LOVELAND CITY COUNCIL
PLANNING COMMISSION
STUDY SESSION
TUESDAY, JUNE 12, 2012
CITY COUNCIL CHAMBERS
500 EAST THIRD STREET
LOVELAND, COLORADO

THE CITY OF LOVELAND DOES NOT DISCRIMINATE ON THE BASIS OF DISABILITY,
RACE, CREED, COLOR, SEX, SEXUAL ORIENTATION, RELIGION, AGE, NATIONAL
ORIGIN, OR ANCESTRY IN THE PROVISION OF SERVICES. FOR DISABLED PERSONS
NEEDING REASONABLE ACCOMMODATION TO ATTEND OR PARTICIPATE IN A CITY

SERVICE OR PROGRAM, CALL 962-2343 OR TDD # 962-2620 AS FAR IN ADVANCE AS
POSSIBLE.

6:30 P.M. STUDY SESSION - City Council Chambers

1. City Manager (90 minutes)
Panel Discussion Regarding Oil and Gas Extraction and Development
On May 15 2012, City Council approved an emergency ordinance imposing a nine month
moratorium on the acceptance, processing, and approval of any applications, permits, or
other approvals for oil and gas uses. The ordinance is intended to allow the City time to
investigate the extent of the City’s authority to regulate such uses and develop and
implement appropriate regulations, if necessary, to protect the public’'s health, safety and
welfare. Staff will seek direction from Council in the development of the appropriate
regulations over the next few months.
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AGENDA ITEM: 1

MEETING DATE: 6/12/2012

TO: City Council/Planning Commission

FROM: Bill Cabhill, City Manager

PRESENTER: Greg George, Director, Development Services
TITLE:

Panel discussion regarding oil and gas extraction and development

RECOMMENDED CITY COUNCIL/PLANNING COMMISSION ACTION:
Informational only

DESCRIPTION:

On May 15 2012, City Council approved an emergency ordinance (Attachment A) imposing a
nine month moratorium on the acceptance, processing, and approval of any applications,
permits, or other approvals for oil and gas uses. The ordinance is intended to allow the City
time to investigate the extent of the City’s authority to regulate such uses and develop and
implement appropriate regulations, if necessary, to protect the public’s health, safety and
welfare.

Staff will seek direction from Council in the development of the appropriate regulations over the
next few months.

SUMMARY:
The following six panelists have been invited to present information to City Council, Planning
Commission, City staff and the public.

1. DR. KENNETH H. CARLSON
Ken Carlson is an Associate Professor in Civil and Environmental Engineering at
Colorado State University with over 20 years of experience in water treatment,
wastewater handling and environmental engineering. Dr. Carlson is the co-director of
the Colorado Energy Water Consortium, a public-private partnership that is addressing
water issues associated with oil and gas exploration and production in Colorado and the
Rocky Mountain region. Through the consortium, Dr. Carlson is working with industry,
the Colorado Oil and Gas Association and the National Renewable Energy Lab on water
guantity characterization and frac flowback/produced water quality assessment. Current
work includes studies related to fuel source water intensity, treatment of frac fluid
flowback and produced water and optimization of water handling and management with
GIS-based tools. Dr. Carlson has been instrumental in organizing the Colorado State
University Natural Gas Symposium in 2011 and 2012 and the Fundamentals of the
Natural Gas Industry class in 2012. Dr. Carlson has a BS in chemical engineering from
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the University of Wisconsin, MS in Civil Engineering from Colorado State University and
a PhD in Environmental Engineering from the University of Colorado — Boulder. Before
coming to Colorado State University, Dr. Carlson worked for over 10 years in private
industry including multiple positions in the environmental consulting field.

2. TISHA CONOLY SCHULLER
Ms. Tisha Conoly Schuller serves as President and Chief Executive Officer of the
Colorado Oil & Gas Association. As President, Ms. Schuller is responsible for leading
the industry in Colorado legislative, regulatory, and public relations matters. Previously,
Ms. Schuller served as a Principal and Vice President with Tetra Tech, a national
environmental consulting and engineering firm. In addition to running business
operations, Ms. Schuller spent 15 years conducting environmental permitting for oil and
natural gas projects across the country. She has a B.S. in Earth Systems with an
emphasis in Geology from Stanford University. Tisha is an Advisory Board Member of
the American Red Cross in Denver.

3. SHANE DAVIS
Shane Davis currently chairs the Poudre Canyon Group of the Rocky Mountain Chapter
of the Sierra Club, and serves as the Group’s Conservation Chair. He serves as an At-
Large Member of the Chapter Executive Committee and as the Information and
Research Manager - Oil & Gas Mining. Mr. Davis is a research biologist, and currently is
a lead investigator into adverse environmental and human health impacts related to the
Colorado oil and gas industry’s use of hydraulic fracturing. He has also worked with the
Colorado State Parks Department of Natural Resources, and is a former National
Science Foundation grant recipient in molecular genetics. While overseas managing a
pilot program in environmental safety and security for the Department of Defense, he
was awarded a medal for his work by NATO.

4. THOM KERR
Thom Kerr is the Acting Director at the Colorado Oil and Gas Conservation Commission
(COGCC). Prior to securing his COGCC position, Mr. Kerr spent fourteen years in the
oil and gas industry with exploration and seismic firms. Since August 2007, Mr. Kerr has
been heavily involved in COGCC's latest rule making initiative and has contributed to
several other rulemaking proceedings since 1994.

5. KENT KUSTER
Kent Kuster has served as the Oil and Gas Liaison from the Colorado Department of
Public Health and Environment for four years and prior to this Kent spent six years
working for the Water Quality Control Division. In his role as CDPHE Oil and Gas
Liaison, Kent is responsible for consultations with the Local Governmental Designee,
COGCC and the Oil and Gas Operator as well as coordination between the COGCC and
CDPHE. Before joining CDPHE in 2001, Kent was a Public Works Director with 20
years of experience in the public utility field.

6. RANDY MIROWSKI

Randy Mirowski is the Fire Chief for Loveland Fire Rescue Authority (LFRA). He is also
the liaison to the City of Loveland’s Management Team (M-Team), the Loveland Fire
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Rescue Authority Board, the Loveland Rural Fire District Board, and the Fire Rescue
Advisory Commission (FRAC). Chief Mirowski has accredited degrees from Aims
Community College, (A.A.S. Fire Science Technology), Colorado State University (B.S.
Technology, Education and Training), and an M.A. in Organizational Leadership from
Gonzaga University in Spokane, WA (May 2011). Chief Mirowski's fire service career
has spanned over 38 years. He holds numerous command certifications in the National
Incident Management System (NIMS) and most recently completed his Blue Card
certification in Hazard Zone Management.

Citizens have raised concerns regarding potential environmental impacts resulting from
directional drilling and horizontal fracking. Attachments B, C and D provide information on
potential impacts on air and water quality and Attachment E provides information on
earthquakes.

