt plastic odor

Feel:  Sore throat, light-headed



		41.71783N


75.87332W

		8/13/13


(PA-3597)

		9:00 p.m.

		Grab

		

		

		Smell:  Burnt oil odor

Feel:  Light-headed, sore throat



		41.71745N


75.87318W

		9/20/13


(PA-4259-001)

		12:42 a.m. – 6:38 p.m.

		Passive

		

		

		Feel:  Sore throat



		41.71783N


75.87332W

		9/20/13


(PA-4259-002)

		12:32 p.m. – 6:35 p.m.

		Passive

		Formaldehyde (61)

		

		



		41.71028N


75.91504W

		9/20/13


(PA-4259-003)

		1:36 p.m. – 6:21 p.m.

		Passive

		Formaldehyde (59)

		

		Feel:  Dry mouth



		41.71766N


75.94932W

		9/20/13


(PA-4259-006)

		1:30 p.m. – 6:15 p.m.

		Passive

		

		

		



		41.79777N


75.82587W

		9/20/13


(PA-4259-004)

		10:40 a.m. – 5:36 p.m.

		Passive

		Formaldehyde (32)

		

		



		41.79777N


75.82587W

		9/20/13


(PA-4259-005)

		10:48 a.m. – 5:30 p.m.

		Passive

		Formaldehyde (34)

		

		



		41.71745N


75.87318W

		9/8/13


(PA-4083-001)

		3:06 p.m. – 5:30 p.m.

		Passive

		

		

		



		41.79777N


75.82587W

		9/7/13


(PA-4083-004)

		3:50 p.m. – 3:25 p.m.

		Passive

		Formaldehyde (7.6)

		

		



		41.71783N


75.87332W

		9/7/13


(PA-4083-002)

		3:31 p.m. – 2:56 a.m.

		Passive

		

		

		



		41.71028N


75.91504W

		9/7/13


(PA-4083-003)

		2:36 p.m. – 2:45 p.m.

		Passive

		Formaldehyde (8.3)

		

		





Table S5. Wyoming Grab and Passive Sample Results and Symptoms by Location. 

		Location

		Date 

(Sample ID)

		Time

		Type

		Compound


((g/m3)

		TICs


((g/m3)

		Symptoms



		43.1453928N


108.3735072W

		11/7/12


(WY-4586)

		1:05 p.m.

		Grab

		Hydrogen Sulfide (590)

n-Hexane (22,000)

Benzene (2,200)

Cyclohexane (22,000)


n-Heptane (13,000)


Toluene (1,400)


n-Octane (3,100)


Ethylbenzene (1,200)


Xylenes (4,100)


n-Nonane (1,300)


1,2,4-Trimethylbenzene (740)

		Propane (330,000)


Isobutane (430,000)


n-Butane (200,000)


Neopentane (21,000)


Isopentane (230,000)


n-Pentane (82,000)


2,2-Dimethylbutane (41,000)


2,3-Dimethylbutane (67,000)


2-Methylpentane (73,000)


3-Methylpentane (46,000)


Methylcyclopentane (29,000)


2-Methylhexane (15,000)


2,3-Dimethylpentane (12,000)


3-Methylhexane (15,000)


Methylcyclohexane (40,000)

		See:  Separators, produced water tanks, pneumatic pumps, tanks, wellhead, meter sheds


Smell:  Sickly sweet petroleum

Feel:  Dizzy, chest tightness, nausea, headache, stiff neck, runny nose, throat irritation, acid metallic taste


Hear:  Gas hissing, clicking of pneumatic pump, spitting and whooshing noise, rattling noise



		44.5942144N


108.5327261W

		10/31/13 (WY-4864)

		3:04 p.m.

		Grab

		Hydrogen Sulfide (210)


Methane (2.4 ppmV)




		2-Methylpentane (66)


2,4-Dimethylheptane (86)


4-Methyloctane (27)


C12H26 Branched Alkane (24-110)


Unidentified Compound (120)


Unidentified Compound (52)


Unidentified Compound (55)

		See:  Small dam, discharge canal, residue on banks of stream, discolored water


Smell:  Rotten eggs, permanent solution, then nothing


Feel:  Dizzy, shortness of breath, runny nose, clogged sinuses, burning eyes, heavy feeling in chest





		44.5937814N


108.5337174W

		10/31/13 (WY-4865)

		2:38 p.m.

		Grab

		Hydrogen sulfide (1,200)

Methyl Mercaptan (12)


n-Hexane (6.5)


Methane (2.4 ppmV)




		n-Pentane (27)


tert-Butanol (61)


2,3-Dimethylbutane (45)


2-Methylpentane (230)


C6H12 Compound (26)


Hexamethylcyclotrisiloxane (22)


2,4-Dimethylheptane (180)


2,4-Dimethyl-1-heptene (44)


4-Methyloctane (44)


C12H26 Branched Alkane (26-120)


Unidentified Compound (110)


Unidentified Compound (47)


Unidentified Compound (56)

		See:  Discharge coming out of pipes, discolored with white residue on banks of stream, discolored water


Smell:  Rotten eggs, permanent solution

Feel:  Headache, burning eyes, acid taste, runny nose



		43.156808N


108.3759006W




		10/31/13 (WY-4862)

		11:00 a.m.

		Grab

		Ethanol (62)


n-Hexane (30)


Cyclohexane (34)


n-Heptane (24)


Toluene (12)


n-Octane (10)


n-Nonane (6.4)


Methane (36 ppmV)



		Propane (240)


Isobutane (300)


n-Butane (170)


Isopentane (190)


n-Pentane (100)


2,3-Dimethylbutane (38)


2-Methylpentane (120)


3-Methylpentane (36)


Methylcyclopentane (56)


Methylcyclohexane (98)


2,4-Dimethylheptane (52)


C12H26 Branched Alkane (64)


Unidentified Compound (73)


Unidentified Compound (34)


Unidentified Compound (38)

		See:  Separator, production tank, wellhead on location

Smell: sickeningly sweet petroleum smell, metallic taste in mouth





		43.145401N


108.373498W

		10/31/13 (WY-4861)

		10:40 a.m.

		Grab

		Ethanol (55)


n-Hexane (2,500)


Benzene (230)


Cyclohexane (3,500)


n-Heptane (980)


Toluene (110)


n-Octane (320)


Ethylbenzene (52)


m,p-Xylenes (290)


o-Xylene (27)


n-Nonane (110)


Cumene (11)


n-Propylbenzene (12)


4-Ethyltoluene (12)


1,3,5-Trimethylbenzene (29)


1,2,4-Trimethylbenzene (47)


Methane (5,900 ppmV)



		Propane (10,000)


Isobutane (14,000)


n-Butane (7,500)


Isopentane (13,000)


n-Pentane (7,200)


2,2-Dimethylbutane (1,800)


Cyclopentane (1,200)


2,3-Dimethylbutane (2,700)


2-Methylpentane (7,300)


3-Methylpentane (3,800)


Methylcyclopentane (5,000)


2-Methylhexane + 2,3-Dimethylpentane (1,800)


3-Methylhexane (1,200)


Methylcyclohexane (5,400)


Dimethylcyclohexane (1,300)

		See:  Separators, produced fluid tanks Smell:  Sickeningly sweet petroleum smell

Feel:  Dizzy, nausea, headache, metallic taste, nose/throat irritation, aches in joints


Hear:  Hissing sounds and sounds like pressurized gas is leaking



		44.5557745N


109.51115W

		7/30/13


(WY-3321)

		9:30 a.m.

		Grab

		n-Hexane (770)


Benzene (35)


Cyclohexane (420)


n-Heptane (190)


Toluene (89)


n-Octane (65)


m,p-Xylenes (22)


o-Xylene (6.2)


n-Nonane (17)

		Propane (1,700)


Isobutane (3,900)


n-Butane (4,900)


Isopentane (3,800)


n-Pentane (3,300)


2,2-Dimethylbutane (110)


Cyclopentane (310)


2-Methylpentane (1,200)


3-Methylpentane (620)


Methylcyclopentane (790)


2-Methylhexane (100)


3-Methylhexane (110)


Methylcyclohexane (370)


C12H26 Branched Alkane (140)


C13H28 Branched Alkane (120)

		See:  Building with open door, pipes, equipment, puddle of leaked oil


Smell:  Hydrocarbons, chlorine

Feel:  Heat emitting from machinery, headache (light), runny nose, burning eyes


Hear:  Drone of the engine, fan turning, rushing air








		44.5835133N


109.1515476W

		10/29/12


(WY-4478)

		12:01 p.m.

		Grab

		Hydrogen Sulfide (91)


Ethyl Mercaptan (58)


Isopropyl Mercaptan (540)


tert-Butyl Mercaptan (25)


n-Propyl Mercaptan (78)


Thiophene (220)


Isobutyl Mercaptan (84)


Diethyl Sulfide (41)


Tetrahydrothiophene (22)


2-Ethylthiophene (28)


n-Hexane (1,200,000)

Benzene (110,000)


Cyclohexane (690,000)


n-Heptane (480,000)


Toluene (270,000)


n-Octane (180,000)


Ethylbenzene (17,000)


m,p-Xylenes (110,000)


o-Xylene (25,000)


n-Nonane (35,000)


1,2,4-Trimethylbenzene (6,400)


d-Limonene (5,600)

		Propane (1,900,000)


Isobutane (4,000,000)


n-Butane (4,100,000)


Isopentane (3,700,000)


n-Pentane (3,100,000)


2,2-Dimethylbutane (230,000)


Cyclopentane (320,000)


2,3-Dimethylbutane (400,000)


2-Methylpentane (1,700,000)


3-Methylpentane (990,000)


Methylcyclopentane (1,200,000)


2-Methylhexane (320,000)


3-Methylhexane (300,000)


Dimethylcyclopentane Isomer (160,000)


Methylcyclohexane (1,100,000)

		See:  Vapor flow/venting tubes, brown liquid drip, oily substance on ground and buildup on tubes

Feel:  Headache, tightness in neck, throat soreness, runny nose, dizziness, burning eyes, metallic taste

Hear:  Hissing, clicking and whooshing






		43.157632N


108.3659577W

		5/15/13


(WY-2069)

		8:40 p.m.

		Grab

		Hydrogen Sulfide (30)

Ethanol (61)


n-Hexane (200)


Cyclohexane (120)


n-Heptane (71)


Toluene (12)


n-Octane (22)


n-Nonane (5.6)

		Propane (2,300)


Isobutane (2,700)


n-Butane (1,600)


Neopentane (52)


Isopentane (1,400)


n-Pentane (800)


2,2-Dimethylbutane (75)


2,3-Dimethylbutane (110)


2-Methylpentane (410)


3-Methylpentane (200)


Methylcyclopentane (230)


2-Methylhexane (58)


Methylcyclohexane (250)


C12H26 Branched Alkane (82)


C15H32 Branched Alkane (68)

		See:  Workover rig and fracking tanks

Smell:  Sickly sweet hydrocarbon smell

Feel:  Headache, nausea, confusion, shakes, vomit taste in back of mouth


Hear:  Hissing and chirping sounds





		43.156808N


108.3759006W

		3/19/13


(WY-1103)

		12:45 p.m.

		Grab

		Propene (6.9)


Ethanol (52)


n-Hexane (350)


Benzene (31)


Cyclohexane (310)


n-Heptane (190)


Toluene (71)


n-Octane (71)


Ethylbenzene (9.5)


m,p-Xylenes (53)


o-Xylene (11)


n-Nonane (32)


1,3,5-Trimethylbenzene (5.9)


1,2,4-Trimethylbenzene (8.5)

		Propane (2,000)


Isobutane (2,600)


n-Butane (1,700)


Neopentane (76)


Isopentane (1,700)


n-Pentane (1,000)


2,2-Dimethylbutane (170)


Cyclopentane (92)


2,3-Dimethylbutane (270)


2-Methylpentane (780)


3-Methylpentane (380)


Methylcyclopentane (470)


2-Methylhexane (140)


3-Methylhexane (140)


Methylcyclohexane (730)

		See:  Gas spewing from top of production tank

Smell:  Sickly sweet petroleum

Feel:  Headache, nausea, throat irritation, felt uncomfortable, metallic taste, chest tightness, mental confusion



		44.552636N


108.39618W

		1/16/13


(WY-0187)

		11:00 a.m.

		Grab

		Hydrogen Sulfide (66,000)

Methyl Mercaptan (47)


n-Hexane (22)


Benzene (23)


Cyclohexane (39)


n-Heptane (8.2)


Toluene (100)


Ethylbenzene (28)


m,p-Xylenes (95)


o-Xylene (46)


4-Ethyltoluene (5.2)


1,3,5-Trimethylbenzene (6.3)


1,2,4-Trimethylbenzene (17)

		Carbonyl Sulfide (64)


Propane (280)


Sulfur Dioxide (>860)


Isobutane (240)


n-Butane (320)


Isopentane (260)


n-Pentane (90)


Cyclopentane (68)


2-Methylpentane (53)


3-Methylpentane (57)


Methylcyclopentane (68)


Methylcyclohexane (27)


C12H26 Branched Alkane (28)


C15H32 Branched Alkane (37)


C16H34 Branched Alkane (30)

		See:  Riparian area, green scummy water and green ice


Smell:  Very heavy H2S density


Feel:  Very light-headed coming out


Hear:  Clanging, screeching well, humming noise








		44.56411N


108.3914227W

		1/16/13


(WY-0184)

		10:00 a.m.

		Grab

		Hydrogen Sulfide (240)

Toluene (11)

		Sulfur Dioxide (>29)


C12H26 Branched Alkane (21)


C15H32 Branched Alkane (39)


C15H32 Branched Alkane (30)


C16H34 Branched Alkane (36)

		See:  Discharge water from wells flows into irrigation water drains and watershed where goats drink and pasture, green slime, paraffin, and film in water


Smell:  Heavy H2S, 

toxic smell


Feel:  Sick


Hear:  Thumping, squealing of wells



		44.5654431N


109.1018091W

		1/10/13


(WY-0129)

		2:52 p.m.

		Grab

		Ethanol (55)


n-Hexane (210)


Benzene (100)


Cyclohexane (170)


n-Heptane (28)


Toluene (48)

		Propane (930)


Isobutane (740)


n-Butane (1,200)


Isopentane (820)


n-Pentane (670)


2,2-Dimethylbutane (38)


C5H10 Compound (88)


2,3-Dimethylbutane (61)


2-Methylpentane (300)


3-Methylpentane (180)


Methylcyclopentane (280)


2-Methylhexane (22)


3-Methylhexane (21)


Methylcyclohexane (96)

		See: Flare burning and smokestacks

Smell: Gasoline/ petroleum; like a stove with unlit pilot light.


Feel: Burning nose, headache, light-headed

Hear: Humming and roaring



		44.581201N


109.143530W




		1/9/13


(WY-0105)

		1:51 p.m.

		Grab

		n-Hexane (11)


Toluene (7.7)




		Propane (190)


Isobutane (80)


n-Butane (100)


Isopentane (69)


n-Pentane (46)


C13H28 Branched Alkane (24)

		See:  Tubes coming out the side of source building, stains on ground, brown crusty residue on the tubes

Smell:  Gasoline/


hydrocarbon smell


Feel:  Light-headed, headache, nose burned, eyes watered

Hear:  Whooshing and clicking at source








		44.552595N


108.39751W




		1/9/13


(WY-0106)

		11:45 p.m.

		Grab

		Hydrogen Sulfide (5,600)

Ethanol (55)


Ethyl Acetate (13)


Toluene (22)


o-Xylene (5.1)




		Sulfur Dioxide (>220)


C12H26 Branched Alkane (33)


C13H28 Branched Alkane (41)

		See:  Drainage ditch supposedly clean final discharge where livestock and wildlife would drink is cloudy, nasty, toxic discharge water and very oily if a stick is inserted (or animals walked through) two feet down in the soil. No oil well pad liners; water from pad is also leaching and freezing = ice flow into our pastures. Oil spill from pipe (taking oil to factory)

Smell:  Very strong H2S gas odor, raw oil near wellhead itself, very strong as we walk back through well pad


Feel:  Cognitive problems such as cloudy/foggy thinking, dizziness, very heavy H2S fume smell for short time while taking sample makes us feel woozy, dizzy, cloudy, and foggy. I wanted to come home and sleep. My chest also feels tight


Hear:  Presence of oil well nearby – droning motor, banging sounds endless, squealing of machine parts as the pumper pumps its oil. Very noisy, constant. Can hear these at our residence





		44.5525551N


108.398177W

		10/31/12 (WY-4496)

		12:19 p.m.

		Grab

		Hydrogen Sulfide (6,100)

Ethyl Acetate (11)


Benzene (9.2)


Toluene (23)


m,p-Xylenes (12)


o-Xylene (6.8)

		Sulfur Dioxide (>220)


Isobutane (36)


n-Butane (43)

		See:  Oil sheen, scum on ponds, irrigation water filthy, inadequate land farming operations to clean soil

Smell:  Rotten egg, dirty/oily, noxious fumes


Feel:  Very sick, light-headed, heavy chest



		44.5557745N


109.51115W

		10/30/13 

(WY-4883-005)

		9:07 a.m.-5:05 p.m.