A short video will be presented at the beginning of the meeting to illustrate the basic processes
of directional drilling and horizontal fracking. The following is a link to that video:
Natural Gas Shale Horizontal Drilling Video

REVIEWED BY CITY MANAGER: MWM

LIST OF ATTACHMENTS:

A.
B.

Moratorium Ordinance

Abstract - Human health risk assessment of air emission from development of
unconventional natural gas resources: Lisa M. McKenzie, Roxana Z. Witter, Lee S.
Newman, John L. Adgate (for a copy of the full study e-mail Dr. McKenzie at:
lisa.mckenzie@ucdenver.edu)

. Investigation of Ground Water Contamination near Pavillion, Wyoming, (Draft): Dominic

C. DiGiulio, Richard T. Wilkin and Carlyle Miller, U.S. Environmental Protection Agency
and Gregory Oberley, U.S. Environmental Protection Agency, Region 8

Abstract - Natural Gas Operations from a Public Health Perspective, Human and
Ecological Risk Assessment: Theo Colborn, Carol Kwiatkowski, Kim Schultz, Mary
Bachran_(to link to this article:
http://cce.cornell.edu/EnergyClimateChange/NaturalGasDev/Documents/PDFs/fracking
%20chemicals%20from%20a%20public%20health%20perspective.pdf)

Earthquakes Triggered by Humans in Colorado — a background paper by the Colorado
Geological Survey: Submitted to the City of Loveland by Vince Matthews, Director and
State Geologist

Panelists’ presentations/outlines
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FIRST & ONLY READING: May 15, 2012

ORDINANCE NO. 5685

AN EMERGENCY ORDINANCE OF THE COUNCIL OF THE CITY OF
LOVELAND IMPOSING A NINE-MONTH MORATORIUM ON THE CITY’S
ACCEPTANCE AND PROCESSING OF LAND USE APPLICATIONS, PERMITS
AND OTHER APPROVALS CONCERNING THE CONDUCT OF OIL AND GAS
EXTRACTION AND RELATED OPERATIONS WITHIN THE CITY

WHEREAS, the Loveland City Council recognizes the importance of natural
resources to the community, but believes it is important to minimize adverse impacts of
any industry developing those resources on the City and the public’s health, safety, and
welfare through the exercise of the City’s general police power and its zoning and land
use regulations; and

WHEREAS, there has been considerable interest in oil and gas resources
underlying portions of Loveland, including property owned by the City; and

WHEREAS, the exploration for and extraction of liquid and gaseous
hydrocarbon resources and related activities present unique public health, safety, and
welfare issues which may be inadequately addressed in the City’s current zoning and land
use regulations; and

WHEREAS, the present City regulations related to oil and gas exploration,
extraction, production, transportation and related operations and activities, including,
without limitation, all those oil and gas activities regulated by the Colorado Oil and Gas
Conservation Commission (collectively “Oil and Gas Uses”) in the City require updating
with respect fo current regulatory best management practices consistent with the
Colorado Oil and Gas Conservation Commission (“Commission”) Rules and industry
technologies in order to preserve and protect the health, safety, and welfare of Loveland’s
citizens and the resources of the City; and '

WHEREAS, Oil and Gas Uses may negatively impact Loveland citizens and the
use and integrity of local water supplies and water infrastructure, air quality, roads and
transportation infrastructure, wastewater infrastructure, land resources, wildlife and
aesthetic values; and

WHEREAS, Title 18 of the Loveland Municipal Code provides that the City’s
zoning and land use regulations are designed to lessen congestion in the streets; to secure
safety from fire, panic and other dangers; to promote health and general welfare; to
provide adequate light and air; to prevent overcrowding of land; to avoid undue
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concentration of population; and to facilitate the adequate provision of transportation,
water, sewage, schools, parks and other public requirements; and

WHEREAS, a comprehensive study of the impacts of Oil and Gas Uses is needed
to determine whether the City's existing zoning and land use regulations are sufficient to
protect the public’s health, safety, and welfare or whether additional regulations are
necessary to address the impact of Qil and Gas Uses; and

WHEREAS, if land use applications, permit applications or any other
applications are submitted to the City requesting approval of an Oil and Gas Use prior to
the City’s examination of the impact of any such Use and before a determination can be
made by the Council as to whether any additional local regulations are necessary to
protect the public’s health, safety, and welfare, irreparable harm may be done to the
public’s health, safety and welfare and to the City’s interests; and

WHEREAS, municipalities throughout Colorado are struggling to address the
potential adverse impacts of proliferating Oil and Gas Uses in urban and suburban
environments on their citizens’ health, safety, and welfare and several municipalities
have enacted moratoria permitting a period of time to evaluate those impacts of Qil and
Gas Uses in order to assess and determine the appropriate local regulation of such; and

WIHEREAS, it is Council’s belief that Oil and Gas Uses are likely to commence
on property in the City within the next nine (9) months; and

WHEREAS, a significant period of time will be required in order for the City
Manager and City Attorney, and their respective staffs, to clarify the extent of the City’s
legal authority with regard to local regulation of such expected future Oil and Gas Uses
and to formulate any recommended amendments to the City Code to deal specifically
with those Uses in an adequate manner; and

WHEREAS, the imposition of a nine-month moratorium on the submission,
acceptance, consideration, and approval of any and all applications for City licenses,
permits and other approvals related in any way to OQil and Gas Uses within the City, will
allow City staff and the Council the time needed to investigate the extent of City's
authority to regulate such Uses and develop and implement appropriate regulations; and

WHEREAS, nine (9) months is a reasonable period of time and is no longer than
necessary for the City to determine the extent to which Oil and Gas Uses may be locally
regulated and to properly investigate, develop, and, if appropriate, adopt and implement
any local regulations related to Oil and Gas Uses in Loveland in order to protect and
preserve the public’s health, safety and welfare; and

WHEREAS, existing Oil and Gas Uses in Loveland will not be unduly
prejudiced by the imposition of such a moratorium, since such Uses cutrently permitted
and existing in the City will not be prohibited or terminated by this moratorium; and



WHEREAS, Loveland Charter Section 4-10 authorizes the City Council to adopt
at one reading an emergency ordinance that goes into effect immediately upon an
affirmative vote of at least six (6) members of the Council with a specific statement of the
nature of the emergency set forth in the ordinance.

NOW, THEREFORE, BE IT ORDAINED BY THE COUNCIL OF THE
CITY OF LOVELAND:

Section1.  That the preceding recitals contained in this Ordinance are hereby
adopted and incorporated by reference as findings of fact of the City Council.

Section 2.  That it is necessary for the immediate preservation of the public’s
health, safety and welfare to delay the processing of applications for any and all City
licenses, permits and any other approvals related to or in any way needed for any and all
0Oil and Gas Uses within the City until the City has had a reasonable opportunity to
investigate the extent of the City’s legal authority to regulate such Uses and, if
appropriate, adopt and implement any local regulations related to Oil and Gas Uses in
Loveland in order to protect and preserve the public’s health, safety and welfare.

Section 3.  That a nine-month moratorium is hereby imposed upon the
acceptance, processing, and approval by the City of any and all applications for City
licenses, permits and any other approvals related to or in any way needed for any and all
Oil and Gas Uses in the City. No such applications requesting approval to use property
within the City for Oil and Gas Uses shall be accepted, processed, or approved
commencing May 16, 2012 and for the duration of the nine-month motatorium thereafter.
Therefore, this moratorium shall begin on May 16, 2012, and end on February 16, 2013,
or such earlier date as may be determined by the City Council by ordinance.

Section 4.  That if any section, paragraph, sentence, clause or phrase of this
Ordinance is held to be unconstitutional or invalid for any reason, such decision shall not
affect the validity ot constitutionality of and shall be severable from the remaining
portions of this Ordinance. The City Council hereby declares that it would have adopted
this Ordinance and each part or parts hereof irrespective of the fact that any one part or
parts may be declared unconstitutional or invalid.

Section 5.  That all other ordinances or portions thereof, and all City Code
provisions inconsistent or conflicting with this Ordinance or any portion hereof, are
hereby superseded by this Ordinance and their legal effect held in abeyance but only to
the extent of such inconsistency or conflict and only for the duration of the moratorium
herein imposed.

Section 6.  That because of the likely and imminent filing of applications for
the approval of Oil and Gas Uses on property within the City prior to the City’s
examination of the impact of such Uses and, if appropriate, its adoption and
implementation of specific or adequate zoning, land use and other police power



regulations to govern such Uses, an emergency for the adoption of this Ordinance exists
in order to avoid the following adverse consequences:

a. Adverse changes in the character of the City and its neighborhoods; and

b, Adverse impacts to the health, safety and welfare of the City’s residents as a
result of unmitigated or inadequately regulated impacts on water quality, air
guality, road and transportation impacts, noise and erosion and stormwater,

Accordingly, the City Council hereby finds and determines that an emergency exists

requiring the immediate passage of this Ordinance for the preservation of the health,
safety, morals and welfare of the citizens of the City of Loveland.

Section 7. That pursuant to City Charter Section 4-10(b), this Ordinance shall
become effective immediately upon its adoption by the City Council.

Signed this 15th day of May, 2012,

CITY OF LOVELAND, COLORADRO
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Ordinance # 5685

I, Teresa G. Andrews, City Clerk of the City of Loveland, Colorado, hereby certify that
the above and foregoing Ordinance was introduced at a regular (or special) meeting of the
City Council, held on May 15, 2012 and was initially published in the Loveland Daily
Reporter-Herald, a newspaper published within the city limits in full on May 19, 2012
and by title except for parts thereof which were amended after such initial publication
which parts were published in full in said newspaper on (NA).

Effective Date: May 15, 2012



Human health risk assessment of air emissions from
development of unconventional natural gas resources.

McKenzie LM, Witter RZ, Newman LS, Adgate JL.

Source
Colorado School of Public Health, University of Colorado, Anschutz Medical Campus, Aurora,
Colorado 80045, USA.

(For copy of complete study, please email Dr. Lisa McKenzie: lisa.mckenzie@@ucdenver.edu)

Abstract

BACKGROUND:
Technological advances (e.g. directional drilling, hydraulic fracturing), have led to increases in
unconventional natural gas development (NGD), raising questions about health impacts.

OBJECTIVES:

We estimated health risks for exposures to air emissions from a NGD project in Garfield County,
Colorado with the objective of supporting risk prevention recommendations in a health impact
assessment (HIA).

METHODS:

We used EPA guidance to estimate chronic and subchronic non-cancer hazard indices and cancer risks
from exposure to hydrocarbons for two populations: (1) residents living >'. mile from wells and (2)
residents living < Y2 mile from wells.

RESULTS:

Residents living < 2 mile from wells are at greater risk for health effects from NGD than are residents
living >%; mile from wells. Subchronic exposures to air pollutants during well completion activities
present the greatest potential for health effects. The subchronic non-cancer hazard index (HI) of 5 for
residents < % mile from wells was driven primarily by exposure to trimethylbenzenes, xylenes, and
aliphatic hydrocarbons. Chronic His were 1 and 0.4. for residents < % mile from wells and >% mile
from wells, respectively. Cumulative cancer risks were 10 in a million and 6 in a million for residents
living < V4 mile and >Y2 mile from wells, respectively, with benzene as the major contributor to the
risk.

CONCLUSIONS:

Risk assessment can be used in HIAs to direct health risk prevention strategies. Risk management
approaches should focus on reducing exposures to emissions during well completions, These
preliminary results indicate that health effects resulting from air emissions during unconventional
NGD warrant further study. Prospective studies should focus on health effects associated with air
pollution.

Copyright © 2012 Elsevier B.V. All rights reserved.
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Investigation of Ground Water
Contamination near
Pavillion, Wyoming

Dominic C. DiGiulio
Richard T. Wilkin
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U.S. Environmental Protection Agency

Office of Research and Development
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919 Kerr Research Drive

Ada, OK 74820
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Denver, CO 80202
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Notice

This report has been reviewed and approved by the U.S. Environmental Protection Agency’s Office of Research
and Development. Approval does not signify that the contents necessarily reflect the views and policies of the
Agency, nor does mention of trade names or commercial products constitute endorsement or recommendation

for use.
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Foreword

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation’s land, air,
and water resources. Under a mandate of national environmental laws, the Agency strives to formulate and
implement actions leading to a compatible balance between human activities and the ability of natural systems
to support and nurture life. The scientific arm of EPA, the Gffice of Research and Development (ORD), conducts
leading-edge research that helps provide the solid underpinning of science and technology for the Agency. The
work at ORD laboratories, research centers, and offices across the country helps improve the quality of air,
water, soil, and the way we use resources. The research described in this report was designed and conducted by
ORD's National Risk Management Research Laboratory in Ada, Oklahoma, working in close collaboration with
scientists from EPA Region 8 in Denver, Colorado.
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Figure 1. (a) Location of Wind River Basin in Wyoming. (b) Location of Pavillion Gas Field in the Wind River Basin.
Figure from JOhnSon et al, 2007 ..ttt se bt sen e snes et s s e et e rare e 1

Figure 2. Chronology of production well completion at the Pavillion Gas FIeld ... oo eeeee e eeeeeeeererens 2

Figure 3. Histograms summarizing depths of top of perforation interval of production wells, base of surface
casing of production wells, and base of screened interval Of dOmMESHIC WEIlS ..o v e e 2

Figure 4. Generalized stratigraphic columns and correlations of Mississippian through Eocene strata in the Wind
River Basin, Wyoming. The Pavillion Gas Field is located in the Western Wind River Basin. Figure from Johnson
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Figure 5. Map illustrating location of oil and gas production wells, sampled PGDWxx series domestic wells (only
numbers shown to conserve space), two deep monitoring wells, and three shallow monitoring wells near pits.

PGDWO7 and PGDWOS are municipal wells in the town of Pavillion...... i ieecrcesee e sesces e seesessesessessrssnas 6
Figure 6a. Schematic illustrating construction of MWOL.... ..ottt eoseeses e eeeamesenen 9
Figure 6b. Schematic illustrating construction of MWO2......c..ccieiiieciinis sttt rssaesesereensenasranenes 10

Figure 7. Resistivity as a function of depth in MWO01 and MWO02, MWO1 and MWO02 were screened at 233 - 239
m and 293 - 299 m bgs respectively corresponding to elevated resistivity and presence of coarse-grained
sandstone. FID readings in MWO1 denote detections of methane during open air logging of mud. FID
monitoring at MWO02 was sporadic and is NOT HUSIrated Nere. ...t tee e eeesresseessraseee s aesseeneans 11

Figure 8. Variation of water level as a function of time in MWO01 during Phase 4 well purging. The initial
pumping rate was 24.2 L/min. After approximately 30 minutes of purging, the flow rate was decreased to 7.6
L/min. This reduced flow rate caused partial recovery of the water level and confirmation that formation water
WAS DRINE ACCESSEU 1veiiiiitiieitiiec et ettt et e et et e e ea s st aese e et esmeeem e e e e st s st esesse s asseneeese s s emsemsssesesomsen 12

Figure 9. Flow-cell readings as a function of time for specific conductance, dissolved oxygen, pH, and oxidation-
reduction potential (well MWO2, Phase IV SAMPINE] oottt rte et ev e e e s reseeessestassensssesessessassnsensassesess 13