		Passive

		Formaldehyde (46)

		

		





Table S6. Grab Samples Collected on Pollution Patrol in Fremont and Park Counties, Wyoming. 

		Date/


Time

		Nearest Infrastructure

		Distance (feet)

		Production Stage

		Importance of Sample Location

		Anomalies


Reported 



		

		

		

		Production

		Development

		

		



		

		

		

		Oil

		Gas

		Oil

		Gas

		

		



		10/31/13


3:04 p.m.

		Christmas treesa

Compressor stations


Dehydrator units


Discharge canal


Production tanks


Pump jacks

		20

		X

		X

		

		

		Siphon/dam in discharge canal


Along county road

		Discolored water-discharge canal


Residue on canal banks


Strong H2S odor



		10/31/13


2:38 p.m.

		Christmas treesa

Compressor stations


Dehydrator units


Discharge canal


Production tanks


Pump jacks

		5

		X

		X

		

		

		Along county road

		Foul-smelling/discolored discharge water


White residue on canal banks


Strong H2S odor



		10/31/13


11:00 a.m.

		Christmas treea

Produced water condensate tanks


Separation equipment


Separator


Well

		50

		

		X

		

		

		3/4 mi. SW of home


Known for heavy emissions


Cows fed 2x/d nearby

		Oil stains and slicks on pad


Inadequate fencing


Strong petroleum odors



		10/31/13


10:40 a.m.

		Christmas treesa

Produced water condensate tanks


Separation equipment


Separators (3)


Wells (5) plumbed to pad

		15

		

		X

		

		

		Very close to a home


In cow pasture

		Oil stains and slicks on pad


Inadequate fencing


Strong petroleum odors


Sounds like gas is leaking



		7/30/13


9:30 a.m.

		Compressor building


Discharge ponds


Pipelines


Pump jack


Separation equipment


Storage tanks


Ventilation fans

		10

		

		

		X

		X

		Near church, residences


Along county road

		Open doors


Spills, leaks


Damaged fences


Garbage


Heat from machinery


Hydrocarbon odors





		5/15/13


8:40 a.m.

		Christmas treesa (2)

Fracking fluid tanks


Produced water condensate tanks


Wells (3-4) plumbed to pad


Workover rig

		350-400

		

		X

		

		

		600 feet from home


1/8 mi. from home


1/4 mi. from home

		Hissing, dripping sounds


Sweet hydrocarbon odors



		3/19/13


12:45 p.m.

		Christmas treea

Produced water condensate tanks


Separation equipment

		40

		

		X

		

		

		3/4 mi. SW of home


Known for heavy emissions


Cows fed 2x/d nearby

		Strong hydrocarbon/sweet chemical odors


Gas spewing from top of production tank



		1/16/13


11:00 a.m.

		Oil tanks


Produced water impoundments (3)


Pump jack


Well pad

		240

		X

		

		

		

		Within goat/cow pastures


Spills, leaks on private land


Oil bogs from pipelines


Produced water degradation


Livestock disease, deaths

		Used oil socks


Hydrocarbon spills


Inadequate fencing


Scum, oily sheen on impoundments


Tanks/infrastructure in poor condition


Rusted fences and metal


Strong H2S odor


Garbage



		1/16/13


10:00 a.m.

		Oil tanks


Produced water impoundments (3)


Pump jack


Well pad

		1050

		X

		

		

		

		Within goat/cow pastures


Spills, leaks on private land


Oil bogs from pipelines


Produced water degradation


Livestock disease, deaths

		Used oil socks


Hydrocarbon spills


Inadequate fencing


Scum, oily sheen on impoundments


Tanks/infrastructure in poor condition


Rusted fences and metal


Strong H2S odor


Garbage





		1/10/13


2:52 p.m.

		Compressor station


Condensate storage tanks


Flare stacks


Loading yard for condensate


Pipeline junctures


Separation equipment


Storage facility for pipes, equipment

		20

		

		X

		

		

		In middle of rural subdivision


4 homes w/in 1/2 mi.


10 homes w/in 1 mi.


20 homes w/in 2 mi.

		Inadequate holding tanks


Homemade vents


Damaged buildings


Loud compressors


Leaks, spills


Air emissions


Condensate drips, pooling


Strong hydrocarbon odors



		1/9/13


1:51 p.m.

		Christmas treesa (4)

Fracking fluid tanks


Frost-free water pump


Pneumatic pumps


Produced water tanks


Pump jack (large)


Separator sheds


Well housing for water well

		60

		

		X

		

		

		Pad in middle of subdivision


15 homes w/in 1/2 mi.


20 homes w/in 1 mi.


50 homes w/in 2 mi.

		Leaks, spills


Open and unlocked separator shed doors



		1/9/13


11:45 a.m.

		Oil tanks


Produced water impoundments (3)


Pump jack


Well pad

		90

		X

		

		

		

		Within goat/cow pastures


Spills, leaks on private land


Oil bogs from pipelines


Produced water degradation


Livestock disease, deaths

		Used oil socks


Hydrocarbon spills


Inadequate fencing


Scum, oily sheen on impoundments


Tanks/infrastructure in poor condition


Rusted fences and metal


Strong H2S odor


Garbage



		11/7/12


1:05 p.m.

		Christmas treesa (2)

Meter sheds


Produced water tanks


Wells (5) plumbed to pad

		1

		

		X

		

		

		SW of home


Known for heavy emissions


Cows fed 2x/d nearby

		Leaks, spills


Clicking pneumatic pumps


Rattling equipment


Strong hydrocarbon/sweet chemical odors


Hissing sound



		10/31/12


12:19 p.m.

		Oil tanks 


Produced water impoundments (3)


Pump jack


Well pad

		10

		X

		

		

		

		Within goat/cow pastures


Spills, leaks on private land


Oil bogs from pipelines


Produced water degradation


Livestock disease, deaths

		Used oil socks


Hydrocarbon spills


Inadequate fencing


Scum, oily sheen on impoundments


Tanks/infrastructure in poor condition


Rusted fences and metal


Strong H2S odor


Garbage



		10/29/12


12:01 p.m.

		Christmas treesa (2)

Pipeline junction


Produced water condensate tanks


Separator shed

		1

		

		X

		

		

		Pad in middle of subdivision


5 homes w/in 1/4 mi.


10 homes w/in 3/4 mi.


Gas well blowout (2006)

		Clicking, whooshing, hissing sounds


Vapors from emissions point


Liquid dripping from tubes/separator shed


Staining on ground





X indicates affirmation of stage of development of oil or gas


a = an assembly of valves and fittings on top of a well casing
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Abstract

Background: Horizontal drilling, hydraulic fracturing, and other drilling and well stimulation technologies are

now used widely in the United States and increasingly in other countries. They enable increases in oil and gas
production, but there has been inadequate attention to human health impacts. Air quality near oil and gas
operations is an underexplored human health concern for five reasons: (1) prior focus on threats to water quality;
(2) an evolving understanding of contributions of certain oil and gas production processes to air quality; (3) limited
state air quality monitoring networks; (4) significant variability in air emissions and concentrations; and (5) air quality
research that misses impacts important to residents. Preliminary research suggests that volatile compounds,
including hazardous air pollutants, are of potential concern. This study differs from prior research in its use of a
community-based process to identify sampling locations. Through this approach, we determine concentrations of
volatile compounds in air near operations that reflect community concerns and point to the need for more
fine-grained and frequent monitoring at points along the production life cycle.

Methods: Grab and passive air samples were collected by trained volunteers at locations identified through
systematic observation of industrial operations and air impacts over the course of resident daily routines. A total of
75 volatile organics were measured using EPA Method TO-15 or TO-3 by gas chromatography/mass spectrometry.
Formaldehyde levels were determined using UMEx 100 Passive Samplers.

Results: Levels of eight volatile chemicals exceeded federal guidelines under several operational circumstances.
Benzene, formaldehyde, and hydrogen sulfide were the most common compounds to exceed acute and other
health-based risk levels.
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quality monitoring programs.
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Background

New drilling and well stimulation technologies have led
to dramatic shifts in the energy market. The Energy
Information Administration forecasts that by the 2030s,
the United States will become a net exporter of petro-
leum liquids such as shale oil [1]. Already an exporter of
natural gas, the U.S. will retrieve nearly half of its gas
from shale formations by that time [2]. Reserves such as
shale oil and gas are referred to as “unconventional” be-
cause fuels within them do not readily flow to the surface
[3]. Instead, they are distributed among tight sandstone,
shale, and other geologic strata. Intensive practices are
used to retrieve them, such as directional drilling (many
kilometres underground and one or more kilometres hori-
zontally through a formation) and hydraulic fracturing to
break up the formation and ensure movement through
source rock (using millions of gallons of water mixed with
chemicals and sand, or “proppants”) [4]. These technolo-
gies present public health challenges, including threats to
air quality [5-7].

Unconventional oil and gas (hereinafter “UOG”) de-
velopment and production involve multiple sources of
physical stressors (e.g., noise, light, and vibrations) [6],
toxicants (e.g, benzene, constituents in drilling and
hydraulic fracturing fluids) [8], and radiological materials
(e.g., technologically-enhanced, naturally-occurring radio-
active material) [9], including air emissions [10,11]. Air
quality near UOG sites is an underexplored human health
concern for several reasons. For a time, environmental
scientists and regulators were primarily interested in po-
tential impacts to surface and groundwater quality. High-
profile impacts and the subsurface nature of technologies
(e.g., hydraulic fracturing) encouraged this research tra-
jectory [12]. This was true despite the fact that UOG de-
velopment brings to the surface, in the case of natural gas,
methane (78.3%), non-methane hydrocarbons (17.8%), ni-
trogen (1.8%), carbon dioxide (1.5%), and hydrogen sulfide
(0.5%) [13]. These constituents, as well as emissions from
combustion processes at the surface, are released to the
air throughout the life cycle of a productive well [14].

Air emissions from UOG operations have been ge-
nerally understood for some time — volatile organic
compounds (VOCs), polycyclic aromatic hydrocarbons
(PAHs), and criteria air pollutants such as NOx and
PM,5 can be released at the wellhead, in controlled
burns (flaring), from produced water storage pits and
tanks, and by diesel-powered equipment and trucks,
among other sources [15]. Yet the full range of emis-
sions from drilling, well completion, and other activities
remains elusive. New source categories are discovered,
emissions from life cycle stages such as transmission and
well abandonment have yet to be determined, and even
stages such as drilling continue to present uncertainty
[16]. We do not understand the extent of drilling-related
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air emissions as pockets of methane, propane, and other
constituents in the subsurface are disturbed and released
to the atmosphere [17]. Emissions measurements during
flowback vary by orders of magnitude [18]. These and
other data gaps limit the accuracy of state and federal
emissions inventories, which compile and track known
emissions sources. Inventories are also limited by self-
reporting and data collection, and rely in some cases on
outmoded emissions factors [15]. Flawed inventories
constrain human health risk assessment and other re-
search [7] and slow the identification of phenomena
such as photochemical ozone production during winter
months [19].

State pollution monitoring networks also constrain re-
search on the air impacts of UOG development. His-
torically, air quality monitoring targeted urban areas, and
criteria air pollutants such as particulate matter and ozone
precursors were the primary chemicals of concern [10].
Monitoring stations were designed to ensure compliance
with National Ambient Air Quality Standards (NAAQS)
for a half-dozen pollutants. Even networks that focus on
oil and gas emissions, such as one operated by public
health officials in Garfield County, Colorado, do not target
individual well pads. The Garfield County network
encompasses five sites to monitor a suite of VOCs and
(at three sites) particulate matter, in a jurisdiction that
covers nearly 3,000 square miles of complex terrain [20].
The Texas Commission on Environmental Quality has
arguably the most extensive monitoring network for UOG
air emissions in oil and gas regions. Its monitors were
sited to minimize urban source impacts and target loca-
tions where the public might be exposed to air emissions
[21]. Still, its networks can be sparse; there are five per-
manent monitoring stations in the Eagle Ford Shale re-
gion, where 7,000 oil and gas wells have been drilled since
2008 [22]. These and other limited networks potentially
mask local hot spots, the effects of unique topography,
and fugitive emissions at certain well pads.

Even a denser monitoring network taking continuous
samples may be unable to capture the full range of air
impacts of UOG operations. Sources of variability of air
emissions and concentrations of VOCs and other pollu-
tants near UOG sites include: (1) the spatial variability
of UOG operations; (2) the discontinuous use of equip-
ment such as diesel trucks, glycol dehydrators, sepa-
rators, and compressors during preparation, drilling,
hydraulic fracturing, well completion, and other stages;
(3) the composition of shale and other formations and
the specific constituents of the drilling and hydraulic
fracturing fluids used on-site (which can influence the
makeup of produced or flowback water stored in pits
and tanks); (4) intermittent emissions from venting,
flaring, and leaks; (5) the shifting location, spacing, and
intensity of well pads in response to market conditions,
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improvements in technology, and regulatory changes; (6)
the effects of wind, complex terrain, and microclimates;
and (7) considerable differences among states in permit-
ting, leak detection and repair, and other requirements
[10,16,23-25]. Wind, for example, can influence outdoor
and indoor concentrations of air pollutants. Brown et al.
found that local air movement and mixing depth contri-
bute to peak exposure to VOCs one mile from a compres-
sor station [25]. Colborn et al. noted the role of wind and
topography in higher VOC concentrations during winter
months, when inversions trap air near ground level [10].
Fuller et al. identified wind speed and wind direction as
significant predictors of indoor particulate matter levels
near highways [26]. Similar variation can be found within
and across geologic formations. Unconventional wells in
the Barnett Shale play, for example, differ considerably in
terms of reservoir quality, production rates, and recover-
able gas [27]. Domestic shale gas plays exhibit even greater
diversity, including depth and thickness of recoverable re-
sources, the amount and range of chemicals present in
produced water, and the presence of constituents such as
bromide, naturally occurring radioactive material, hydro-
gen sulfide, and other toxic elements [23,28].

These and other sources of variability, and the
adaptive drilling and well completion techniques they
encourage, complicate the design of setback and well
spacing rules that are protective of the public. They also
explain why air quality studies carried out in UOG re-
gions vyield conflicting results. For example, McKenzie
et al. [11] found greater cumulative cancer risks and
higher non-cancer hazard indices for residents living less
than 0.5 miles from certain well pads in Colorado, while
Bunch et al. [21] analyzed data from monitors focused
on regional atmospheric concentrations in the Barnett
Shale region and found no exceedance of health-based
comparison values. Colborn et al. [10] gathered weekly,
24-hour samples 0.7 miles from a well pad in Garfield
County, and noted a “great deal of variability across
sampling dates in the numbers and concentrations of
chemicals detected.” Eapi et al. [29] found substantial
variation in fenceline concentrations of methane and
hydrogen sulfide, which could not be explained by pro-
duction volume, number of wells, or condensate volume
at natural gas development sites.

Institutional factors also influence research on ambient
air quality near UOG sites. Congressional exemption of oil
and gas operations from provisions of the Clean Air Act,
Clean Water Act, Safe Drinking Water Act, Emergency
Planning and Community Right-to-Know Act, and other
statutes limits data collection on the impacts of oil and gas
development [30,31]. In addition, the peer-reviewed litera-
ture is divided between “top-down” and “bottom-up” treat-
ments of air quality. The first set of studies explores the
impact of UOG operations on regional air quality, with a
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concern for methane emissions and ozone precursors in re-
gions such as the Green River Basin in Wyoming [32], the
Uintah Basin in northeastern Utah [33], and the Denver-
Julesburg Basin, home of the Wattenberg Field in north-
eastern Colorado [34]. These studies rely on airborne and
tower measurements, and are at times supplemented by
ground measurements such as mobile monitoring.

For example, Petron et al. [35] found a strong alkane
signature downwind from the Denver-Julesburg Basin,
based on samples taken at a 300-m tall tower (the
National Oceanic and Atmospheric Administration Boulder
Atmospheric Observatory) and a mobile monitoring unit.
In the Uintah Basin, where winter ozone levels exceeded
the NAAQS 68 times in 2010, Helmig et al. [36] carried
out vertical profiling of ozone precursors at a tower at the
northern edge of a gas field. They found levels of at-
mospheric alkanes during temperature inversion events in
2013 that were 200—-300 times greater than regional back-
ground. These and other “top-down” studies are also used
to estimate methane leakage, which is helpful in com-
paring the climate-forcing impact of UOG to the use of
coal-fired power plants. Loss rate estimates for methane
and other hydrocarbons vary considerably by study, from
17% [37] (Los Angeles Basin) to 8.9% [38] (Uintah Basin)
(6.2-11.7%, 95% C.L) to 4% [35] (Denver-Julesburg Basin)
(2.3-7.7%, 95% C.L). A number of studies share the finding
that EPA underestimates methane leakage rates across the
life cycle (their estimate was 1.65% in 2013) [16], but
others, extrapolating from emissions factors and/or direct
measurement, produce estimates as low as 0.42% [18].
None of these studies attempts to characterize air concen-
trations within residential or publicly-accessible areas near
UOG operations.