Figure 10. Schematic of closed (no contact to atmosphere) sampling train for domestic wells. Water flow from
domestic well and into sparge celt was approximately 5 and 1 L/min respectively. Excess water bled through
valve used for sampling prior to sample collection. Gas flow into sparge cell and portable FID/PID sparge cell
was approximately 20 and 1 L/min. Excess air was bled through splitter above sparge cell ...ooovevveeveveeeeera, 16

Figure 11. Durov diagram showing ground water chemistry trends obtained in Phase [ - IV sampling events and
the composition Of INTIGALION WaLET ....c.ii ettt b st e e s rreeonsen e e 17

Figure 12. Depth trends of chloride, pH, sulfate, and potassium (filled black squares = domestic wells, filled red
CIFCIES = MONITONINE WEIIS} ettt et sae b e sbe s b eate e sre e steseanesesseseeatasenesssmeressnsssensesnes 18
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Figure 13. Saturation indices for (a) gypsum versus sulfate concentration and {b) calcite versus calcium
concentration. Saturation Index is equal to the logarithm of the ratio of the ion activity product to the mineral
solubility product. A Saturation index of 0 corresponds to chemical equilibrium; values less than 0 and greater
than 0 correspond to undersaturated and oversaturated conditions, respectively.........vcovnieniiiseisies i 19

Figure 14. Concentration trends versus specific conductivity. Note the monitoring wells show high pH and low
sulfate, calcium, and sodium relative to the general trend observed in the domestic wells {filled black squares =
domestic wells, filled red circles = MoNItoriNg WEllS) ...t s s s sb ettt et 21

Figure 15. (a) Results of KOH titration models plotted as pH versus grams of KOH added per kilogram of
solution. Initial water compositions are from PGDW49, PGDW?20, and PGDW32. Model accounts for reactions
taking place in solution as KOH is added and equilibrated. pH range in deep monitoring wells shown for
reference; (b) Buffer Intensity plot or first derivative of titration plot, pH versus change in concentration of base
(Co) PO CRANEE TN PH ettt et a e e ae bbb ts e b e s e b bab bbb s be s b e Rt bet 15 emt ottt st ememearnaren 22

Figure 16. Hydrogen and oxygen isotope values (permil, Vienna Standard Mean Gcean Water, VYSMOW) for
ground water samples (black squares=domestic wells; red circles=deep monitoring wells) relative to the Global
Meteoric Water Line from Craig {1961} ..o rrrerrrtsseerte st es s e b e ba st e b e stesarsasssssassssissssasssbsssmsenens 22

Figure 17. Organic compounds detected in deep monitoring wells MWOL and MWO2 during Phase Ill and IV
ST P I BVBNES 1.ttt eieieieeie it e e et v arbra s st e e e 1a b bt b s 1bb b4 4bbmd b e e smee e aeen s easnraes s e eneaantenten e asaatastenneeannssanesanneeanseastan 25

Figure 18. (a) Stable isotope ratios of carbon of methane versus ratio of methane {C;) to ethane (C;) and
propane (C3) in gas from production wells, monitoring wells, and domestic wells. Values of 100,000 are used to
denote non detection of ethane and propane in samples. {b) Stable isotope ratios of carbon versus hydrogen of
methane in gas from production wells {both literature and measured values), monitoring wells, and dormestic
wells. 8D was not determined for PGDW32. Oxidation pathway (enrichment of **C of remaining CH, with
biodegradation) is illustrated. {c) Methane concentration in domestic and monitoring wells as a function of
proximity to production wells and depth. Values of 1.0 were used for non-detection (detection limit 5 pg/L) ....28

Figure 19. Map illustrating transect used to develop lithologic cross section and evaluation of CBL/VDLs........... 30
Figure 20. Lithologic cross-section along transect illustrating production wells {with evaluation of CBL/VDLs),

domestic wells, and blowout location. Red arrows denote depths of hydraulic fracturing of unknown areal

Figure C1. Photograph of drilling rig on platform with shakers for mud recirculation at MWO2........ococvevveinenn. C2

Figure C2. Photograph of blowout prevention (BOP) for annular space at base of drilling rig platform at MWO02

.................................................................................................................................................................................. C2
Figure C3, Photograph of blowout preventer for drillstem ... e c2
Figure C4. Photograph of bit and drilistem with bit for mud rotary drilling at MWOZ ..o 3
Figure C5. Photograph of water truck used to transport water to MiX MU .......c..overvreirieense e ests et eoeeen c4
Figure C6. Photograph of Quik-Gel bentonite (Halliburton) used to create mud for drilling .eeceveeeevevieeee e, c4
Figure C7. Photograph of mud additives EZ Mud Gold {Halliburton) and Dense Soda Ash.......cococveiieiiceennenen, ca
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Figure C8, Photograph of mud additive Penetral {HallBUurton) .ot esesee e v e eseesensaesessseeeressens c4

Figure C9. Photograph of flow of mud and cuttings from borehole at MWOZ ...t esessesaeas C5

Figure C10. Photograph of monitoring of mud and cuttings using a Thermo Scientific TVA-10008 FID/PID at

IVIWWOZ 1ottt et se e e s e et sme s e s r e et eE e b e b e R S LAe ke S b e ae s smt b Saeaneen e ne e sen e entenbene st rtete e esrasnstess C5
Figure C11. Photograph of pump used o transport mud and cuttings to shakers at MWO2 ..o.ooviveveesvecesenens cé6
Figure C12. Photograph of flow-of mud and cuttings to shakers a7 MWO2......c.ierioiieeee e eeeee e eeneaeeee e C6
Figure C13. Photograph of shakers separating mud from CUttings at MWOZ ..o eees e e v e svee e ssasns C7
Figure C14. Photograph of cuttings transported to disposal Bins @t MWOZ. ..o eeeeeeeeeeee e s s s ressessarese s C8
Figure C15. Photograph of pumping of mud back to borehole at MWOZ .......cocicoiieceeeeceeeeeeee s s s essesreseens s
Figure C16. Photograph of injection of mud to borehoke at MWOZ ......eovieeeeeeeeeeeeeee e sre s beseans C10
Figure C17. Photograph of collection of cuttings for lithologic characterization 2t MWO2 ..o Cil
Figure C18. Photograph of removal of mud from cuttings at MWO2 .....cveeoiieiveieere e eeeeeeeereseseseereseeeeeeseseresees C11

Figure C19. Photograph of white coarse-grained sand targeted by local well drillers and media in which screens
are set in for both deep MONIEOMNE WRIIS ... ettt e er e e e s et e e enseeeeeeseae s sestasas Cc11

Figure C20, Photograph of setting of stainless-steel pre-packed screen and sand basket into borehale at MWO02

................................................................................................................................................................................ C12
Figure C21. Photograph of securing sand basket and casing 8boVe SCrEBM.. e s reresereeesra e C13
Figure C22. Photograph of placement of sand in sandbasket ....... ...................................................................... C13
Figure C23, Photograph of well development at MWOZ ..ottt see e sese st seeresessamsseseeessenss C14
Figure D1. Photograph of fiow from submersible pump through flowmeter at MWOZ....cooovvee e reeeressaseesieenns D2
Figure D2, Photograph of flow of water to purge water disposal tank at MWO2 ....c.oovveveeereereerissereessressessneeninns D2
Figure D3. Photograph (close-up) of flow of water into purge water disposal tank at MWO2 w.ovveoeeeeeieeerrnas D3
Figure D4. Photograph of water {foaming) flowing into YSI flow cell a8 MWO2 ... .o e s ress s D3
Figure D5. Photograph of sampling at MWO02. The sample train was split prior to entry into purge water

AISPOSAI CONTAINEE c.ivtiviiitiste ittt e e ren e r s b e sresese b s s e st et s as s et s s e teee st eeeseareeensenenesaenssrans D4
Figure D6. Photograph of field filtering samples for metals analysis at MWOZ .......coovvomomrerreeeee e eeeeeeessens D4
Figure D7. Photograph of sample collection Bt PGDWLA ..ottt etate e eeeseeres e seeseeseaereeeerens D5
Figure D8. Photograph of cooler packed with samples for ShiDmMIENT. ... srevesssens D5
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Figure E1. Example of CBL/VDL indicating "no cement” at Pavillion Fee 34-03B. The CBL/VDL indicates no
cement 2750 feet below ground surface at the time of OBEINE. ..ot E2

Figure E2. Example of "sporadic bonding" at Pavillion Fee 41-10 from 1000 to 1640 ft bgs. Hydraulic fracturing
occurred at 1618 feet below ground surface. Arrow denotes interval of hydraulic fracturing......c.ccccccvevevrvvnnns £3

Figure E3a. Example of "sporadic bonding" at Pavillion Fee 11-11B. Hydraulic fracturing occurred at 1516 feet
below ground surface. Arrow denotes interval of hydraulic fracturing. Depths on CBL/VDL difficult to read and
INSETEEE 0N JETt MAMEIN ot b s besa bbb e bt aa 18t ede et e et et e smeameasensrses seenensesens E4

Figure E3b. Exampie of "sporadic bonding"” Pavillion Fee 11-11B between 2350-3200 feet below ground suface.
Hydraulic fracturing occurred at 3165 feet below ground surface. Arrow denotes interval of hydraulic fracturing.
Depths on CBL/VDL difficult to read and inserted on [eft Margin. ..o esb s eseenes E5

Figure E4. Example of "Sporadic Bonding" at Tribal Pavillion 24-02. Hydraulic fracturing occurred at 1538 feet
bgs. Arrow denotes interval Of BYAraulic FrACTUIIRE ..o vt str st ter s e e e ee e s e sveee e e s snssnereasesesssessasenes E6

Figure E5. Example of "Good Bonding" (from surface casing at 645 ft bgs to 820 ft bgs) followed by "Sporadic
Bonding" {from 820 ft bgs 1310 ft bgs) to "Good Bonding" at 1310 to target depth at Pavillion Fee 41-10B. ....... E7
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Extended Abstract

In response to complaints by domestic well owners regarding objectionable taste and cdor problems in well
water, the U.S. Environmental Protection Agency initiated a ground water investigation near the town of
Pavillion, Wyoming under authority of the Comprehensive Environmental Response, Compensation, and Liability
Act. The Wind River Formaticn is the principal source of domestic, municipal, and stock (ranch, agricultural)
water in the area of Pavillion and meets the Agency's definition of an Underground Source of Drinking Water.
Domestic wells in the area of investigation overlie the Pavillion gas field which consists of 169 production wells
which extract gas from the lower Wind River Formation and underlying Fort Unian Formation. Hydraulic
fracturing in gas production wells occurred as shallow as 372 meters below ground surface with associated
surface casing as shallow as 110 meters below ground surface. Domestic and stock wells in the area are
screened as deep as 244 meters below ground surface. With the exception of two production wells, surface
casing of gas production wells do not extend below the maximum depth of domestic wells in the area of
investigation. At least 33 surface pits previously used for the storage/disposal of drilling wastes and produced
and flowback waters are present in the area. The objective of the Agency's investigation was to determine the
presence, not extent, of ground water contarmination in the formation and if possible to differentiate shallow
source terms (pits, septic systems, agricultural and domestic practices) from deeper source terms (gas
production wells).

The Agency conducted four sampling events (Phase | - IV) beginning in March 2009 and ending in April, 2011,
Ground water samples were collected from domestic wells and two municipal wells in the town of Pavillion in
Phase I. Detection of methane and dissolved hydrocarbons in several domestic wells prompted collection of a
second round of samples in January, 2010 {Phase H). During this phase, EPA collected additional ground water
samples from domestic and stock wells and ground water samples from 3 shallow monitoring wells and soil
samples near the perimeter of three known pit locations. Detection of elevated levels of methane and diesel
range organics (DRO} in deep domestic wells prompted the Agency to install 2 deep monitoring wells screened
at 233 - 239 meters (MWO1} and 293 - 299 meters (MW02) below ground surface, respectively, in lune 2010 to
better evaluate to deeper sources of contamination. The expense of drilling deep wells while utilizing blowout
prevention was the primary limiting factor in the number of monitoring wells installed. In September 2010
(Phase Ill), EPA collected gas samples fram well casing from MWOL and MWO2. In Qctober 2010, EPA collected
ground water samples from MWO01 and MWO2 in addition to a number of domestic wells. In April 2011 (Phase
V), EPA resampled the Z deep monitoring wells to compare previous findings and to expand the analyte list to
include glycols, alcohols, and low molecular weight acids.

Detection of high concentrations of benzene, xylenes, gasoline range organics, diesel range organics, and total
purgeable hydrocarbons in ground water samples from shallow monitoring wells near pits indicates that pits are
a source of shallow ground water contamination in the area of investigation. When considered separately, pits
represent potential source terms for localized ground water plumes of unknown extent. When considered as
whole they represent potential broader contamination of shallow ground water. A number of stock and
domestic wells in the area of investigation are fairly shallow (e.g., < 30 meters below ground surface)
representing potential receptor pathways.

Determination of the sources of inorganic and organic geochemical anomalies in deeper ground water was
considerably more complex than determination of sources in shallow media necessitating the use of mulitiple
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fines of reasoning approach common to complex scientific investigations. pH values in MWO01 and MWO1 are
highly alkaline (11.2-12.0) with up to 94% of the total alkalinity contributed by hydroxide suggesting addition of
a strong base as the causative factor. Reaction path modeling indicates that sodium-sulfate composition of
ground water typical of deeper portions of the Wind River Formation provides little resistance to elevation of pH
with small addition of potassium hydroxide. Potassium hydroxide was used in a crosslinker and in a solvent at
this site.

The inorganic geochemistry of ground water from the deep monitoring wells is distinctive from that in the
domestic wells and expected composition in the Wind River formation. Potassium concentration in MWO02 (43.6
milligrams per liter) and MWOL1 (54.9 milligrams per liter) is between 14.5 and 18.3 times values in domestic
wells and expected values in the formation. Chloride concentration in monitoring well MWO02 (466 milligrams
per liter) is 18 times the mean chloride concentration {25.6 milligrams per liter) observed in ground water from
domestic wells and expected in the formation. Chloride enrichment in this well is significant because regional
anjon trends show decreasing chloride concentration with depth. 1n addition, the monitoring wells show low
calcium, sodium, and sulfate concentrations compared to the general trend observed in domestic well waters.
The formulation of fracture fluid provided for carbon dioxide foam hydraulic fracturing jobs typically consisted of
6% potassium chloride. Potassium metaborate was used in crosslinkers. Potassium hydroxide was used in a
crosslinker and in a solvent. Ammonium chloride was used in crosslinker.