Other studies follow a “bottom-up” approach to air
quality, which is limited by access to well pads and other
infrastructure, the availability of a power source for mo-
nitoring equipment, the stage of operation underway,
scheduled or unscheduled flashing, flaring, and fugitive
releases, or movement of truck traffic and equipment at
or near a well pad during a given sampling period. Thus,
bottom-up studies vary in terms of distance to site,
sample frequency, and chemicals targeted. This helps
explain the range of findings in the published literature.
Nevertheless, existing research gives support to resident
reports of acute and long-term health symptoms and
other reductions in quality of life. Even as they offer
conflicting evidence of the relative importance of one
stage of production or another to air emissions [10,11],
or differ in their ultimate conclusion regarding the
existence [10,11,14,35,36,39] or lack [21,40,41] of hu-
man health threats from air emissions, they find VOC
concentrations in ambient air considerable distances
from well pads, including in residential areas and
public spaces.
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The research questions that guide existing studies create
a final barrier to our ability to characterize air emissions
in UOG regions. Top-down studies are motivated by
questions such as identifying sources of regional nonat-
tainment of ozone standards, or estimating methane and
other hydrocarbon leakage rates from UOG operations.
Bottom-up research gathers data from one or a limited
number of well pads, chosen for reasons such as access or
cooperation by owners and operators. The data are used
to discuss general exposure conditions for an often-
hypothetical community, or used to derive a risk factor. In
either mode of study, resident exposure does not directly
motivate the sampling protocol. Rather, it is considered
obliquely in a study’s choice of sample location (e.g., a one
that is “near a small community”), assumed in measure-
ments of concentrations within a certain distance of UOG
activity, or ignored. What are missing from these studies
are protocols grounded in a community’s experience of air
quality impacts of UOG operations.

Our multi-state air quality monitoring study uses a
community-based, participatory research (CBPR) design
to explore conditions near UOG operations [42]. Its
sampling protocol is based not on access to a well pad,
data needs conditioned by an existing averaging stand-
ard, or regional policy concerns. Rather, we partnered
with residents in UOG regions to measure air quality
under circumstances that, given local knowledge of
operations (e.g., emissions from particular equipment or
intermittent practices) gained through daily routines
(e.g., regular observation of well pads) and use of public
and private spaces nearby (e.g. livestock movement,
farming) were viewed by community members as poten-
tial threats to human health. Existing studies often lack a
data set suitable for statistical analysis. When such ana-
lyses are occasionally imposed on bottom-up data sets,
they explain only a fraction of the variance in air quality
outcomes. For example, the highest R values in a study
of 66 sites, which, due to the study’s broad spatial range
was limited to measurements of methane and hydrogen
sulfide, were 0.26 (H,S concentration vs. condensate vo-
lume nearby) and 0.17 (H,S and number of wells nearby)
[29]. CBPR studies, by comparison, are place-based —
they begin with the experience of a population in order
to identify environmental stressors and explore the
heterogeneity of circumstances under which they arise
[43,44]. Rather than discount these circumstances for
lack of statistical power, they can be used to define the
scope of confirmatory studies, tailor air quality monito-
ring networks and studies, or suggest novel pollution
control measures and best management practices.

Methods
We explore air quality at a previously neglected scale:
near a range of UOG development and production sites
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that are the focus of community concern. Residents con-
ducted sampling in response to operational conditions,
odor events, and a history of the onset of acute symp-
toms. Residents selected sampling sites after they com-
pleted a training program run by Global Community
Monitor (GCM), an organization that has developed and
modified community-based sampling protocols for more
than twenty years. Sampling is designed to obtain accu-
rate readings of public exposure near UOG development
in the part-per-billion range [45]. Training sessions
followed a written manual on proper sampling protocol
and included instruction by experienced members of
GCM in a classroom setting for five hours. In addition,
samplers were trained in the field to properly demonstrate
Quality Assurance/Quality Control (QA/QC) methods,
such as use of data sheets and chain of custody records,
sampling procedures including not taking samples in the
presence of vehicle traffic or other sources of VOCs, and
protocols for storage and delivery to an analytic laboratory
[45]. Chain of Custody forms provided by the laboratory
were explained and filled out in exercises in which each
sampler participated. The trainings for community-based
air sampling and related QA/QC measures were deve-
loped in conjunction with the Environmental Protection
Agency under the federal Environmental Monitoring for
Public Access and Community Tracking (EMPACT) pro-
gram, and refined in cooperation with agencies including
the Health Services Department of Contra Costa County,
California and the Delaware Department of Natural Re-
sources [46,47]. Any sample that did not meet QA/QC
criteria was not included in the final data set.

Community monitors gauged industrial activity using
field log sheets (“pollution logs”) that allow each resident
to record what they see, hear, feel, smell, and taste in
areas downwind of industrial activity as they go about
their daily routines. Each community monitor partici-
pated voluntarily in data collection for this study. They
provided consent to use data gathered with question-
naires that they co-designed as well as grab and passive
samplers. Residents documented activity including: (a)
visible emissions drifting off-site; (b) odors that appear
to derive from a site; (c) acute health symptoms that
occur while in proximity to a site or during a specific in-
dustrial activity; (d) audible sounds of particular equip-
ment in use within the boundaries of an operating well
pad or related infrastructure; and (e) visible activity on-
site, including the number and types of heavy trucks and
tanks, vehicle traffic, workers present and job categories,
and physical changes such as noise and vibrations near cer-
tain equipment. Similar to a neighborhood police watch,
each resident determined locations that they would con-
tinue to observe and potentially return to for sampling.

Sampling for volatile compounds other than formal-
dehyde was carried out using methods described in
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O’Rourke and Macey [48] and Larson et al. [49] using
an evacuated sampling (“bucket”) vessel modelled after
the Summa canister [50]. The bucket is inexpensive,
portable, and consists of a 10-liter Tedlar bag and vac-
uum to take a grab sample of air for two to three mi-
nutes (Figure 1). Air is collected using a battery-
operated pump that forces air out of the bucket. Nega-
tive pressure created inside the sealed bucket by the ex-
ternal vacuum pump opens the bag when a stainless
steel bulkhead is opened. After taking the sample, the
Tedlar bag is sealed and sent to an analytical laboratory.
The bucket sampler operates on the same principle that
Summa canisters employ. Rather than collect a sample
in a stainless steel can, the bucket contains a special bag
made of Tedlar to hold the sample. Bags are obtained
from the laboratory that processes the sample and
purged three times with pure nitrogen by the laboratory
prior to use. GCM’s founder developed the sampling
program under a project for Communities for a Better
Environment, a non-profit organization founded in 1978
that provides legal, scientific, and technical assistance to
heavily polluted communities. The device has been sub-
jected to numerous validation tests organized by go-
vernment agencies and independent laboratories [51-54].
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Refinements include the use of field duplicates, which
demonstrate no significant variation in results across
comparison studies [45].

Residents collected 35 grab samples at locations of com-
munity concern, under conditions that would lead them
to register a complaint with relevant authorities such as a
county public health department or state oil and gas com-
mission. Health symptoms contributed to the decision to
take a grab sample on 29 occasions. The most common
symptoms reported by samplers were headaches (17 re-
ports), dizziness or light-headedness (13 reports), irritated,
burning, or running nose (12 reports), nausea (11 reports),
and sore or irritated throat (11 reports). Further details
regarding each sample are provided in Additional file 1
(Tables S1 through S5).

In addition to grab samples, 41 formaldehyde badges
were deployed in the five states targeting production
facilities and compressor stations based on the results of
pollution patrols. UMEx100 Passive Samplers for For-
maldehyde are manufactured by SKC Inc. Samplers were
placed near operating compressor stations and produc-
tion facilities for a minimum of eight hours.

Samples were ultimately collected near production
pads, compressor stations, condensate tank farms, gas
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Figure 1 Design of bucket grab sampling device.
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processing stations, and wastewater and produced water
impoundments in five states (Arkansas, Colorado, Ohio,
Pennsylvania, and Wyoming). The states were chosen to
reflect a diverse range of urban and rural communities,
operations (e.g., number of wells permitted and deve-
loped), history of development, and stages of production
(see Table 1).

Air samples were analyzed for 75 volatile organic com-
pounds (VOCs), including benzene, ethylbenzene, acrylo-
nitrile, methylene chloride, toluene, hexane, heptane, and
xylene by ALS Laboratories (Simi Valley, CA 93065) using
EPA Method TO-15 or TO-3 (methane) by gas chromato-
graph/mass spectrometer interface to a whole air precon-
centrator. Formaldehyde samples were analyzed using
EPA Method TO-11A, modified for the sampling device
by high performance liquid chromatography with UV de-
tection. Samples were also analyzed for 20 sulfur com-
pounds by ASTM D 5504—08 using a gas chromatograph
equipped with a sulfur chemiluminescence detector. All
compounds with the exception of hydrogen sulfide and
carbonyl sulfide were quantitated against the initial cali-
bration curve for methyl mercaptan. Chemicals of concern
were compared to U.S. Agency for Toxic Substances and
Disease Registry (ATSDR) minimal risk levels (MRLs) and
EPA Integrated Risk Information System (IRIS) cancer risk
levels. MRLs are estimates of daily human exposure that
can occur without appreciable risk of human health
effects. They are derived for acute (1-14 days), interme-
diate (15-364 days), or chronic (365 days or longer) pe-
riods of exposure. The laboratory is certified by ten state
departments of health or environment, the American
Industrial Hygiene Association, and the U.S. Department
of Defense.

Results

Table 1 shows the diverse range of operation, including
number of wells permitted and developed and setbacks
from housing and other occupied structures, in UOG re-
gions where grab and passive air samples were collected
through partnership with community-based organizations.

Air contaminants

We identified unique chemical mixtures at each sample
location (see Tables S1 through S5 in Additional file 1).
In addition, we identified eight volatile compounds at
concentrations that exceeded ATSDR minimal risk le-
vels (MRLs) or EPA Integrated Risk Information System
(IRIS) cancer risk levels (see Table 2). Although our sam-
ples represent a single point in time, we compared con-
centrations to acute as well as chronic risk levels as
many of the activities that generate volatile compounds
near UOG operations are long-duration (the life cycle of
an unconventional natural gas well can span several
decades) [16]. Residents chose sample locations where
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odors and symptoms were the “norm” for the area, not a
one-time event. In addition, a growing body of research
suggests that peak (e.g., 1-hr. maximum), rather than
average exposure to air emissions may better capture
certain risks to human health [55-57].

Sixteen of the 35 grab samples, and 14 of the 41 passive
samples, had concentrations of volatiles that exceeded
ATSDR and/or EPA IRIS levels. ATSDR MRLs and EPA
IRIS levels for chemicals of concern are provided in
Table 2. The chemicals that most commonly exceeded
these levels were hydrogen sulfide, formaldehyde, and
benzene. Background levels for these chemicals are
0.15 pg/m? for hydrogen sulfide, 0.25 pg/m? for formalde-
hyde, and 0.15 pg/m® for benzene [58-60]. Our samples
that exceeded health-based risk levels were 90-66,000x
background levels for hydrogen sulfide, 30-240x back-
ground levels for formaldehyde, and 35-770,000x back-
ground levels for benzene. Details of our results are
presented in Tables 3, 4, and 5 and in Figures 2, 3, and 4
(greater detail is provided in Additional file 1). A state-
by-state summary follows.

Wyoming (Park County)

Nine of the ten grab samples contained volatiles above
ATSDR MRLs or EPA IRIS risk levels. Seven contained
high concentrations of hydrogen sulfide (one was over
600x the ATSDR acute MRL) and three contained high
levels of benzene, including one over 12,000x the ATSDR
acute MRL. The sample with the highest benzene
concentrations also contained 480,000 micrograms per
cubic meter of heptane, 3,100,000 micrograms per cubic
meter of pentane, and 4,100,000 micrograms per cubic
meter of butane, all hydrocarbons that are frequently asso-
ciated with methane. These hydrocarbon concentrations
exceeded occupational health standards (NIOSH recom-
mended exposure limits). Four of the seven samples with
high levels of hydrogen sulfide were taken in northeast
Park County (near Deaver), and three of the four samples
with high benzene levels were taken in northwest Park
County (near Clark). One of the five passive samples con-
tained formaldehyde at levels that exceeded ATSDR MRLs
and the 1/10,000 cancer risk level (Table 3, Figure 2).

Wyoming (Fremont County)

Four of the five grab samples contained volatiles at con-
centrations that exceeded ATSDR MRLs or EPA IRIS
risk levels. One sample contained six volatiles exceeding
these levels, including benzene at 75x the ATSDR acute
MRL and 22x the EPA IRIS 1/10,000 cancer risk level.
A second sample contained three volatiles exceeding
ATSDR or EPA IRIS levels and also contained 4,167,000
micrograms per cubic meter of methane, an amount that
exceeds its occupational health standard (Threshold
Limit Value). None of the passive samples contained





Table 1 Oil and gas operations by state

Drilling permits Wells Production Setback requirements Ambient air quality
State issued (year) Drilled Producing Gas (Tcf) Oil (MMbbl) (dwellings and occupied structures) standards
(year) (year) (year) (year)
AR ~ 890 (2012)? - 8,538 (gas) (2012)° 115 (2012° 659 (2012)* 200 ft. (from produced fluids storage tanks to habitable dwelling) 20 ppm (5 min.); 80 ppb 8-hr) (H,S)

~ 1,090 (2011)°

cOo 4,025 (2013)*
3,775 (2012)°

OH 903 (2012)°

690 (2011)°

PA 4,617 (2013)°
4,090 (2012)°
WY 3230 (Sept. 2013-Aug. 2014)°

78/1/€ 1 /AUS1U0D/33U [euInofya mmm//:dny
ZS:€L ‘Y107 YID3H [pIUBWIUOIIAUT “|D 15 K9del

300 ft. (from produced fluids storage tanks to school,
hospital, or other public use building)

- 46,697 (2014)° 171 2012° 6488 (2013)° 500 ft. (from well to home or building, absent waiver) -

1,000 ft. (from well to high occupancy building,
absent hearing and approval)

553 (2012)° 51,739 (2012)* 084 (2012)° 497 (2012) 150 ft. (occupied dwelling in urbanized area, <€
absent consent)

150 ft. (occupied or public dwelling, non-urban area)

200 ft. (occupied dwelling w/in drilling unit
due to mandatory pooling)

2174 (2013)° 55,812 2011)f 226 (2012)° 2.7 2011) 500 ft. (from well bore to building or water well) 0.1 ppm (1-hr); 0.005 ppm
(24-hr) (H,S) ©

- 37,301 (2012)° 223 (2012)° 575 (2012)° 350 ft. (from wellhead, pumping unit, pit, 40 ug/m3 (half-hr. ave,
production tank, and/or production equipment 2x w/in 5 days) (H,S)~ ©
to residence, school, or hospital)

State agency data.

U S. Energy Information Administration data.

“In addition to National Ambient Air Quality Standards for criteria air pollutants and federal emissions standards — new source performance standards (40 C.F.R. §§ 60.5360 - 60.5430) and national emission standards
for hazardous air pollutants (40 C.F.R. §§ 63.760 - 63.777) - applicable to the oil and gas industry.

dpersonal communication with state agency.

€In addition to state emissions standards (e.g., VOC emissions from glycol dehydrators; green completions; valve requirements for pneumatic devices). See, for example, Colorado Department of Public Health and
Environment’s revised Air Quality Control Commission Regulation Numbers 3, 6, and 7 (adopted 23 February 2014).

fEarthworks data.
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Table 2 ATSDR minimal risk levels and EPA IRIS cancer risk levels for chemicals of concern (all data in pg/m®)

Chemical ATSDR MRLs IRIS cancer risk levels
Acute Intermediate Chronic 1/1,000,000 1/100,000 1/10,000
Benzene 29 20 10 45 45 45
1,3 butadiene 0.03 03 3
Ethylbenzene 21,700 8,680 260
Formaldehyde 49 37 10 0.08 08 8
N-hexane 2,115
Hydrogen sulfide 98 28
Toluene 3,750 300
Xylenes 8,680 2,604 217

Table 3 Concentrations of volatile compounds exceeding health-based risk levels in samples collected in Wyoming

State/ID County Nearest infrastructure Chemical Concentration ATSDR MRLs EPA IRIS cancer
(ug/m3) exceeded risk exceeded
WY-4586 Fremont 5 m from separator Hydrogen sulfide 590 I, A n/a
WY-4586 Fremont 5 m from separator Benzene 2,200 CILA 1/10,000
WY-4586 Fremont 5 m from separator Toluene 1,400 n/a
WY-4586 Fremont 5 m from separator Ethylbenzene 1,200 n/a
WY-4586 Fremont 5 m from separator Mixed xylenes 4,100 G n/a
WY-4586 Fremont 5 m from separator n-hexane 22,000 n/a
WY-1103 Fremont 20 m from separator benzene 31 CGILA 1/100,000
WY-2069 Fremont 110 m from work-over rig® Hydrogen sulfide 30 \ n/a
WY-4861 Fremont 5 m from separator Benzene 230 Gl A 1/10,000
WY-4861 Fremont 5 m from separator Mixed xylenes 317 n/a
WY-4861 Fremont 5 m from separator n-hexane 2,500 n/a
WY-4478 Park 25 m from separator Hydrogen sulfide 91 | n/a
WY-4478 Park 25 m from separator Benzene 110,000 CGILA 1/10,000
WY-4478 Park 25 m from separator Toluene 270,000 CA n/a
WY-4478 Park 25 m from separator Mixed xylenes 135,000 CLA n/a
WY-4478 Park 25 m from separator n-hexane 1,200,000 C n/a
WY-129 Park 55 m from separator benzene 100 CILA 1/10,000
WY-3321 Park 5 m from compressor benzene 35 CLA 1/100,000
WY-4883-005 Park 5 m from compressor Formaldehyde 46 (@] 1/10,000
WY-4864 Park 5 m from discharge canal Hydrogen sulfide 210 I, A n/a
WY-4865 Park 10 m from discharge canal Hydrogen sulfide 1,200 I, A n/a
WY-4496 Park 20 m from well pad Hydrogen sulfide 6,100 I, A n/a
WY-106 Park Adjacent to discharge canal Hydrogen sulfide 5,600 I, A n/a
WY-184 Park 15 m from discharge canal Hydrogen sulfide 240 I, A n/a
WY-187 Park 15 m from discharge canal Hydrogen sulfide 66,000 I, A n/a
WY-187 Park 15 m from discharge canal Benzene 23 G 1/100,000

C =chronic; A =acute; | = intermediate.

?Infrastructure used to pull and replace a well completion.
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Table 4 Concentrations of volatile compounds exceeding health-based risk levels in samples collected in Arkansas

State/ID County Nearest infrastructure Chemical Coq;egr;;c;g)tion A:)S(?etmzl's E::}( I:)I(iec::ecgr
AR-3136-003 Faulkner 355 m from compressor Formaldehyde 36 C 1/10,000
AR-3136-001 Cleburne 42 m from compressor Formaldehyde 34 C 1/10,000

AR-3561 Cleburne 30 m from compressor Formaldehyde 27 C 1/10,000

AR-3562 Faulkner 355 m from compressor Formaldehyde 28 C 1/10,000

AR-4331 Faulkner 42 m from compressor Formaldehyde 23 C 1/10,000

AR-4333 Faulkner 237 m from compressor Formaldehyde 44 (@] 1/10,000

AR-4724 Van Buren 42 m from compressor 1,3-butadiene 85 n/a 1/10,000

AR-4924 Faulkner 254 m from compressor Formaldehyde 48 (@] 1/10,000

C = chronic; | = intermediate.

volatiles at concentrations that exceeded ATSDR MRLs
or EPA IRIS cancer risk levels (Table 3, Figure 2).

Arkansas (Cleburne, Faulkner, and Van Buren Counties)
One of the 8 grab samples, and 7 of the 13 passive sam-
ples, contained volatiles above ATSDR MRLs or EPA
IRIS risk levels. One of the passive samples (taken at a
residence) had formaldehyde levels that were close to
the ATSDR MRL and exceeded EPA’s 1/10,000 cancer
risk level (Table 4, Figure 3).

Pennsylvania (Susquehanna County)

One of the four grab samples contained benzene at con-
centrations that exceeded the EPA 1/100,000 cancer risk
level. Six of the ten passive samples contained formal-
dehyde at levels that exceeded ATSDR MRLs or EPA
IRIS risk levels. Two of the samples exceeded both the
acute MRL and the 1/10,000 cancer risk level (Table 5,
Figure 4).

Colorado (Boulder and Weld Counties)
One of the five grab samples contained 41 micrograms
per cubic meter of hydrogen sulfide and exceeded the

ATSDR intermediate MRL. None of the passive samples
had volatiles exceeding the ATSDR MRLs or EPA IRIS
risk levels.

Ohio (Athens, Carroll, and Trumbull Counties)

None of the four grab samples or five passive samples
contained volatiles at concentrations that exceeded the
ATSDR MRLs or EPA IRIS risk levels.

State air quality monitoring survey

We reviewed air quality monitoring by state agencies in
the five states covered by our sampling. We reviewed
one study in Arkansas, seven in Colorado, one in Ohio,
four in Pennsylvania, and one in Wyoming. Most of the
studies measured VOC levels, two included hydrogen
sulfide, and seven included methane and/or other hydro-
carbons. Sampling durations ranged from four hours to
24 months; five of the studies lasted more than four
weeks. Target compounds were detected in all studies
that have been completed, including mixtures of 42 non-
methane VOCs. None of the studies concluded that de-
tected compounds posed significant human health risk
(Table 6).

Table 5 Concentrations of volatile compounds exceeding health-based risk levels in samples collected in Pennsylvania

State/ID County Nearest infrastructure Chemical Concentration ATSDR MRLs EPA IRIS cancer
(pg/m3) exceeded risk exceeded

PA-4083-003 Susquehanna 420 m from compressor Formaldehyde 83 1/10,000
PA-4083-004 Susquehanna 370 m from compressor Formaldehyde 76 1/100,000

PA-4136 Washington 270 m from PIG launch?® Benzene 57 1/100,000
PA-4259-002 Susquehanna 790 m from compressor Formaldehyde 61 ClLA 1/10,000
PA-4259-003 Susquehanna 420 m from compressor Formaldehyde 59 ClLA 1/10,000
PA-4259-004 Susquehanna 230 m from compressor Formaldehyde 32 C 1/10,000
PA-4259-005 Susquehanna 460 m from compressor Formaldehyde 34 C 1/10,000

C = chronic; A =acute; | = intermediate.
2Launching station for pipeline cleaning or inspection tool.
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Figure 2 Concentrations of volatile compounds exceeding health-based risk levels in samples collected in Wyoming. Note log scale on
y-axis. Dashed lines represent ATSDR intermediate-term MRLs. Dotted lines represent ATSDR chronic MRLs (not displayed: toluene, ethylbenzene,
and formaldehyde).

Discussion

We identified significant concentrations of four well-
characterized chemicals: benzene, formaldehyde, hexane,
and hydrogen sulfide. Benzene was detected at sample
locations in Pennsylvania and Wyoming. Concentrations
exceeded health-based risk levels by as many as several or-
ders of magnitude. Previous studies similarly found ben-
zene concentrations near oil and gas development [10,11].
Our monitors detected benzene at higher concentrations

(5.7 — 110,000 pg/m?) than those found in the published
literature. The results are of concern given their proximity
to subdivisions, homes, and farms. In Wyoming, multiple
samples with high benzene concentrations were taken on
residential property 30—-350 yards from the nearest well, or
on farmland along the perimeter of a well pad. Equipment
included separators, compressor stations, discharge canals,
and pipeline cleaning operations. The results suggest that
existing regulatory setback distances from wells to
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Figure 3 Concentrations of volatile compounds exceeding health-based risk levels in samples collected in Arkansas. Dashed lines
represent EPA IRIS 1/10,000 cancer risk for formaldehyde and 1,3 butadiene.
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residences may not be adequate to reduce human health
risks [61]. Setbacks from wellheads to homes and other
occupied structures cluster around the 150 to 500 feet
range in the five states (see Table 1). We found high
concentrations of volatile compounds at greater distances,
including formaldehyde (up to 2,591 feet) and benzene
(up to 885 feet). High levels of benzene near oil produc-
tion wells indicate that EPA should revisit the extent to
which oil wells are addressed in its new source perfor-
mance standards [62].

Benzene is a known human carcinogen. Chronic expos-
ure to benzene increases the risk of leukemia [63]. The in-
creased risk occurs at low levels of exposure with no
evidence of threshold level [64]. Benzene exposure in-
creases risk of birth defects [65], including neural tube
and other defects found near natural gas development
[24]. Respiratory effects include pulmonary edema, acute
granular tracheitis, laryngitis, and bronchitis [60].

UOG fields present multiple sources and exposure routes
for benzene. Benzene occurs naturally in shale and other
hydrocarbon deposits, and is vented, flared, or released as
fugitive emissions along numerous points of production,
such as wells, production tanks, compressors, and pipelines
[6]. It can volatize and disperse from flowback and pro-
duced water at drilling sites and remain in the air for sev-
eral days [66]. It was among the first pollutants found in air
samples near shale gas operations [67]. Previous studies
found benzene to be the largest contributor to excess life-
time cancer risk near gas fields [12]. Residents exposed to
VOCs including benzene experience immediate health
symptoms and illness. Within days after a flaring event at a

Texas City refinery, children exhibited altered blood pro-
files, liver enzymes, and somatic symptoms [68]. Future re-
search is needed to determine whether the concentrations
of benzene we measured are due to continuous releases or
flaring, fugitive emissions, or facility upsets.

Formaldehyde is another volatile compound that ex-
ceeded health-based risk levels near compressor stations
in Arkansas, Pennsylvania, and Wyoming. As with ben-
zene, there are known sources of formaldehyde emis-
sions along the production chain. Formaldehyde is a
product of incomplete combustion emitted by natural
gas-fired reciprocating engines at compressor stations
[69]. Formaldehyde is also formed from methane in the
presence of sunlight, which may be an important source
given significant amounts of methane that are known to
escape from UOG sites [70]. But air monitoring studies,
particularly in shale gas regions, either do not measure
for formaldehyde [12,14] or find it at lower concentra-
tions. For example, the Barnett Shale Energy Education
Council [71] found levels that did not pose a risk to hu-
man health. Colborn et al. [10] found formaldehyde and
acetaldehyde in each of 46 samples with a mean of 1.0
part per billion by volume. In contrast, our CBPR frame-
work resulted in the targeting of compressor stations for
passive sampling, where diesel emissions likely account
for the higher levels that we found. Our results are simi-
lar to the Fort Worth Natural Gas Air Quality Study,
which found formaldehyde concentrations in areas with
multiple large compressor engines [72]. We found high
concentrations of formaldehyde near fourteen compres-
sor stations in three states.





Table 6 Five-state survey of air quality monitoring studies, unconventional oil and gas operations

Agency (year) Target compound Sampling equipment Sample sites Duration Representative findings
ADEQ (2011) VOCs (total) PID (fixed) 4 compressor stations 1d VOCs “almost always below or near detection limits”
NO PID (handheld) 6 drilling sites (4-6 hrs) VOCs at drilling sites elevated (ave. 38-678 ppb; max. 350-5,321 ppb)
NO, 3 well sites (fracking) NO/NO, rarely exceed detection limits
1 upwind
CDPHE (2012) NMOCs (78) Canister 1 well pad (Erie) 3 wks. Detects = 42 of 78 compounds in >75% of samples
Methane Benzene “well within EPA’s acceptable cancer risk range”
Acute and chronic HQs “well below” 1
CDPHE (2009) NMOCs (78) Canister 8 wells (4 drilling, 1d Total NMOC ave. 273 — 8,761 ppb at 8 sites
VOCs PID (handheld) 4 completion) Total VOC ave. 6-3,023 ppb at 8 sites
PM, 5 Filter (handheld) PM,s ave. 7.3 - 16.7 ug/m3 at 8 sites
CDPHE, VOCs (43) Canister 14 sites 24 mos. Detects = 15 of 43 compounds
GCPHD (2007) PMyo Filter 7 sites Benzene ave. 28.2 ug/m°, max 180 ug/m?> (grab)
Toluene ave. 914 ug/m?, max 540 ug/m?> (grab)
CDPHE NMOCs Canister 5 sites (2003) 2 mMos. Methane ave. 2,535 ppb (Platteville) vs. (1,780 ppb Denver)
(2003-2012) Carbonyls 6 sites (2006) Top NMOCs in Platteville = ethane, propane, butane
3+ sites (2012) Benzene, toluene higher in Platteville
CDPHE (2002) VOCs (42) Canister 2 well sites 1 mo. Detects = 6 of 42 VOCs
SO, Continuous 1 residential Benzene in 6 of 20 (2.2-6.5 ug/m3)
NO, NO, 1 active flare Toluene in 18 of 20 (1.5-17 pg/m?’)
2 up-, down-valley
1 background
OEPA (2014) VOCs (69) Canister 1 well site 12 mos. Ongoing; data update provided in February 2014
VOCs GC/MS 1 remote site Detects include BTEX, alkanes (e.g., ethane, hexane), H,S
PM;o/PM, 5 Filter Second site planned near processing plant
H,S
co
PA DEP (2010) VOCs (48) Canister 2 compressor stations 5 wks. Detects include methane, ethane, propane, benzene (max. 758 ppb)
Alkanes OP-FTIR 1 condensate tank No conc's “that would likely trigger air-related health issues”
Leak detection GC/MS 1 wastewater impoundment Fugitive gas stream emissions
FLIR 1 background
PA DEP (2011) VOCs (48) Canister 2 compressor stations 4 wks. Detects include BTEX (benzene max. 400 ppb), methylbenzenes
Alkanes OP-FTIR 1 completed well No conc.s “that would likely trigger air-related health issues”
Leak detection GC/MS 1 well site (fracking) Fugitive emissions from condensate tanks, piping
FLIR 1 well (tanks, separator)
1 background
PA DEP (2011) VOCs (48) Canister 2 compressor stations 4 wks. Detects include benzene (max. 400 ppb), toluene, ethylbenzene
Alkanes OP-FTIR 1 well site (flaring) Natural gas constituent detects near compressor stations
GC/MS 1 well site (drilling) Conc.'s “do not indicate a potential for major air-related health issues”
1 background
PA DEP (2012) Criteria “Full suite” 1 gas processing 12 mos. Ongoing; report due in 2014
VOCs/HAPs 2 large compressor stations
Methane 1 background
H,S
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Table 6 Five-state survey of air quality monitoring studies, unconventional oil and gas operations (Continued)

WDEQ (2013) VOCs/NMHCs Canister 7 permanent stations (e.g., Boulder, Juel Spring, Moxa) Ongoing WDEQ mobile monitors placed at locations w/ oil & gas development
Ozone UV Photometric 3 mesonet stations (Mesa, Paradise Warbonnet) Mini-SODAR also placed adjacent to Boulder permanent station
Methane FID 2 mobile trailer locations (Big Piney, Jonah Field) “Relatively low concentrations” of VOCs found in canister samples
NO, NO, Chemiluminescence VOCs “consistently higher” at Paradise site (near oil & gas sources)
PM;o/PM; 5 Beta Attenuation

BTEX = benzene, toluene, ethylbenzene, and xylenes; FID = flame ionization detector; FLIR = forward looking infrared; GC/MS = gas chromatography/mass spectrometry; HAP = hazardous air pollutant; NAAQS = National
Ambient Air Quality Standard; NMHC = non-methane hydrocarbon; NMOC = non-methane organic compound; OP-FTIR = open-path Fourier transform infrared; PID = photoionization detector; VOC = volatile organic
compound.

78/1/€ 1 /AUS1U0D/33U [euInofya mmm//:dny
ZS:€L ‘Y107 YID3H [pIUBWIUOIIAUT “|D 15 K9del

81 Jo €| abeq





Macey et al. Environmental Health 2014, 13:82
http://www.ehjournal.net/content/13/1/82

Formaldehyde is a suspected human carcinogen [73]. It
can affect nearly every tissue in the human body, leading
to acute (dermal allergies, asthma) and chronic (neuro-,
reproductive, hematopoietic, genetic and pulmonary tox-
icity and cellular damage) health effects [74]. The science
of childhood exposure to formaldehyde is progressing rap-
idly [75]. State agencies and international organizations
continue to lower exposure limit values and guidelines for
formaldehyde [76]. Our results exceed those guidelines.
Symptoms reported by community members mirror the
effects of acute formaldehyde exposure, which causes irri-
tation of the eyes, nose, throat, and skin.

Other volatiles of concern included hexane and hydrogen
sulfide. Hexane detects were most prevalent near oil and
gas operations in Wyoming near well pads, compressor
stations, separators, and produced water discharges. Other
studies in oil and gas regions found hexane, but at low con-
centrations [10,12]. The circumstances under which high
concentrations of hexane were found in Wyoming suggest
a combination of leaks, spills, and fugitive emissions as po-
tential causes. Acute exposure to hexane affects the central
nervous system, causing dizziness, nausea, and headache.
Chronic effects include neurotoxicity [77].

We also found elevated levels of hydrogen sulfide in
Wyoming along the chain of production (pump jacks,
produced water discharge impoundments, discharge ca-
nals) and near a well pad in Colorado. Hydrogen sulfide is
a broad-spectrum toxicant that can impact most organ
systems [78]. As such, it contributes to a range of short-
and long-term neurological, upper respiratory, and blood-
related symptoms, including those that were prevalent
among community samplers in Wyoming (headaches,
dizziness, eye irritation, fatigue) [79]. Hydrogen sulfide is a
natural component of crude oil and natural gas [5] and is
released during many industrial processes. In addition, five
samples from Wyoming exceeded ATSDR health-based
risk levels for toluene and xylenes.