A number of synthetic organic compounds were detected in MWO01 and MW02, Isopropanol was detected in
MWO01 and MWO2 at 212 and 581 micrograms per liter, respectively. Diethylene glycol was detected in MWO1
and MWO2 at 226 and 1570 micrograms per liter, respectively. Triethylene glycol was detected in MWO1 and
MWO02 at 46 and 310 micrograms per liter, respectively. Another synthetic compound, tert-butyl alcohol, was
detected in MWO?2 at a concentration of 4470 micrograms per liter. Isopropanol was used in a biocide, in a
surfactant, in breakers, and in foaming agents. Diethylene glycol was used in a foaming agent and in a solvent.
Triethylene glycol was used in a solvent. Tert-butyl alcohol is a known breakdown product of methy! tert-butyl
ether (a fuel additive) and tert-butyl hydroperoxide (a gel breaker used in hydraulic fracturing). Material Safety
Data Sheets do not indicate that fuel or tert-butyl hydroperoxide were used in the Paviilion gas field. However,
Material Safety Data Sheets do not contain proprietary information and the chemical ingredients of many
additives. The source of rert-butyl alcohol remains unresolved. However, tert-butyl alcohol is not expected to
occur naturally in ground water,

Benzene, toluene, ethylbenzene, and xylenes {BTEX) were detected in MWO2 at concentrations of 246, 617, 67,
and 750 micrograms per liter, respectively. Trimethylbenzenes were detected in MWO2 at 105 micrograms per
fiter. Gasoline range organics were detected in MW01 and MWO02 at 592 and 3710 micrograms per liter. Diesel
range organics were detected in MWO01 and MWO2 at 924 and 4050 micrograms per liter, respectively.

Aromatic solvent (typically BTEX mixture) was used in a breaker. Diesel oil {mixture of saturated and aromatic
hydrocarbons including naphthalenes and alkylbenzenes) was used in a guar polymer slurry/liquid gel
concentrate and in a solvent. Petroleum raffinates (mixture of paraffinic, cycloparaffinic, olefinic, and aromatic
hydrocarbons) were used in a breaker. Heavy aromatic petroleum naphtha {mixture of paraffinic, cycloparaffinic
and aromatic hydrocarbons) was used in surfactants and in a solvent. Toluene and xylene were used in flow
enhancers and a breaker.

Detections of organic chemicals were more numerous and exhibited higher concentrations in the deeper of the
two monitoring wells. Natural breakdown products of organic contaminants like BTEX and glycols include
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acetate and benzoic acid. These breakdown products are more enriched in the shallower of the two monitoring
wells, suggesting upward/lateral migration with natural degradation and accumulation of daughter products,
Hydraulic gradients are currently undefined in the area of investigation. However, there are flowing conditions
in a number of deep stock wells suggesting that upward gradients exist in the area of investigation.

Alternative explanations were carefully considered to explain individual sets of data. However, when considered
together with other lines of evidence, the data indicates likely impact to ground water that can be explained by
hydraulic fracturing. A review of well completion reports and cement bond/variable density logs in the area
around MWO1 and MWO2 indicates instances of sporadic bonding outside production casing directly above
intervals of hydraulic fracturing. Also, there is [ittle lateral and vertical continuity of hydraulically fractured tight
sandstones and no lithologic barrier {laterally continuous shale units) to stop upward vertical migration of
agueous constituents of hydraulic fracturing in the event of excursion from fractures. In the event of excursion
from sandstone units, vertical migration of fluids could also occur via nearby wellbores. For instance, at one
production well, the cement bond/variable density log indicates no cement unti| 671 m below ground surface.
Hydraulic fracturing occurred above this depth at nearby production wells.

A similar lines of reasoning approach was utilized to evaluate the presence of gas in monitoring and domestic
wells. A comparison of gas composition and stable carbon isotope values indicate that gas in production and
monitoring wells is of similar thermogenic origin and has undergone littie or no degradation. A similar
evaluation in domestic wells suggests the presence of gas of thermogenic origin undergoing biodegradation.
This observation is consistent with a pattern of dispersion and degradation with upward migration observed for
organic compounds.

Elevated levels of dissolved methane in domestic wells generally increase in those wells in proximity to gas
production wells. Near surface concentrations of methane appear highest in the area encompassing MWO1.
Ground water is saturated with methane at MWO1 which is screened at a depth (239 meters below ground
surface) typical of deeper domestic wells in the area. A blowout occurred during drilling of a domestic well at a
depth of only 159 meters below ground surface close to MWO1. A mud-gas log conducted in 1980 (prior to
intensive gas production well installation) located only 300 m from the location of the blowout does not indicate
a gas show (distinctive peaks on a gas chromatograph) within 300 meters of the surface. Again, with the
exception of two production wells, surface casing of gas production wells do not extend below the maximum
depth of domestic wells in the area of investigation. A number of production wells in the vicinity of MWO01 have
sporadic bonding or no cement over (arge vertical instances. Again, alternate explanations of data have been
considered. Although some natural migration of gas would be expected above a gas field such as Pavillion, data
suggest that enhanced migration of gas has occurred within ground water at depths used for domestic water
supply and to domestic wells. Further investigation would be needed to determine the extent of gas migration
and the fate and transport processes influencing migration to domestic wells.
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reference standard. Ratios are expressed in parts per
thousand or permil {%o}. A substantial amount of
additional compositional and isotopic data is available
on the Wind River and Fort Union Formations but is
classified as Confidential Business Information by the
gas field operator.

Ground water from the upper Wind River Formation is
the principal source of domestic, municipal, and stock
{ranching, agriculture) water in the Pavillion area (WY
State Water Plan 2003). The Wind River Formation
meets the definition of an Underground Source of
Drinking Water (USDW) under the United States Code
of Federal Regulations, Title 40, Section 144.3. Water
yields from wells in the upper Wind River Formation
range up to 11,300 L/min with total dissolved-solids
{TDS) concentrations ranging from 100 to 5,110 mg/L
{WY State Water Plan 2003, Daddow 1996). The town
of Pavillion has five municipal wells screened at
depths ranging from 122 to 158 m bgs with average
daily use estimated at 60,000 L/day (WY State Water
Plan 2003). Fluids used for hydraulic fracturing were
injected directly into the Wind River Formation.
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2.0
Methods

Sampling Chronology

Four sampling events (Phase [ - 1V) were conducted
commencing in March 2009 and ending in April 2011.
In March 2009 (Phase 1}, EPA collected aqueous
samples from 35 domestic wells {including two
samples from post reverse osmosis systems} in the
area of investigation and 2 municipal wells in the town
of Pavillicn. Detection of methane and dissolved
hydrocarbons in several domestic wells prompted
collection of a second round of samples in January
2010 (Phase Il). During this phase, EPA collected: (1)
ground water samples from 17 domestic wells (10
previously sampled}, 4 stock wells, and 2 municipal
wells; (2} a filter sample from a reverse osmosis
system; {3} surface-water and sediment samples from
5 locations along Five-Mile Creek (a creek traversing
the area of investigation); {4) gas and produced
water/condensate samples (organic compounds only)
from 5 production wells; and (5) ground water
samples from 3 shallow monitoring wells and solil
samples near the perimeter of three known pit
locations.

Detection of elevated levels of methane and diesel
range organics (DRO} in deep domestic wells
prompted EPA to install 2 deep monitoring wells in
June 2010 to differentiate potential deep {e.g., gas
production related) versus shallow (e.g., pits) sources
of ground water contamination. Monitoring wells
MWO1 and MWO2 were screened at 233 - 239 m (765
— 785 ft) and 293 - 299 m {960 — 980 ft) bgs,
respectively. The expense of drilling deep wells while
utilizing blowout prevention was the primary limiting
factor in the number of monitoring wells installed. In
September 2010 {Phase HlI}, EPA collected gas samples
from well casing from MWGQ1 and MWG02. In October
2010, EPA collected ground water samples from
MWO1 and MWO02 in addition to a previously
unsampted domestic well and two previously sampled

domestic wells. In April 2011 (Phase IV), EPA
resampled the 2 deep monitoring wells to compare
previous findings and expand the analyte list to
include glycols, alcohols, and low molecular weight
acids. Eight previously sampled domestic wells and
three previously sampled stock/irrigation wells were
also sampled at this time. Sampling chronology and
analytical methods for all sampling events are
summarized in Table Al. The location of production
wells, monitoring wells, and sampled domestic wells is
illustrated in Figure 5.