Health-based risk levels provide only a limited sense of
potential human health impacts from air emissions.
They do not fully account for vulnerable subpopulations,
and toxicity values are available for a comparatively
small number of compounds. The levels that we found
for the above chemicals of concern suggest that state
monitoring studies are incomplete. Recent state-funded
projects found air volatiles at UOG sites that were either
near detection limits or within acceptable limits to pro-
tect the public [80-82]. One area of agreement between
our community-based and state monitoring studies con-
cerns the presence of complex chemical mixtures. These
mixtures demonstrate the contingent nature of ambient
air quality near UOG infrastructure.

For example, one sample, taken midday in early winter
near a well pad in Wyoming with clicking pneumatic
pumps, found high concentrations of hydrogen sulfide,

Page 14 of 18

hexane, benzene, and xylenes. It also captured cyclohexane,
heptane, octane, ethylbenzene, nonane, 1,2,4-trimethyl-
benzene, and 15 tentatively identified compounds (TICs).
TICs are compounds that a device or analytic process is
not designed to measure. Total VOC concentrations in
the sample exceeded 1.6 million pg/m®, excluding me-
thane. While toxicity values are not available for every
TIC in our samples, they exceeded reference concentra-
tions available for related compounds such as hexane [77].
Another sample taken in Arkansas, during autumn in the
afternoon near a compressor station, captured 17 volatile
compounds and five TICs. A third sample, near a separ-
ator shed in Wyoming in late autumn at midday, showed
spikes in hydrogen sulfide, benzene, and hexane, 19 ad-
ditional VOCs, and 15 TICs, with total VOC concentra-
tions exceeding 25 million pg/m? excluding methane.
These and other complex mixtures are provided in
Additional file 1.

The mixtures that we identified are related to sources
commonly used in well pad preparation, drilling, well
completion, and production, such as produced water
tanks, glycol dehydrators, phase separators, compressors,
pipelines, and diesel trucks [14]. They can be released
during normal operating conditions and persist near
ground level, especially in regions where topography
encourages air inversions [83]. The toxicity of some con-
stituents is well known, while others have little or no
toxicity information available. Our findings of chemical
mixtures are of clinical significance, even absent spikes
in chemicals of concern. The chemical mixtures that we
identified should be further investigated for their pri-
mary emissions sources as well as their potential cumu-
lative and synergistic effects [84]. Clinical and subclinical
effects of hydrocarbons such as benzene are increasingly
found at low doses [85]. Chronic and subchronic ex-
posure to chemical mixtures is of particular concern to
vulnerable subpopulations, including children, pregnant
women, and senior citizens [86].

Apart from chemicals of concern (including known and
suspected human carcinogens) and chronic exposure to
complex mixtures, our findings point to the value of
community-based research to inform state testing proto-
cols. Air quality near the diverse range of equipment and
stages of UOG development is inherently complex. While
states sometimes rely on state-of-the-art technologies
such as wireless sensors to characterize local air quality,
they continue to collect only a “snapshot” of near-field
conditions. For example, Arkansas carried out a tech-
nologically ambitious program, placing multi-sensor gas
monitors on five-foot tripods along each perimeter of a
well pad at several sites. AreaRAEs (the trade name for a
wireless monitor produced by RAE Systems) use elec-
trochemical sensors to measure nitrous oxides and a
photoionization detector to determine VOC concentration.
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The continuous monitors wirelessly transmitted data at
five-second intervals over a four- to six-hour period (see
Table 6). In addition, Arkansas Department of Environ-
mental Quality (ADEQ) personnel carried handheld
versions of the AreaRAE along the perimeter of the sites
every one or two hours. While the study did not identify
individual VOC:s, it found that total VOC emissions at
the edge of a well pad fluctuate wildly over a five-hour
period. The agency concluded, “The spatial and temporal
distribution of VOC concentrations at most drilling
sites was significantly affected by monitor location,
wind, and the interaction between location and wind
direction” [81]. Other studies noted similar variation,
although the extent to which short-term spikes and
unique chemical mixtures might pose a risk to human
health was not considered.

Community-based research can improve the spatial
and temporal resolution of air quality data [87] while ad-
hering to established methods. Our findings can inform
and calibrate state monitoring and research programs.
Additional file 1: Table S6 gives a more in-depth over-
view of community monitoring in action, including
sample site selection factors, sources of public health
concern at each site, and the range of infrastructure
present and life cycle stage when samples were taken.
For example, grab samples in Wyoming with some of
the highest VOC concentrations were collected during
production, as opposed to well completion (see Table S6,
Additional file 1). The timing and location of our sam-
ples were driven by two primary factors: local knowledge
gleaned from daily routines, and a history of chronic or
subchronic symptoms reported by nearby residents. For
example, a separator shed was targeted because of sub-
chronic symptoms (dizziness, nausea, tight chest, nose
and throat problems, metallic taste, and sweet smell) and
loud sounds nearby (“hissing, clicking, and whooshing”).
Well pads were selected based on impacts to livestock,
pasture degradation from produced water, and observa-
tions of residents and farmers. Other samples were driven
by observations of fugitive emissions, including vapor
clouds, deposition, discoloration, and sounds (see Table S6
in Additional file 1).

Community-based research can identify mixtures, and
their potential emissions sources, to prioritize for study
of their additive, cumulative, and synergistic effects [88].
The mixtures can be used to determine source signa-
tures [14] and isolate well pads for more intensive moni-
toring. Symptom-driven samples can define the proper
length of a sampling period, which is often limited to
days or weeks. They can inform equipment placement
for continuous monitoring and facilitate a transition
from exploratory to more purposive sampling. Testing
informed by human health impacts, and more precise
knowledge of the mix and spacing of sources that may
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contribute to them, contrasts with state efforts, which
are limited by access to property, sources of electrical
power, fixed monitoring sites, and the cooperation of well
pad owners and operators. In these ways, community-
based monitoring can extend the reach of limited public
resources.

Conclusions

Community-based monitoring near unconventional oil
and gas operations demonstrates elevations in concen-
trations of hazardous air pollutants under a range of
circumstances. Of special concern are high concentra-
tions of benzene, hydrogen sulfide, and formaldehyde, as
well as chemical mixtures linked to operations with
observed impacts to resident quality of life.

Additional file

Additional file 1: Contains six tables, including complete results
from grab and passive sampling (Tables S1 through S5) and data
on sample location selection in Wyoming (Table S6).
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Horizontal hydraulic fracturing has liberated
vast amounts of hydrocarbons from shale
by injecting fluids at high pressure down
narrow well bores. The abundance of natural
gas has stimulated tremendous job growth
in the oil and gas industry. But, these
innovative methods of extraction have

given rise to a number of issues. More than
ever, worker safety is a top priority.

Even though hydraulic fracturing
can be traced back to the 1940's,
the process exploded in 2003 with
the massive scale of exploration
and extraction of natural gas
from shale formations in Texas,
Pennsylvania, West Virginia,
Wyoming, Utah and Maryland.

Jobs related to hydraulic fracturing
are growing faster than any other
sector in the U.S. workforce. The
Energy Information Administration
reported a 40% increase in job growth,
adding 162,000 jobs in drilling,
extraction and support for hydraulic
fracturing since 2007. In 2013, though,
the Bureau of Labor and Statistics
reported a 23% annual rise in oil and
gas fatalities.

While OSHA dictates regulations and
sets best practice standards, individual
companies have taken worker health
and safety seriously, changing the
culture of the work environment,
developing educational programs and
encouraging technological solutions
aimed at reducing the risk of injury,
exposure and fatalities.

Although some of these dangerous
hazards plague smaller and mid-size
companies to a greater degree, oll
and gas companies of all sizes need
to stay vigilant and address corporate
culture that can lead to unnecessary
injuries and accidents.
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“It is essential that oil
and gas companies have
a motor vehicle safety
program in place,”

said Kyla D. Retzer,
coordinator of NIOSH

Oil and Gas Safety and

Health Program, “Those
who drive pickup trucks
should be a focus and
another focus should

be seat belt use.”

ELSEVIER

VEHICLE ACCIDENTS

Hydraulic fracturing requires more
than 2-5 million gallons of water per
well. Approximately 890 to 1,340 trucks
deliver this water, in addition to silica
sand and chemical additives, to the
well pad along rural roads that lack
firm shoulders or rumble strips.

Over 410 individual workers are
required to bring a single well
online, adding even more vehicles
onsite, mainly pick-up trucks. Not
only do frequent trips between

well sites increase risk potential,
but long hours (12-14 hour shifts),
low levels of safety belt use and
worker fatigue all contribute to fatal
accidents and crashes.

“It is essential that oil and gas
companies have a motor vehicle
safety program in place,” said Kyla
D. Retzer, coordinator of NIOSH Qil
and Gas Safety and Health Program,
“Those whao drive pickup trucks
should be a focus and another
focus should be seat belt use.”

Southwestern Energy (SWN), the fifth
largest domestic natural gas producer,
takes the lead in vehicle safety with its
Street Smart program, an educational
strategy aimed at shifting workplace
culture. Over 6,000 SWN employees
have pledged to "slow down and keep
dust to a minimum.” The program
discourages distracted driving (texting
or talking on cell phones while in the
vehicle) and emphasizes seat belt use
in all conditions, at all times. SWN also
encourages cautious driving by paying
their workers by the hour, not the load.

Also, in order to reduce roadway traffic
significantly and eliminate up to 800
trucks, SWN consolidates drilling
operations, staging eight wells, instead
of one, per well pad. By consolidating
resources and constructing above-
ground water pipelines instead of
trucking in water, SWN eliminates

an additional 200-250 trucks per site.
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RESPIRABLE SILICA SAND

Up to 4 tons of silica sand are
transported to a single well site
and pneumatically conveyed into
frack sanders. A propping agent
that preserves the opening in the
shale to release gas, silica sand is
moved by conveyor to the blenders
where it is mixed into the fracking
fluid and pumped into the well
during stimulation. Inevitably, the
movement of sand onsite exposes
workers to harmful particles of
respirable silica dust.

“Crystalline silica sand poses one

of the most significant known health
hazards to workers exposed during
hydraulic fracturing,” as flagged in

a 2013 NIOSH study led by Dr. Eric
Esswein focusing on the degree to
which silica sand exposure is an
industrial occupational hazard.

Breathing silica dust can lead to
lung cancer and silicosis, a fatal
respiratory disease, and has been
linked to tuberculosis and chronic
obstructive pulmonary disease,
among others. Silicosis can take
10 - 15 years to present symptoms
but, once developed, is incurable.
The risks can be transferred to
workers' homes through dust
collected on clothing and vehicles.
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At the 2013 SPE/IADC Drilling
Conference, a group of petroleum
engineers presented on the
development of dust collection
systems, targeting sand filling
operations as likely sources of dust.
With the aim to contain dust at
OSHA permissible exposure levels
(PELs), dust collection equipment
supplements existing equipment to
significantly reduce respirable silica
sand and the threat of silicosis.

Resin coating is an alternative to
dust control. In 2013, the World
Intellectual Property Organization
issued a patent for an innovative,
self-suspending proppant to Soane
Energy. Santrol, dubbed the "world's
proppant provider,” later acquired and
developed the innovative technology
which, not only increases the surface
area of the proppant to vield increased
production, but suppresses fine dust
with a hydrogel coating.
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EXPLOSIONS AND FIRES

When exposed to oxygen rich air,
hydrocarbons are highly combustible
leading to flash fires and explosions.
During hydraulic fracturing perforation,
the final stage of well completion,

a perforating gun detonates a series
of targeted explosions, punches
holes through the casing and
creates the fissures from which gas
is extracted, providing a potential
ignition source. During completion,
hydrocarbons contained in high-
pressure shale formations can kick,
or flow into the wellbore through

the rig platform, leading to loss of
well control, or blowout.

Oil and gas workers risk the imminent
dangers of explosions and flash fires
by nature of working with highly
flammable vapors released from wells
near ignition sources—open flames,
lighting, cigarettes, welding tools and
frictional heat. Between 2003 and
2008, the BLS reported 53 fatalities
due to explosions and 38 to fire.

Fire-resistant and retardant clothing
can reduce injuries and fatalities
related to explosions and fires. As

of 2012, the National Fire Protection
Assaciation required that garments
cover the upper and lower body as
completely as possible.

"Effective safety programs should
always aim at eliminating and

engineering out the hazard or risk,
said Peter Clark of Canadian-based
Apparel Solutions International, Inc.

"

Carhartt, Wrangler and Red Wing

use chemistry to add a protective
flare to ordinary shell jackets and
jeans, creating lines of flame resistant
frack wear. Battle tested by soldiers
in Afghanistan for a range of thermal,
chemical biological and radiation
exposure, the U.S. Military drives
these innovations and the technology
is an example of knowledge sharing
across disciplines.

Pioneered by DuPont, industrial fabrics
like Nomex® and Kevlar® brand fibers
protect industrial workers from intense
heat and flames as well as decrease
burn severity. Safeguarding workers
from direct exposure to the flames,
the unique fibers swell and thicken,
forming a protective barrier between
the heat source and the skin that

will not burn, melt or drip. Chemically
dependent flame-retardant fabrics,
such as Indura® flame-retardant
treated cotton, FireWear® and FR
rayon®, chemically react with heat to
extinguish flames, providing precious
moments to escape flash fires.
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"H2S is dangerous
and must be handled
and treated properly
throughout all stages of
drilling and production,”
said Sheldon McKee,
Director Business &
Product Development
at AMGAS. “We want
to push the industry
forward and continue
to work to raise the
standards of H2S
treatment and
removal.”

ELSEVIER

CHEMICAL EXPOSURES

Hydrogen sulfide (H2S), a naturally
occurring chemical in oil and natural
gas, is present at drilling operations,
compressor stations and refineries.
As a byproduct of the combustion

of hydrocarbons during drilling,
flaring and production of natural gas,
H2S is released into the atmosphere.
H2S exposure contributed to 60
deaths according to BLS statistics
from 2001- 2010.

Because it is heavier than air,

H2S settles and accumulates in
concentrations, exposing workers

to this corrosive chemical vapors

and risking serious, even fatal, health
and safety hazards. The tell-tale
rotten egg smell might alert workers
to exposure, but continuous exposure
can lead to olfactory desensitization.
Many workers wear a H2S monitor
to alert them of dangerous limits.

OSHA recommends best practices to
actively monitor H2S concentrations
and worker training but regulatory
groups disagree over the acceptable
ceiling of exposure. While OHSA
recommends 20 ppm, NIOSH holds at
10 ppm and the American Conference
of Governmental Industrial Hygienists
(ACGIH) limits the threshold at 1 ppm.

"H2S is dangerous and must be
handled and treated properly
throughout all stages of drilling

and production,” said Sheldon

McKee, Director Business & Product
Development at AMGAS. "We want

to push the industry forward and
continue to work to raise the standards
of H2S treatment and removal.”

Featured in the January 2014 issue
of New Technology Magazine,
Calgary based AMGAS, a leader in
H2S treatment since 1989, launched
its latest in chemical scrubbing
equipment —the Absorbital 320
MAX, which scrubs, or converts,
high concentrations of H2S to non-
reversible water soluble byproducts,
preventing the release of toxic
gases into the air.
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“Employers need to
ensure that jobs are
planned out, everyone
has adequate training
in all aspects of safety
and workers need to be
part of the planning,”
said Dr. David Michaels,
Assistant Secretary of
Labor for OSHA. "We
are telling employers
that by identifying and
eliminating hazards
and training oil and
gas workers to abate
these hazards, you
can save lives.”

ELSEVIER

TAKING THE LEAD IN SAFETY

The U.S. is taking the lead in

natural gas production. Rapid industry
job growth and the subsequent
increase in worker fatalities in drilling,
extraction and support operations
prioritize safety. It is essential to
provide protective equipment and

to empower workers with education,
training and innovation that
underwrite a culture of safety.

With such rapid expansion, HSE
training and regulation has not
caught up with industry growth.
While larger companies have the
resources to hire staff dedicated to
developing training and implementing

REDUCING VEHICLE FATALITIES:

programs in concern to worker health
and safety, smaller companies do

not and may not be fully aware of
the availability of distance learning
programs that provide HSE training.

"Employers need to ensure that
jobs are planned out, everyone

has adequate training in all aspects
of safety and workers need to be
part of the planning,” said Dr. David
Michaels, Assistant Secretary of Labor
for OSHA. "We are telling employers
that by identifying and eliminating
hazards and training oil and gas
workers to abate these hazards,
you can save lives."

IDENTIFYING GAPS IN THE CULTURE OF SAFETY

Kyla Retzer and the NIOSH team helped to identify four gaps that create
patterns of risk in the absence of education and regulation based on data

from 2003 — 20089.

1. PICKUP TRUCKS AND THE
ABSENCE OF REGULATIONS
“More than half of the fatalities
are attributed to either the
driver or passenger of a pickup
truck,” vehicles which are exempt
from the Federal Motor Carrier
Safety Regulations that limit
the consecutive hours of driving
and specify the number of off-
duty hours.

2. LACK OF SAFETY BELTS
“Half of the workers who died
were either not wearing a safety
belt, or were ejected from the
vehicle and presumably, not
belted.” Educating workers of the
benefits of lap/shoulder belts,
when used correctly by light-
truck occupants, reduces the risk
of fatal injury by 60 percent.

3. WELL-SERVICING COMPANIES,
DRILLING CONTRACTORS AND
SMALL ESTABLISHMENTS
“Small establishments with
fewer than 20 employees
often lack dedicated health
and safety programs or staff.”
Workers in smaller companies,
they are at higher risk than
those companies that employed
more than 100 workers.

4. ADDRESSING MOTOR
VEHICLE FATALITIES USING
INDUSTRY GUIDELINES
“Oil and gas workers are among
the highest at risk for work-
related crash fatalities than
other industries.” Industry
specific guidelines help oil and
gas employers manage vehicle
risk for workers not otherwise
covered by truck, bus or other
occupations safety regulations.

Retzer, K. D., Hill, R. D., & Pratt, S. G. (2013). Motor vehicle fatalities among oil and gas
extraction workers. Accident Analysis & Prevention, 51 (March 2013), 168-174
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AN E&E SPECIAL REPORT

SAFETY:
'That stuff can get you so fast' -- deadly gas on the rise in oil fields

Mike Lee, E&E reporter
Published: Tuesday, October 21, 2014

ODESSA, Texas -- Elaine Beadle initially thought the odor creeping into her home on this city's west side was a sewer leak.
It started about the time she moved in four years ago -- a smell like rotten eggs. Sometimes it got so bad her eyes burned.

She soon learned the real source: a tank battery that collects oil and gas from wells scattered throughout the vacant land and
small homes near the intersection of University Drive and Loop 338.

The gas in the tank battery contains more than 300 times the lethal level of hydrogen sulfide, a common byproduct of oil
production in West Texas.

A catastrophic leak at the battery, which served the J.E. Bagley lease, would allow potentially deadly doses of the gas to drift
95 feet, and the levels would be high enough to sicken people at 200 feet. The nearest homes are perhaps 100 to 150 feet
from the battery.

The tank battery's operator, Cambrian Management, said there's no danger to Beadle or her neighbors because production on
the J.E. Bagley Lease is small -- 40 to 50 barrels of crude a day and small amounts of gas. The worst-case emissions event
could happen only if 24 hours' worth of gas production were released at once.

The battery has leaked four times since 2011, according to records from the Texas
Railroad Commission, which regulates oil and gas drilling in the state.

The Railroad Commission has threatened three times to shut down production from the
tank battery but has relented when the owner made repairs.

"We just get a letter stating they were working on it. They said that every time, and you
still smell it," Beadle said.

Living with "sour gas" is an old story in West Texas, but it's beginning to happen in more
oil-producing regions as the boom in onshore drilling pushes oil production into new
places. Neither the states nor the federal government tracks the amount of hydrogen
sulfide production, but complaints and permitting related to hydrogen sulfide are growing
in four states, according to documents and interviews.

An investigation of the drilling
industry's worker safety
record and what it means for
those living amid the boom.
Click here to read the series.

The gas is deadly in small amounts. It can stop a person's breathing at a concentration
of 500 parts per million and render people unconscious within seconds at 700 parts per
million.

There's a catch, too: As the concentration increases, the gas deadens people's sense of smell, making it hard for them to
detect the danger. And if that's not enough, it can corrode steel and iron.

It has killed at least five oil field workers since the beginning of 2013 and in 1975 was responsible for one of the worst oil field
accidents ever.

That has led to complaints from environmentalists, who say that state regulators aren't keeping up with the increase in sour
gas production.

"More than anything else in oil and gas, hydrogen sulfide kills," said Neil Carman, clean air director of the Sierra Club's Lone
Star Chapter in Texas.

Exact comparisons are difficult because each state keeps its records differently. In Kansas, state regulators received 15
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requests to flare gas containing hydrogen sulfide in
2013, up from three in 2012 and none from 2009 to
2011, state records show. Most of those cases
involve the Mississippi Lime field.

Oklahoma regulators calculated that oil and gas
operators emitted 594 tons of hydrogen sulfide in
2011 and are planning to do more monitoring of air
emissions overall. In New Mexico, which shares
patches of the sour gas-producing Permian Basin
with Texas, state officials received reports of five
hydrogen sulfide releases in 2013, after receiving
none in 2012 and four in 2011.

Texas tracks the amount of gas produced in fields
that also have hydrogen sulfide, although it doesn't

track the actual amounts of hydrogen sulfide, and Elaine Beadle stands in front of an oil field tank battery that has leaked
not all of the gas produced in those fields is sour. hydrogen sulfide gas near her home in Odessa, Texas. Photo by Mike
The amount of gas from hydrogen sulfide- Lee.

containing fields rose 48 percent over five years,
from 1.2 trillion cubic feet in 2009 to 1.7 trillion
cubic feet.

The state requires special permits for oil wells, pipelines and processing plants that handle gas containing more than 100 parts
per million of hydrogen sulfide. The state issued 6,906 of the permits in 2013, up 63 percent from the 4,233 it issued in 2009.

A lethal leak

Texas and most other states adopted their hydrogen sulfide regulations nearly 40 years ago after an oil field accident showed
the full potential danger from the gas.

Early in the morning on Feb. 2, 1975, an Arco oil well outside Denver City, Texas, sprang a leak. The well was being injected
with gas in order to increase its pressure and force out more oil. The gas contained 40,000 parts per million of hydrogen
sulfide, though, and the cold air and the windless conditions allowed the gas to concentrate along the ground, according to
media reports from the time.

Nine people died, including eight who had gathered at the home of J.C. Patton, a farmer who lived 150 to 200 yards from the
oil well.

"That stuff can get you so fast, you don't realize you're in it till it's too late," said Jack Watkins, who was a volunteer firefighter
in Denver City in 1975.

Watkins and another firefighter strapped on air packs and helped find the victims after another rescue crew's vehicle got stuck
in a field, he said in an interview. He passed a dead dog on the Patton home's back porch and came upon two people, both
dead, in the cab of a pickup truck. A few steps later, J.C. Patton was sprawled on the ground. Nearby, two women and two
teenage girls were in a passenger car, its engine still running. A man's body had fallen partially out of the car.

"You could tell they'd been fighting this gas -- they had washcloths over their mouths," Watkins said.

The ninth victim, an Arco worker, was on his way to help with the leak when he died in his pickup by the side of a nearby
highway.

In the wake of the Denver City deaths, Texas adopted Statewide Rule 36. In addition to requiring permits for wells that
produce hydrogen sulfide, the rule requires operators to file contingency plans in situations where a hydrogen sulfide leak
could affect a populated area or a public road.

The Railroad Commission says the rules have worked well since then.

"Staff tells me anecdotally they have not had an off-lease fatality since the adoption of Statewide Rule 36," Gaye McElwain, a
Railroad Commission spokeswoman, wrote in an email.

New wave of drilling creeps closer to homes
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A few things have changed since the Texas rules were adopted. In 1975, oil production was declining in the state. Output
peaked at more than 3.4 million barrels a day in 1972 and settled at just over 1 million barrels a day in the mid-2000s.

The downturn meant the Odessa area's boomtown growth slowed to a trickle. Ector County, which includes Odessa, saw its
population more than double to about 91,000 people from 1950 to 1960. Between 1980 and 1992, it added 3,500 people,
according to the "Handbook of Texas Online."

Starting about 2010, oil production began to rebound, as exploration companies used horizontal drilling and hydraulic
fracturing to open up new fields. It turned out that the Permian Basin, already one of the most prolific oil regions in history, was
sitting on several shale fields, stacked like layers in a wedding cake.

At the same time as the Wolfcamp, Spraberry and Cline
shales were helping revive the Permian Basin's oil
production, a few wildcatters were drilling the Eagle Ford
Shale between San Antonio and Laredo.

By July, oil production in Texas had nearly tripled in five
years to 3.1 million barrels a day, according to the U.S.
Energy Department.

Some of the new shale fields, though, have high levels of
hydrogen sulfide. Parts of the Eagle Ford field have a
maximum concentration of 68,000 parts per million, 130
times the lethal level, according to Railroad Commission
data.

Parts of the Wolfcamp and Spraberry fields, discovered in
Ector County, have levels even higher -- 80,000 to
123,000 parts per million, according to Railroad
Commission records.

A sign on an oilfield tank battery in Odessa, Texas, warns
workers to use gas masks. Photo by Mike Lee.

And the Odessa region is growing again. Between 2010
and 2013, Ector County's population grew 8.9 percent to 149,000. Odessa and neighboring Midland were No. 2 and No. 3 on
the Census Bureau's list of fastest-growing U.S. metro regions.

Similar situations are happening in Kansas and Oklahoma, where parts of the Mississippi Lime field have high levels of
hydrogen sulfide.

In Oklahoma, two university students reported getting sick from hydrogen sulfide fumes while doing research on the Nature
Conservancy's Tallgrass Prairie Preserve in 2012, preserve Director Bob Hamilton said.

In Kansas, the Oil Conservation Division received complaints in December from two people in Finney County who said they
were being sickened by an Occidental Petroleum well that was venting gas with 800 parts per million of hydrogen sulfide.

In June, regulators discovered that gas with 130 parts per million of hydrogen sulfide was being piped directly to four homes
and two business in Clark County, according to emails obtained under the state's freedom-of-information law.

Neither Oxy nor Kansas Gas was penalized for the problems, Ryan Hoffman, director of the Kansas Corporation
Commission's oil and gas division, said in an interview.

Kansas bought hydrogen sulfide monitors for its 40 field inspectors last summer after two roustabouts were killed at a well site.
In November, one of the inspectors suggested to his supervisor that the commission buy more sophisticated monitors.

"With the work we do, sometimes there are wells venting in residential areas," the inspector wrote.

Danger or nuisance?

Complaints are on the rise in Texas, too -- more than 30 people called the Railroad Commission to report hydrogen sulfide
odors in 2013, up from 11 in 2012 and 15 in 2011.

The Railroad Commission's Midland office sent a letter to oil producers in 2012 reminding them about the state regulations that
prohibit venting gas in populated areas. The advisory came after an oil company working on a Spraberry-Wolfcamp well
vented gas with hydrogen sulfide onto a neighborhood, prompting residents to leave their homes and call the local fire
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department.

Less than a half-mile from Beadle's neighborhood, a motorist reported that she was enveloped by a cloud of hydrogen sulfide
when she stopped at a traffic light. The Railroad Commission found a valve stuck open on a tank battery operating by
Occidental Petroleum, one of the biggest oil producers in the Permian Basin.

The Railroad Commission didn't impose a fine in either incident.

Occidental declined requests for an interview about the Kansas and Texas incidents but issued a statement saying it is
committed to safety.

Beadle and her neighbors say the Bagley tank battery's problem
illustrates how ineffective the Railroad Commission has been in
policing hydrogen sulfide emissions, even after years of
complaints.

"Every time | get close to getting something done, they sell it,"
said Bob Scott, who grew up in the neighborhood.

One of the first wells on the Bagley lease was drilled in 1937 and
"shot" with 400 quarts of nitroglycerin to boost its production,
according to records on file with Cambrian Management, the
lease's manager. At the time, the wells were located in a rural
area, but the city of Odessa has encroached on it over decades.

Several wells in the area were combined into one lease and then
flooded with water in the 1960s to boost production.

The tank battery for the lease is connected by pipe to the four or
five wells that are still producing. The tanks separate the oil and
gas from wastewater, and the gas is either shipped out through a
pipeline or burned in a flare.

Cambrian, based nearby in Midland, took over the lease in 2001.

In December 2011, a resident who lived three blocks from the
tank battery complained to the Railroad Commission that fumes
were giving his family headaches and causing his son's asthma to
flare up. Scott complained in August 2013. In September 2013,
Charles Wilson, who lives two blocks from the Beadles, called the
commission, saying the smell was drifting into his home. In
December 2013, Elaine Beadle's son, Rikki, called the

A warning sign at an oil field site in Hobbs, N.M. Photo
by Mike Lee.

commission.

The commission's inspectors found similar problems each time they were called out -- gas containing hydrogen sulfide was
leaking from open hatches or cracks in the tanks, or because of malfunctioning equipment like the vapor recovery unit or the
flare. In the December inspection, the inspectors wrote that their "personal h2s monitors alarmed on high alarm when trying to
enter gate to battery."

After three of the complaints, the commission sent letters saying it would revoke Cambrian's permission to sell oil and gas from
the well, a process known as a severance. The cases were dropped after Cambrian made repairs, even though the work
sometimes took months.

After Wilson's complaint, the commission tried to take more extensive legal action, saying Cambrian hadn't updated its
paperwork to show that the tank battery was in a sensitive area. The commission realized, though, that it had misfiled
Cambrian's paperwork and dropped the action.

As of June, inspectors visiting the site found "a deffinant [sic] smell of h2s" although their monitors were no longer going off.

"With our technology that we have, they should be able to do something about the populated areas," Wilson said in an
interview.

Cambrian President Alan Means, an affable Missouri native who keeps a baseball signed by the 1957 St. Louis Cardinals in





his office, said he understands the neighbors' concerns but said there's no danger -- only a nuisance.
"I'd complain, too, because it stinks," he said.

There's equipment that could neutralize the hydrogen sulfide at the wellhead, but it's too expensive, Means said. The company
could also move the battery away from the homes, which would require digging up and reinstalling the pipelines connecting it
to the nearby wells. But at about $100,000, Means said he can't justify the cost.

"The tank battery was there long before the people were," he said. "They bought their houses, or rented them, knowing about
it."

Calls for tougher oversight

The Railroad Commission declined interview requests. McElwain, the spokeswoman, defended its investigations in a series of
emailed responses. But the real responsibility for air pollution complaints at people's homes lies with another agency, the
Texas Commission on Environmental Quality, McElwain said in an email.

U.S. EPA has tried twice to tighten regulations on hydrogen sulfide, with limited success.

Hydrogen sulfide was on the original list of hazardous substances to be included in the Clean Air Act of 1990, which would
have required it to be treated and monitored as an air pollutant. But it was removed before the act became law, after heavy
lobbying from industry.

But in 2010, EPA moved to reinstate reporting requirements under the Toxics Release Inventory (TRI) program. TRl is a public
database that is designed to provide individuals information about chemical pollutants and waste near where they live.

API, along with trade groups for paper companies and refiners, argued in 2010 that the exclusion of hydrogen sulfide from
EPCRA hadn't caused any problems and said exposure to small amounts, such as 5 parts per million, haven't been shown to
cause problems.

Nevertheless, EPA in 2011 reinstated the reporting requirements. But most oil and gas production facilities are exempt
because they are small sources that fall below the reporting thresholds.

That leaves enforcement of hydrogen sulfide safety in the hands of state oil and gas regulators, many of whom are also tasked
with promoting the industry they regulate. In Texas and Oklahoma, the regulators are elected statewide and frequently receive
campaign contributions from energy companies.

Texas pursued enforcement cases against 2 percent of the 55,000 violations its oil and gas inspectors found in 2012. New
Mexico's oil and gas regulation division hasn't been able to issue fines since 2009, when a court sided with an oil company that
claimed only the state attorney general could pursue enforcement of oil regulations (EnergyWire, July 15, 2013; EnergyWire ,
Nov. 14, 2013).

Environmental groups say a combination of technology and tougher oversight could reduce the danger.

The Sierra Club and other environmental groups pointed to California's system of permits and monitors as a model when they
pushed for EPA to tighten federal regulations. The state requires companies that emit hydrogen sulfide and other gases to run
models showing whether their businesses pose a danger. If there's a risk, the local air control district steps in and can require

the company to take steps to lower the emissions. The approach has worked, since the state's network of air monitors showed
a decrease in sour gas levels, according to a letter the Sierra Club and other groups sent to EPA in 2009.

In February, Colorado started requiring oil and gas companies to check for leaks at wellheads, tank batteries and other
equipment using infrared cameras and fix any problems within a set period of time. The rules are intended to cut down on
emissions of methane, the main ingredient in natural gas, but they would also cut down on hydrogen sulfide and other toxic
chemicals associated with energy production, said Andrew Williams, a senior state regulatory affairs manager at the nonprofit
Environmental Defense Fund.

In Kansas and Oklahoma, parts of the Mississippi Lime field lie on American Indian land or on land where the tribes own the
mineral rights. That has led to a tangle of state and federal agencies trying to oversee oil production, said Tom Williams, a
consultant for the Houston-based Environmentally Friendly Drilling Program. Solving the jurisdictional problems and making
sure the agencies have the staff and training they need would help them deal with the uptick in drilling, he said.

"Regulations aren't worth a hoot when you don't have competent regulators," he said.

Click here to see the oil fields in Texas containing hydrogen sulfide and the maximum concentrations.
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Reporter Mike Soraghan contributed.

Twitter: @mikeleefw | Email: mlee@eenews.net

Advertisement

Changing the nature of biotechnology > Biotechnology Renewed
0! ABENGOA

The Premier Information Source for Professionals Who Track Environmental and Energy Policy.