Deep Monitoring Well Installation

EPA installed two deep monitoring wells {designated
as MWO1 and MWO02) using air {0 - 6 m bgs) and mud
rotary (6 m hgs to target depth). Mud rotary was
selected for installation of deep monitoring wells
because it allowed the use of blowout prevention
(BOP). Use of mud rotary with BOP was necessary
given that a blowout occurred during installation of a
domestic well at only 159 m (522 ft} bgs in December
2005 in the vicinity of MWO1. Both deep monitoring
wells were located away from gas production wells,
known locations of pits, and areas of domestic waste
disposal {abandoned machinery). There were no
incidents of fuel spillage used to power pumps and
generators.

Mud rotary required the use of drilling mud to remove
cuttings and additives to avoid heaving of shale during
drilling and well placement. Jet Lube Well Guard
hydrocarbon free lubricant was used for outside
threads for drillstemn and submersible pipe
connections. Mud composition consisted of formation
water, municipal drinking water from Riverton, Wy
{transported on site by water truck), Quik-Gel high
yield bentonite and additives listed on Table 1.
Municipal water was mixed with bentonite to create
drilling mud. The pH of mud during drilling varied
between pH 8 - 9. Aqua-Clear {Halliburton) was used
during well development to facilitate removal of mud.
Drilling additives were extracted in water (1:20 to
1:100 dilution) and analyzed for pH, inorganics,
organics, glycols, and alcohols. Despite the highly
concentrated nature of these solutions (hot
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Figure 6a. Schematic illustrating construction of MWO1.
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Sample preservation and holding time criteria are
listed in Table B1. Field guality control (QC) samples
are summarized in Table B2. These included several
types of blanks, duplicate samples, and field matrix-
spike samples. All of these QC sample types were
collected, preserved, and analyzed using identical
methodologies as used for the water samples
collected in the field (Table B1). Quality
assurance/quality control {QA/QC) requirements for
analysis of metals and major ions are summarized in
Table B3. QA/QC requirements for analysis of
dissolved gases, DIC/DOC, VOCs, low molecular weight
acids and stable isotopes of water are summarized in
Table B4. QA/QC requiremnents for analysis of
semivelatile organic compounds {SVYOCs), GRO, and
DRO are summarized in Table B5. QA/QC
requirements for analysis of glycols are summarized in
Table B6. Results of Phase ill and Phase IV blank
samples are provided in Tables B7 to B12. Detections
observed in the blank samples were generally very
tow-level and generally much lower than
concentrations measured in the deep monitoring
wells. Some blank samples showed detections of
acetone (1 pg/L}, m,p-xylene (up to 0.7 ug/L), toluene
{up to 0.5 pg/L), benzoic acid (3 pg/L), and
tetraethylene glycol (3 pg/L}. Concentrations of these
analytes in MWO1 and MWO2 in Phase Ill and Phase IV
sampling ranged from: 80 to 641 ug/L (acetone), non-
detect to 750 pg/L (total xylenes), 0.6 to 617 pg/L
{toluene), 209 to 457 pg/L (benzoic acid), and 7 to 27
ug/L {tetraethylene glycol}. Detected concentrations
of toluene {Phase iil}, xylene (Phase V), and
tetraethylene glycol (Phase IV} in MWO01 are within
about 2 times the detected levels of these chemicals
in some of the applicable blank samples.
Consequently, reported detections and concentrations
of these chemicals in MWO1 were used cautiously in
this study. In one of the six blank samples collected
for DRO, an elevated concentration of 135 pg/L or 6
times the reporting limit was observed (Table B12}; all
other DRO blank samples were non-detects (<20
pg/L). Concentrations of DRQO in the deep monitoring
wells ranged from 634 to 4050 ug/L.

Duplicate samples were collected in three locations
during Phase I} and Phase IV sampling activities,
Results for the duplicate analyses are presented
Tables B13 and B14. Relative percent differences
{RPDs) were generally less than 10% for most
inorganic constituents indicating very good precision,
RPD is defined as

x1-x2

RPD=|—X12X2_ \x1000
l:(x1+x2)12:|x

where x1 = sample and x2 = sample duplicate. RPDs
for methane, volatile organic compounds, and semi-
volatile organic compounds were generally less than
25% (Table B14). The lower reproducibility for these
compounds detetected in MWO2 is likely due to
difficulties in sampling and preserving,water that is
oversaturated in gas.

Major ions were quality checked by calculating ion
balances. The AgQA {v.1.1.1) software package was
used to evaluate cation/anion balance, which ranged
from <0.1 to 17.2% with 90% of the calculated
balances better than 5%.

Geochemical equilibria in ground water were
evaluated with the Geochemist's Workbench package
(version 8; Bethke 1996). Speciation and mineral
equilibria calculations were made by entering the
concentrations of major cations {Na*, K*, Ca®", Mg?"),
anions (Cl', $0,%, HCO5), pH, and temperature. For
domestic well samples, bicarbonate concentrations
were determined from alkalinity measturements. For
the deep monitoring wells, because alkalinity included
a significant contribution from hydroxide,
concentrations of dissolved inorganic carbon were
used for bicarbonate/carbanate input. Activity
corrections were made using the Debye-Hiickel
equation. The LLNL (EQ3/6) thermodynamic database
was selected for use in the calculations (Delany and
Lundeen 1990). Model simulations were also
conducted by tracing alkaline-addition titration paths,
In order to do this, an additional entry was made to
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the thermodynamic database describing the solubility
of KOH {log K= 24.9; KOH + H* = K*1sq) + Hy0p).

Audits of Data Quality (ADQs) were conducted by a
contractor {independent of this investigation) or an
EPA QA Manager for all anaiyses conducted outside
EPA's Contract Laboratory Program (CLP) with the
exception of data collected during Phase |, which is till
in progress. This included data from EPA's Region VIiI
laboratory in Golden, Colorado, EPA’s Region Il
laboratory in Fort Mead, MD, EPA's Office of Research
and Development Laboratory in Ada, Oklahoma, and
Isotech Laboratories in Champaign, lllinois. A
technical systems audit of Isotech Laboratories
included an on-site visit by the independent
contractor and EPA QA Manager. Two on-site field
technical system audits were also conducted by the
independent contractor and the EPA QA Manager to
ensure compliance with the Category | (highest of four
levels in EPA) Quality Assurance Project Plan
established for this site for ground water and gas
sample collection.