© 1996-2014 E&E Publishing, LLC Privacy Policy Site Map




https://twitter.com/mikeleefw

mailto:mlee@eenews.net

http://www.eenews.net/eep

http://www.eenews.net/ew

http://www.eenews.net/cw

http://www.eenews.net/eed

http://www.eenews.net/gw

http://www.eenews.net/pm

http://www.eenews.net/tv

http://www.eenews.net/eep/learn_more/privacy_policy

http://www.eenews.net/eep/learn_more/site_map




combustion of hydrocarbons during drilling,

flaring and production of natural gas, H2S is released into the atmosphere. H2S exposure
contributed to 60 deaths according to BL S statistics from 2001- 2010.

Because it is heavier than air, H2S settles and accumulates in concentrations, exposing
workers to this corrosive chemical vapors and risking serious, even fatal, health and safety
hazards. The tell-tale rotten egg smell might alert workers to exposure, but continuous
exposure can lead to olfactory desensitization.

Many workers wear a H2S monitor to aert them of dangerous limits. OSHA recommends
best practices to actively monitor H2S concentrations and worker training but regul atory
groups disagree over the acceptable ceiling of exposure. While OHSA recommends 20 ppm,
NIOSH holds at 10 ppm and the American Conference of Governmental Industrial Hygienists
(ACGIH) limits the threshold at 1 ppm. “H2S is dangerous and must be handled and treated
properly throughout all stages of drilling and production,” said Sheldon McKee, Director
Business & Product Development at AMGAS. “We want to push the industry forward and
continue to work to raise the standards of H2S treatment and removal.”

Featured in the January 2014 issue of New Technology Magazine, Calgary based AMGAS, a
leader in H2S treatment since 1989, launched its latest in chemical scrubbing equipment —the
Absorbital 320 MAX, which scrubs, or converts, high concentrations of H2S to nonreversible
water soluble byproducts, preventing the release of toxic gases into the air.

[Lee 2014] Lee, Mike, SAFETY: 'That stuff can get you so fast' — deadly gas on the rise in oil
fields, E& E Specia Report
(http://www.eenews.net/special_reports/danger_zone/stories/1060007591)
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From: cathydold@gmail.com on behalf of Catherine Dold

To: Boulder County Oil and Gas Comment
Subject: Oil and Gas Moratirium - please extend!
Date: Wednesday, November 05, 2014 3:58:46 PM

To the Boulder County Commission:

Until a non-biased, science-based study is completed and published regarding the
public health and environmental impacts of fracking, oil and gas development should
NOT occur in Boulder County.

Please continue to protect our water, air, and public health by extending the
moratorium.

Catherine Dold
PO Box 4424
Boulder, CO 80306

Catherine Dold | Health & Environment Writer
Boulder, CO | 303-578-2398 | catherinedold.com
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From: PJ Hrynik

To: Boulder County Board of Commissioners
Subject: Fracking
Date: Wednesday, November 05, 2014 3:48:14 PM

Please continue the moratorium on Fracking in Boulder County. | am vehemently
against fracking because it contaminates water supplies and poses health hazards.
Thank you

Paula J Hrynik
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From: Joetta Johnson

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium

Date: Wednesday, November 05, 2014 3:29:59 PM
Hello,

I am writing to express my deep concerns about fracking in Boulder County and am
requesting that the moratorium be extended another 5 years. This is very important
to me and can't see myself living in a county that promotes and allows fracking.

My address is
762 Julian Circle
Lafayette, CO 80026

Thank Youl!

In Grace,

Joetta Marie Johnson
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From: Alex Joseph

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium Extension
Date: Wednesday, November 05, 2014 2:34:55 PM

Dear commissioners,

Please extend the fracking moratorium for 5 more years. We need more time to study the effects, and
to make sure we do not turn into another Weld County.

Many Thanks,
Alex Joseph

865 Circle Drive
Boulder, CO 80302
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From: MARK E STEINER

To: Boulder County Oil and Gas Comment
Subject: oil and gas extraction input
Date: Wednesday, November 05, 2014 2:12:25 PM

Dear County Comissioners,

I am in support of banning fracking in Boulder County. Fracking is such a bad idea,
it confounds me that it is spoken about in any positive terms.

As we all know, water is probably our most precious resource and yet between 1
and 8 million gallons of water are used for each fracking job. Only 30-50% is
reusable. We simply cannot afford this waste. Additionally, up to 600 chemicals,
including known carcinogens, are mixed with water and injected into the ground.
There are upwards of 1,000 documented cases of sensory, respiratory, and
neuroligical damage caused to citizens living near fracking wells. This is
unacceptable. The waste fluid also contaminates our air in the form of many gases
including high levels of methane gas which create ground level ozone. Do we really
want to add to CO2s depletion of the ozone? Each gas well requires 400 tanker
trucks to carry water and supplies. Again, this adds to pollution. And of course, our
beautiful environment is threatend beyond belief as well as our property values.

It's time to take a stand and do the right thing and ban fracking in Boulder County.
We need to invest in renewable energy sources in a serious way.

Thank you for your consideration,
Damelia Mujica
resident of Boulder County for 20 years
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From: Indra

To: Boulder County Oil and Gas Comment
Subject: Fracking
Date: Wednesday, November 05, 2014 1:27:52 PM

I live in Niwot and have been a resident of Boulder County since 1977. | am appalled that the
commissioners would allow our precious water and air to be contaminated for the imaginable future by
short sighted oil and gas interests. This is not the direction that we need to be going as a county or as
a nation. Please do your job, or if you are unable to because of the economic pressure, just be honest
and state publicly that you are selling out our environment because you cannot or will not stand up to
the oil and gas industry. That would be the most honest thing you could do.

Sent from my iPad
Elena Holly Klaver
United States Court Certified Interpreter, Spanish/English
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From: moosedrink@amail.com on behalf of Joshua Maynard

To: Boulder County Board of Commissioners
Subject: Extend the Fracking Moratorium

Date: Wednesday, November 05, 2014 12:25:48 PM
Greetings,

Today | found this study:
http://comingcleaninc.org/assets/media/images/Reports/cc-rpt-fracking%2010.14.pdf

It shows serious health affects arise when living within the vicinity of a fracking
tower. Although gas companies may have a right to their minerals, do they have a
right to lowering property values of homeowners? Do they have a right to poison the
local residents? Maintaining property value and health are top priorities to citizens.

Extending the moratorium will give the people the opportunity to bring these studies
to light, in spite of the gas industries attempts to quell opposition. When the
populous is informed, we can then make smarter decisions.

Please extend the moratorium to allow time for the populous to be educated on the
matter, and address adequate solutions accordingly.

Thanks,
Josh

Josh Maynard

EV Technician

Boulder Hybrid Conversions
www.boulderhc.com
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From: Barb beaton

To: Boulder County Board of Commissioners
Subject: extending frackng moratorium
Date: Wednesday, November 05, 2014 10:53:15 AM

I am writing to ask that you extend the fracking moratorium until 2018.
At that point we will know more about health risks associated with fracking.

Barb Beaton


mailto:barbmackb@q.com
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From: Amanda Wetzel

To: Boulder County Oil and Gas Comment
Subject: Extension of the Oil and Gas Moratorium
Date: Wednesday, November 05, 2014 9:55:49 AM

Dear Boulder County Commissioners,

I am writing to plead with you to extend the Oil and Gas Moratorium for at least another two years.
This highly industrialized process of Fracking is controversial for very good reason. Although proponents
for Fracking tout that it will increase job growth and be good for the economy; communities where
fracking is in their backyard have seen increased rates of crime, earth quakes, infrastructure issues like
road damage but even more concerning is the increased air pollution levels that are considered beyond
acceptable for national EPA levels such as in Weld County. The small community of Erie, Colorado with
about 400 wells has pollutant levels higher then Los Angeles and Houston, Texas.

Do we really want hundreds of wells right in our beautiful county?? Please consider how having this
major industrial process will impact Boulder County's desirability and tourism. We need to really look at
the long term effects of hydraulic fracturing and take this time to examine how it is impacting other
communities where it is happening already.

Thank your time and consideration,
Amanda Wallace

1907 Kristy Court, Longmont CO 80504
Sent from my iPad
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From: kaylinnpenardi@yahoo.com

To: Boulder County Board of Commissioners
Subject: | urge you to extend the moratorium in Boulder County!
Date: Wednesday, November 05, 2014 9:05:55 AM

Please consider the consequences, and let time decide whether fracking is a good
idea or not, before it is too late and too much damage has been done. So far, the
amount of harm it does vastly outweighs the positive.

Thank you for taking time to listen to the concerns of Boulder County citizens.
Sincerely,

Kaylinn Buchanan
Longmont

Sent from Windows Mail
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From: Katherine Michalak

To: Boulder County Board of Commissioners
Subject: Moratorium on hydraulic fracturing
Date: Wednesday, November 05, 2014 8:14:58 AM

Dear Commissioners,

I have lived in Colorado all my life and moved to Boulder two and a half
years ago. | considered settling in other parts of the country but was
compelled to stay here due to the beauty of this state, as well as to

the visual beauty of Boulder and its appealing combination of urban
amenities and small town ease. As we know, many other visitors and
residents feel as |1 do about charms of this county. It seems clear to me
that in order to secure tourism for the future, as well as maintain
Boulder's high property values (not to mention its quality of life), we
must decline to allow hydraulic fracturing in the area. | understand

that the moratorium on hydraulic fracturing is set to expire in a few
days, and | urge you to extend it for as long as possible.

Thank you for allowing public sentiment to influence this important
decision--1 know that it must be a demanding undertaking to consider
every individual's opinion!

Regards,
Katherine Michalak
719-588-0420

3185 Westwood Court
Boulder, CO 80304

http://www.fastmail.fm - Email service worth paying for. Try it for free
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From: Sami Lees

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium
Date: Wednesday, November 05, 2014 7:50:17 AM

Please extend the fracking moratorium until 2018 when health studies should be

available and re-evaluate at that time.
Thank you for hearing the voice of the people, | personally believe you will find that
fracking destroys the environment and the fumes are dangerous to people and

animals.

Sam (Sandra) Phipps Lees


mailto:samilees@gmail.com
mailto:commissioners@bouldercounty.org

From: kelly emmanuella bartell

To: Boulder County Board of Commissioners
Subject: FRACKING Moratorium
Date: Wednesday, November 05, 2014 12:17:32 AM

Dear Commissioners,

I am writing to you to plead with you to extend the fracking moratorium in Boulder
County until at least 2017, when the CU studies on frackings effects are published. |
live in Louisville, and am a professional gardener and permaculturalist. | recently
read the county's Roads Report regarding the 110 miles of Eastern Boulder County
which they "studied” in regards to fracking as many as 600 (or more) wells and
what effect that might have. Are we seriously considering sacrificing this land so
utterly that it becomes essentially an industrial mineral extraction zone? Are we
pretending that building 6 wells per mile in this area won't utterly destroy East
Boulder as we know it? And potentially poison our ground water?

This is our farmland with many cherished organic farms and CSA's, our rivers and
lakes, our big vulnerable cottonwood stands. All irreplaceable. From 119 to 285,
from South Boulder to Longmont, | have driven these roads all summer, on my way
to tend gardens and native pollinator landscapes. Giving thanks for such a lush
summer of blessed water, feeling grateful to live in such a beautiful place, with so
many skillfull, thoughtfull, creative people , and praying for its protection. Praying
that the invisible boundaries which are keeping the fracking wells at bay hold, and
become firm and permanent.

When a people lose control of their land base, their water, and freedom from
chemical trespass, they lose the very sources of all health, wealth, and happiness-
not just for themselves, but for generations to come. We must not surrender our
right to protect ourselves and the Natural World.

I am confident that when we "just say no" to fracking, to fossil fuels, and commit
ourselves to the establishment of truly sustainable energy production grids and the
intelligent design of our buildings and communities, humanity will rise to the
occassion with miraculous swiftness and success. All of the elements of success are
here in Boulder County, and I pray that we might become a beacon to the world,
rather than just another poisoned place in America that used to be a great place to
live.

Please protect this Breathing Earth that we walk upon, and know that when you do
so, you are standing for all life, and for all the amazing beings whom share this
Earth Walk with us.

With Courage,

kelly Emmanuella Bartell


mailto:soulbird13@gmail.com
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From: swansonjnc@comcast.net

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium
Date: Tuesday, November 04, 2014 9:02:08 PM

Commissioners:

Count us as strong votes for extending the fracking moratorium!
Cathy and Jon Swanson

2288 Kincaid Place

Boulder 80304
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From: Andrew Hoeschele

To: Boulder County Oil and Gas Comment
Subject: Time to Take Action

Date: Tuesday, November 04, 2014 7:15:24 PM
11/5/14

Andrew Hoeschele

3755 Smuggler Place
Boulder, CO 80302

To the Boulder County Commission,

Thank you for your work on protecting and preserving the beautiful city of Boulder
from the looming threat of oil and gas companies.

As a Boulder resident it is important for this beautiful place to be preserved and not
become undermined in the pursuit of profits. Fracking and other oil and gas
extracting processes come with significant externalities. Who are the ones who are
going to pay these external costs? You can't put a price to the health problems that
result from the chemicals involved in the fracking process. More research needs to
be done in the field of fracking to determine the true effects of it. More needs to be
known about not only the direct outcomes of this process but also the indirect
outcomes. Please do what you can to prevent the oil industry from ruining this
amazing place.

Sincerely,
Andrew Hoeschele


mailto:anho0956@colorado.edu
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From: Andrew Hoeschele

To: Boulder County Oil and Gas Comment
Subject: Taking action

Date: Tuesday, November 04, 2014 7:09:55 PM
11/5/14

Andrew Hoeschele
3755 Smuggler Place
Boulder, CO 80302

To the Boulder County Commission,

Thank you for your work on protecting and preserving the beautiful city of Boulder from the looming
threat of oil and gas companies.

As a Boulder resident it is important for this beautiful place to be preserved and not become undermined
in the pursuit of profits. Fracking and other oil and gas extracting processes come with significant
externalities. Who are the ones who are going to pay these ex

Sent from my iPhone
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From: Padma Wick

To: Boulder County Oil and Gas Comment
Subject: FRACKING
Date: Tuesday, November 04, 2014 7:08:23 PM

I am writing to plead with you to extend the moratorium on Fracking. We cannot afford to risk the
Boulder County economy and way of life. Even more, you just cannot in good conscience risk the
health and welfare of the people and animals who call this home. You cannot vote to waste the water

and destroy the environment we depend on.
Padma Wick

4213 Frederick Circle

Longmont, CO 80503

Sent from my iPad
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From: Carey

To: Boulder County Oil and Gas Comment
Subject: Extend the fracking moratorium!
Date: Tuesday, November 04, 2014 6:06:11 PM

Hi, 1 am writing as a Boulder and Colorado resident to express my support for
continuing the moratorium. This is an opportunity for our local leaders to
demonstrate that they represent the health, opinions, and interests of Boulder
County and not the interests of Big Oil. Our state leadership has already shown
where their true allegiances lay, it's your turn to show you're better.

Regards,
Carey Snyder

Boulder, CO
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From: Eryn Murphy

To: Boulder County Board of Commissioners
Subject: Extend the fracking moratorium
Date: Tuesday, November 04, 2014 4:58:56 PM

Please extend the fracking moratorium. Fracking is a violent act of a desperate
culture. It rapes the Earth and floods our water with toxins. Surely we can find a
better way.

Please stand for what is right. Do not let these corporations drown out your quiet
longing for clean rivers and sweet birdsongs and a community that supports each
other. Let us honor and return the Earth's support for us.

Eryn Joy Murphy
Denver, CO
510.789.3019

Sent from Mailbox
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From: macbudz@comcast.net

To: Boulder County Board of Commissioners
Subject: Encana fracking
Date: Tuesday, November 04, 2014 4:54:05 PM

Dear Boulder County Commissioners,

We just realized that the county's fracking moratorium is scheduled to end on Dec.
31. We are writing to encourage/plead with/beg you to extend the moratorium until
2018. Such an extension is reasonable because there is still too much we don't
know about the health and environmental impacts of fracking due to the toxic
substances that are pumped into the ground to release the trapped gas and oil. It is
ominous that the oil and gas companies won't divulge what some of the liquids are.

We suggest you follow the common-sense guidelines proposed by environmental
health researchers at the University of Pennsylvania and Harvard's School of Public
Health as well as many other public health organizations, to wit: Baseline air and
water should be collected at sites before drilling and extraction begins,
then during extraction and again after it is completed. This should be done
over several years for a few trial wells. If no negative consequences are found to
the environment or to people's health, then drilling could be expanded. After all, the
subterranean oil and gas isn't going to go anywhere and drillers should be happy to
cooperate with such reasonable, scientific verification. New York state isn't allowing
fracking until a state department of health study on the pros and cons of fracking is
completed.

Boulder County should also adopt a "Better safe than sorry" policy on fracking and
to do so, the moratorium needs to be extended for several years.

Best regards,
Marsha and David Budz

818 11th St.
Boulder, CO 80302
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From: Sierra Club Membership Services on behalf of Judith Jackson

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Tuesday, November 04, 2014 4:53:20 PM

Nov 4, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Ms. Judith Jackson

146 Granite Dr
Boulder, CO 80302-9784
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From: Eve Palmer

To: Boulder County Board of Commissioners
Subject: Boulder County Moratorium on Fracking
Date: Tuesday, November 04, 2014 4:52:15 PM

Please do everything possible to extend the moratorium on fracking in Boulder
County. So much more bad news about fracking has come to light since the
moratorium was implemented. If lifted, even briefly, we lose ground. Every new
mineral rights sale makes it that much harder to ensure that nothing is drilled in
proximity to homes, schools, parks and agricultural areas. At a minimum, extending
the moratorium until the state task force submits their recommendations will give all
parties time to further assess the risks and remedies.

Thank you,

Eve Palmer

2129 Squires Street

Boulder, CO 80501

Eve Palmer

Clovis Oncology

2525 28th st
Boulder, CO 80301
303-625-5012

epalmer@clovisoncology.com
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From: Joshua Kuhn

To: Boulder County Board of Commissioners
Subject: Please Extend Fracking Moratorium
Date: Tuesday, November 04, 2014 4:24:43 PM

Dear Boulder County Commissioners,

As a citizen of Boulder County, | encourage you to please extend our county's
hydraulic-fracturing moratorium until we all know for certainty whether emissions
and leaks associated with these wells are NOT harmful to the health of Boulder
County workers and residents. I'm frustrated that we must prove that something is
NOT harmful rather than proving that it is, but unfortunately that is the world we
live in. For the sake of Boulder County citizens now and in the future, please take
your time to learn from the most reputable science available and then make the
most informed decision possible once you've done so. It is my understanding that
the science is unsettled and please do not rush this decision!

Thank you for all your service and again please do not rush this decision.

All my best,

Joshua Kuhn

3035 O'Neal Pkwy
Boulder, CO. 80301
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From: Sierra Club Membership Services on behalf of Rob Carter

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Tuesday, November 04, 2014 4:23:34 PM

Nov 4, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mr. Rob Carter

2855 Whitetail Cir
Lafayette, CO 80026-7001
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From: Emily Harms

To: Boulder County Board of Commissioners
Subject: Beautiful Boulder LIFE
Date: Tuesday, November 04, 2014 3:07:04 PM

Dear commissioners,

My name is Emily Harms. | am 23 years old and have been living in Boulder for 2 years. | work at Fate
Brewery, and am working on renewing my cosmetology license so | can continue my artistic work as a
hairstylist full time. | spend my free time doing yoga, hiking, reading, and, recently, volunteering to
spread awareness about an issue that affects all three of you, and myself deeply.

Within the last year, | have gone through powerful transformation and I could not have done so without
the kindness, compassion, and undying support of my community. Nature has also been an
unforgettable part of my healing. | am so blessed to be surrounded by such beauty. We all are. | do not
take for granted the majestic mountains right in our backyard, the flowing Boulder creek, nor the many
smiling faces | encounter day to day in this precious place I call home. | am writing to you coming from
a place of gratitude, and asking the three of you with all of my heart, that you do everything in your
power to protect the well being of myself, my community, and this breathtaking section of earth.

Please extend the moratorium on fracking for 3 more years. We need to keep our land and ourselves
healthy and thriving, and there is no room for the irreversible, destructive act of fracking in our county.
In our state, nation, world ~ either. But it all starts right here. | am asking that you extend this ban to
promote the general welfare and secure our Blessings of Liberty.

With love and thanks,

Emily Harms


mailto:emily.e.harms@gmail.com
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From: Sierra Club Membership Services on behalf of Carrie Westcot

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Tuesday, November 04, 2014 2:23:31 PM

Nov 4, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Carrie Westcot

General Delivery
Winter Park, CO 80482-9999


mailto:sierra@sierraclub.org
mailto:sierra@sierraclub.org
mailto:oilgascomment@bouldercounty.org

From: Laura Skinkle

To: Boulder County Board of Commissioners
Subject: Extend the fracking moratorium for at least 3 more years
Date: Tuesday, November 04, 2014 1:18:18 PM

You need to extend the fracking moratorium for at least 3 more years. Colorado has
enough wells and we need to wait for more testing before increasing our numbers
of wells. See you at the meeting on November 10th.

Do the RIGHT THING and extend the moratorium.

Thank you,

Laura Skinkle

Boulder, Colorado
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From: moosedrink@amail.com on behalf of Joshua Maynard

To: Boulder County Board of Commissioners
Subject: Extend the Fracking Moratorium

Date: Tuesday, November 04, 2014 1:10:56 PM
Greetings,

In the absence of technical health and environmental affects from fracking,
approving the process in the vicinity of our homes is more than wrong. | can think of
no city that decided to build a nuclear power plant in town when presented with no
long term health or environmental impact studies. If you were to pick any other
industrial process known to man, a thorough review of it's affects on the people
would not only be a good practice, it would be expected.

Not only are you separating yourself from your constituency by allowing fracking to
continue, you are jeopardizing our health. This is not to be taken lightly, and the
long term ramifications of this decision could negatively affect large swathes of your
constituency.

For our health, for our land, and for your integrity, please extend the moratorium on
fracking until we can conclusively determine the potential risks of fracking.

Thank you,
Josh

Josh Maynard

EV Technician

Boulder Hybrid Conversions
www.boulderhc.com
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From: Nancy Bizzarro

To: Boulder County Board of Commissioners
Subject: Please Extend Moratorium on Fracking
Date: Tuesday, November 04, 2014 11:19:30 AM

Dear Commissioners,
Please extend the moratorium on Fracking.

We need to learn more and protect ourselves from the methods that are being used now for fracking. |
believe water is such a problem in Colorado that it should be keep for crop irrigation and drinking.
Fracking is not sustainable. We will be poisoned and have no water for our growing population. Solar
and wind power is where our energy should come from.

Please extend the moratorium.
Thank you,

Nancy and John Bizzarro
and Family


mailto:bizzinc@comcast.net
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From: Peter Mahlstedt

To: Boulder County Board of Commissioners
Subject: fracking moratorium
Date: Tuesday, November 04, 2014 10:42:44 AM

Dear Commissioners:

I am writing to ask you to please vote to continue the fracking moratorium scheduled to expire on
December 31.

You have the responsibility to safeguard the health and well-being of the citizens you serve and the
results are

not yet in on the dangers of fracking to our health. As a concerned and voting citizen of Boulder
County, | would be

very disappointed to learn that you opted to let the moratorium expire and would express this
disappointment

in the next election.

Sincerely,

Susan Mahlstedt
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From: Muff Stinson

To: Boulder County Board of Commissioners
Subject: Extend Fracking Moratorium!
Date: Tuesday, November 04, 2014 10:20:10 AM

County Commissioners:

I live in Gunbarrel and your decisions on road maintenance was very unpopular here
so please do not anger citizens again by letting the fracking moratorium end when
2014 is over. | URGE you to continue the moratorium four more years when major
studies (not swayed by Big Oil and Gas powers) determine what the impacts of
fracking really are.

NO MORE WELLS until science and reason have a chance to educate us reliably!
Thank you,
Mrs. Marilyn Stinson

7250 Mt. Sherman Rd.
Longmont, 80503
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From: Food & Water Watch on behalf of Gail Kohimeister

To: Boulder County Board of Commissioners
Subject: Please extend the moratorium on fracking
Date: Tuesday, November 04, 2014 9:19:17 AM
Nov 4, 2014

Ms. Deb Gardner
1325 Pearl Street
Boulder, CO 80302-5247

Dear Ms. Gardner,

I urge you to protect our drinking water, our clean air and our
property by extending the moratorium on fracking in Boulder County.

We have seen the harmful impacts that fracking has on our neighboring
communities: it is bad for health, lowers property values and
contaminates air and water.

As you know, the current moratorium on fracking will expire in a few
short months. In order to protect the things that make Boulder County
great, we need to extend the moratorium for three years.

Weld County is close enough! NO Fracking in Boulder County!

I urge you to protect Boulder County residents and the environment by
extending the moratorium on fracking.

Sincerely,
Ms. Gail Kohlmeister

918 Emery St
Longmont, CO 80501-4509
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From: Chris Cook

To: Boulder County Board of Commissioners
Subject: Fracking moratorium....Please Extend until 2018
Date: Tuesday, November 04, 2014 8:50:35 AM

I am writing as a concerned citizen and resident of Boulder County.
Please extend the fracking moratorium for at least three more years.
Sincerely,

Chris Cook


mailto:cookchris123@yahoo.com
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From: Jane Ruth

To: Boulder County Oil and Gas Comment
Subject: Extend moratorium on oil and gas development
Date: Tuesday, November 04, 2014 8:34:03 AM

Please extend the current moratorium on oil and gas development in unincorporated
Boulder County.
I find the following facts and studies extremely disturbing:

e Thenatura gasindustry isthe only industry in the U.S. that has special exemption
from
The Safe Drinking Water Act, The Clean Water Act, The Clean Air Act, and the
Superfund Act.

¢ A study conducted by the Colorado School of Public Health on Colorado’s Western
Slope found that
citizens who live within a half-mile of fracking wells are 66% more likely to have
cancer.

o Children who live or go to school near fracked wells have high asthma rates, bloody
noses and bowels.

Please help protect the citizens and children of Boulder County and extend the current
moratorium on oil and gas development.

Thank you,

Jane Ruth

9132 Jotipa Drive
Longmont, CO 80503


mailto:windhorsedesigns@msn.com
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From: Steve Chaput

To: Boulder County Board of Commissioners
Subject: Fracking Ban Extension
Date: Tuesday, November 04, 2014 7:58:09 AM

Hello and Thank you for your service. Please extend the current Boulder County
fracking ban that expires Dec 31st long enough to allow more studies on the health
and environmental impacts fracking to be completed. | am also very much against
the industrialization of our lands that are zoned otherwise.

Thank you for your efforts!
Steve Chaput

stevechaput@ymail.com
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From: Cropley Charley

To: Boulder County Board of Commissioners

Subject: | urge you to extend the moratorium in Boulder County!
Date: Monday, November 03, 2014 8:04:58 PM

Hi Deb,

Please extend the moratorium on Fracking, dear.
If you choose not to do so, would you let me know why?
Thanks for all you do.

In Health & Happiness

Charley Cropley, N.D.
Winning does not tempt that man.
This is how he grows:
by being defeated, decisively,

by constantly greater beings.
Rilke

Health@charleycropley.com

www.charleycropley.com
303-442-6161
1109 Portland PI
Boulder CO. 80304

Follow me on Twitter & Facebook
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From: Steven Lohn

To: Boulder County Board of Commissioners
Subject: Expressing my opposition
Date: Monday, November 03, 2014 6:31:23 PM

I am writing to express my opposition to fracking in Boulder County. | am in
support of a Community Rights Home Rule County Government.

Fell free to call with any questions,
Steve Lohn
303-518-9939
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From: Mary Beth

To: Boulder County Board of Commissioners
Subject: Fracking Moratorium Extention
Date: Monday, November 03, 2014 5:38:15 PM

Re: Fracking Moratorium Extention

Dear Commissioners,

We know WATER used in fracking is not renewable.
There is renewable energy.

We know it is forever contaminated. And is there such a thing as
safe storage either above or below ground?

Another consideration: States to our south and west will have to
look to Colorado for further supply of water.

Our first priority must be FOR people and environment.

Thank you,

Mary Beth Kern

6054-A Gunbarrel Avenue
Boulder, CO 80301
303-530-4812
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From: Food & Water Watch on behalf of Christina Lundberg

To: Boulder County Board of Commissioners
Subject: Please extend the moratorium on fracking
Date: Monday, November 03, 2014 5:17:37 PM
Nov 3, 2014

Ms. Deb Gardner
1325 Pearl Street
Boulder, CO 80302-5247

Dear Ms. Gardner,

I urge you to protect our drinking water, our clean air and our
property by extending the moratorium on fracking in Boulder County.

We have seen the harmful impacts that fracking has on our neighboring
communities: it is bad for health, lowers property values and
contaminates air and water.

As you know, the current moratorium on fracking will expire in a few
short months. In order to protect the things that make Boulder County
great, we need to extend the moratorium for three years.

| urge you to protect Boulder County residents and the environment by
extending the moratorium on fracking.

Sincerely,
Ms. Christina Lundberg

591 Primos Rd
Boulder, CO 80302-9212
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From: Angela G.

To: Boulder County Oil and Gas Comment
Subject: Please don"t Frack Boulder County.
Date: Monday, November 03, 2014 3:59:04 PM

Dear Boulder County Commissioners,

When 1 first heard about hydraulic fracturing to extract gas and oil, | felt secure in
my belief that everyone would have and endless supply of natural gas and oil. In
the past few years I've learned fracking certainly is, or is a highly suspect source of
earthquakes, contaminated ground water, air pollution, noise pollution, unsightliness,
and devaluation of real estate. So I'm pleased the commissioners are willing to
listen to the concerns, and experiences, of Boulder County residents. Hopefully, as a
result of listening to us the Commissioners will extend and amend the current
moratorium with increased restrictions on oil and gas drilling, that include O&G
companies paying damages for destroyed homes, infrastructure, contamination of air
and water; and loss of real estate values.

My greatest hope, for myself a 20+ year BoCo resident, real estate owner, lover of
nature; and, all residents who marvel in our County’s beauty: is for a complete and
total ban on Oil and Gas drilling in both incorporated and unincorporated Boulder
County.

I see no reason why the Commissioners should support O&G fracking that
devastates the environment and reduces our finite water supply on Earth, by
permanently polluting millions, perhaps billions of gallons of potable water via
contamination with toxic chemicals. Wouldn't it be more prudent for the County to
support renewal energies such as solar electric? Please consider Boulder County’s
national reputation as a “Healthy” place to live, “Heal” and expand one’s spiritual
consciousness? Our beloved home could easily become one of the most unhealthy
places to live. What effect would this have on housing prices and businesses that
currently thrive here? Also, is it not strangely incongruent that a geographical area
with a demographic of 68% college educated people would allow it's home to be
ruined.

It is apparent to me that allowing fracking for oil or gas in any of Boulder
County will ruin our County’s beauty, healthy environment, business community, real
estate values, wildlife, and change our demographic from a highly educated, caring,
and conscious population; to one dominated by people who prefer to humb-out on
alcohol, drugs and TV. Let’s keep our current demographic and mitigate the spread
of the latter category.

Angela Green
4895 Twin Lakes Rd.
Boulder, 80301
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From: Michael Joseph

To: Boulder County Board of Commissioners
Subject: Extend Fracking Moratorium
Date: Monday, November 03, 2014 3:51:10 PM

Commissioners,
Did you see the new UN report on climate change?

The report warns that “even with adaptation, warming by the end of the 21st
century will lead to high to very high risk of severe, widespread, and irreversible
impacts globally.”

The report recommends allocating finances to encourage people and governments to
come up with new ideas to tackle climate change. IPCC vice chair Jean-Pascal van
Ypersele wrote on Twitter that “ordinary people” can make choices that reduce
climate change, “but policymakers have responsibility to facilitate.”

Please listen to the people of Boulder. We want to be leaders in policy-making that
facilitates meaningful change. Extending the moratorium is a way to show big
energy companies that they cannot pillage people in their homes in the name of
fossil fuel addiction. Whatever we can do to mitigate the malignant power oil
companies have is a step in the right direction!

Best regards,
Michael Joseph

3140 Fremont St.
Boulder, CO 80304

Michael Joseph / Founder & CEO
www.MileHighOrganics.com

303-817-1372 (mobile)

America's First Certified Organic Online Grocer
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From: Sierra Club Membership Services on behalf of Josh Swink

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Monday, November 03, 2014 3:21:14 PM

Nov 3, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mr. Josh Swink

120 1/2 Longs Peak Ave
Longmont, CO 80501-5042
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From: Sierra Club Membership Services on behalf of Erik Johnson

To: Boulder County Oil and Gas Comment

Subject: Boulder County Oil and Gas Exploration Moratorium Must Be Extended (Resolution 2013-55)
Date: Monday, November 03, 2014 1:20:25 PM

Nov 3, 2014

Boulder County Commissioners

Thank you for the unanimous decision made in June 2013 to enact a
moratorium on oil and gas exploration in Boulder County. Your vote was
greatly appreciated and crucial to the protection our community.

Now, the moratorium must be extended until we are assured that our
communities and the environment are protected. We request that this
moratorium be extended at least until June 2018 when: (1) health
studies will provide data as to the safety of extraction activities

next to homes, schools and businesses; (2) county or statewide
regulations are in place to adequately protect our land, air, water and
our communities; and (3) a monitoring system that is not based on
self-reporting by oil and gas industry is ready to launch.

Our beautiful open spaces must be exempt from any exploration or
drilling. Please extend the moratorium initiated by Resolution 2013-55
and 2014-56. We must provide a safe place to live and play free from
the harm of toxic fracking for all the citizens of Boulder County.

Sincerely,
Mr. Erik Johnson

1300 Sumac Ave
Boulder, CO 80304-0806
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From: Sierra Club Membership Services on behalf of sage hamilton hamilton

To: Boulder County Oil 