Gas Sampling from Casing of Deep Monitoring
Wells in Phase Iif and IV

Gas samples were collected from casing of deep
monitoring wells by connecting a 12.7 mm NPT
stainless-steel Swagelok gquick-connect body and a
Swagelok single-end shutoff stem to a 12.7 mm brass
ball valve. The stem was connected to 6.35 mm
internal diameter Tygon Masterflex tubing and a 0.5
liter Cali-5 Bond gas sampling bag equipped with a
Leur-Fit Valve™ and a Leur-taper Quick-Mate™
connector. A Masterflex E/S portable peristaltic pump
was used to exiract gas at 1 L/min. Samples were
collected after stabilization (£ 1%) of O,, CO,, and CH,
readings on a GEM-2000 Plus CES-LANDTEC portable
gas analyzer,

Domestic Well Sampling for Methane Using a
Closed System in Phase IV

During the Phase IV sample event, water from
domestic wells was screened using a Thermo-Scientific

TVA-1000B portable FID/PID and a 10 L Plexiglas
sparge cell (Figure 10). Samples from domestic wells
were routed through a closed (no contact with the
atmosphere to avoid offgassing) sample train and
collected in 0.5 L Cali-5 Bond gas sample bags,
Ultrapure N, gas was introduced into the bags and
placed on a rotary shaker for one hour prior to
headspace analysis on site using a portable GC
equipped with a thermal conductivity detector.
Portable FID readings prbvided an immediate
indication of methane in well water prior to GC
analysis. Samples were also submitted to EPA's Office
of Research and Development (ORD) laboratory in
Ada, Oklahoma for analysis of dissolved gases.

Review of Borehole Geophysical Logs

Borehole geophysical logs available on line from
WOGCC were utilized to map lithology in the area of
investigation. Depending upon the specific well,
various combinations of natural gamma, resistivity,
self-potential, density, and neutron porosity logs were
utilized. Log resolution was sufficient to discern
distinct layers of shale 1 m or greater in thickness but
not sufficient to differentiate coarse-, medium-, and
fine-grained sandstones nor sandstones containing
various proportions of shale. Descriptions of cuttings
logged during installation of deep monitoring wells
and domestic wells obtained from a local driller were
used for near surface description. Neither grain size
nor proportions of shale in sandstone were
differentiated in near surface sandstones to maintain
consistency with descriptions from geophysical logs.
Lithology in the area of investigation is highly variable
and difficult to correlate from borehole to borehole,
even for boreholes in close proximity to one another
consistent with other observations in the Wind River
Formation (Osiensky 1984}. Sandstone and shale
layers appeared thin and of limited lateral extent,
again consistent with previous observations of
lithology in the Wind River Formation (Single 1968,
Flores and Keighin 1993},
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screened to 244 m bgs is 3 mg/L, with 99% of values
<10 mg/L. Potassium enrichment in MW01 and
MW0O2 is between 8.2 and 18.3 times the mean value
of domestic wells (Table A2a}. pH values in MWO01
and MWQO2 are highly alkaline {11.2-12.0), above the
pH range observed in domestic wells {6.9-10}, and
above the pH range previously reported for the Wind
River Formation (Plafcan et al. 1995, Daddow 1996).
{n the deep monitoring wells, up to 94% of the total
alkalinity is contributed by hydroxide. In addition, the
monitoring weils show low calcium, sodium, and
sulfate concentrations compared to the general trend
observed in domestic well waters (Figure 14).

The high pH measured in the deep monitoring wells
was unusual and unexpected. Although ground water
pH in these wells was >11, total alkalinity was not
particularly high (<500 mg/kg), and as already noted
up to 94% of the total alkalinity was present as
hydroxide (see charge balance calculations, Table
A2b). Alkalinity contributed by carbonate/bicarbon-
ate was less than the hydroxide component. In fact,
inarganic carbon concentrations were so low in MW02
as to prevent the measurement of §°C of dissolved
inorganic carbon. Presence of hydroxide alkalinity
suggests strong base addition as the causative factor
for elevated pH in the deep monitoring wells, The
possibility of cement/grout intrusion into the screened
intervals was considered as a possibility for both
monitoring wells, although precautions were taken to
prevent downward migration of cement during well
construction. Cement intrusion typically leads to pH
values between 10 and 11, lower than the pH values
measured in the deep monitoring wells (Gibb et al.
1987). Prolonged purging did not show decreasing pH
trends (e.g., Figure 9) and water chemistry results
indicate that ground water from the wells was highly
undersaturated with respect to cement phases {e.g.,
portlandite), suggesting that cement was not the
cause of elevated pH.

In order to gain additional insight, reaction path
modeling was conducted to evaluate pH response to
addition of strong base {potassium hydroxide, KOH}.

Geochemical modeling was carried out by using
ground water compositions for PGDW49, PGDW?20,
and PGDW32 (initial pH 7.3, 8.9, and 9.9, respectively}.
Modeled titration results are shown in Figure 15a; pH
is plotted versus the mass of KOH added per kg of
solution. Model titration results vary as a function of
ground water composition. Samples PGDW20 and
PGDW32 have Na-SO,-type compositions typical of
deeper portions of the aquifer. In both of these cases,
attainment of pH values between 11.2 and 12.0
requires small quantities of KOH addition (<250 mg
KOH per kg of solution). Sample PGDWA43 is elevated
in Ca** and Mg™, lower in pH, and typical of shallower
ground water compositions. In this case, significantly
more KOH addition is required to attain pH values
observed in the monitoring wells. The first derivative
of the titration curve, or buffer intensity, is shown in
Figure 15b. The buffer intensity indicates that ground
water compositions like PGDW20 and PGDW32
inherently have little resistance to pH change up to
about pH 12, at which point increased KOH additions
are necessary to further increase pH. PGDWA49 shows
a broad peak on the buffer intensity diagram {pH 10 to
11) which reflects precipitation reactions to form
calcium carbonate and magnestum hydroxide,
reactions that consume hydroxide and therefore limit
pH increases, until divalent cations are completely
consumed. The model results clearly show that
ground water typical of the Pavillion aguifer below
100 m depth (Na-504-type composition) is especially
vuinerable to the addition of strong base, with small
KOH additions driving significant upward pH changes.

Paired values of 8*0 and 8’H in ground water samples
plot below the Global Meteoric Water Line (Figure 16;
-16.6 to -12.4%. 80 and -129.2 to -97.4%o §°H).
Shallow ground water samples generally tend to be
depleted in **0 and *H compared to deeper ground
water samples and may be more reflective of local
recharge. Ground water isotope data from the deep
monitoring wells {red circles, Figure 16) follow along
the same 80 versus §°H trajectory established by the
domestic well data, suggesting similar recharge and
evolutional paths (e.g., Bartos et al. 2008).
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Organic Geochemistry

Organic and inorganic geochemical impacts in deep
ground water monitoring wells {Phase lll and V) are
summarized in Table 3. The monitoring wells produce
ground water near-saturated in methane at ambijent
pressure, with concentrations up to 19.0 mg/L. Gas
exsolution was observed while sampling at both
MWQO1 and MWO02. A wide variety of organic
chemicals was detected in the monitoring wells
including: GRO, DRO, BTEX, trimethylbenzenes,
phenols, naphthalenes, acetone, isopropanol, TBA, 2-
butoxyethanol, 2-butanone, diethylene glycol,
triethylene glycol, and tetraethylene glycol {Figure 17;
Table 3). Concentrations of these chemicals range
from pg/L to mg/L levels. Concentrations of benzene
in MWO2 exceed EPA’s MCL in drinking by a factor of
49 times. Detections of organic chemicals are more
numerous and exhibit higher concentrations in the
deeper of the two monitoring wells (Figure 17, Table
3). This observation, along with trends in methane,
potassium, chloride, and pH, suggest a deep source
{>299 m begs) of contamination. Natural breakdown
products of organic contaminants like BTEX and
glycols include acetate and benzoic acid; these
breakdown products are more enriched in the
shallower of the two monitoring wells, suggesting
upward/[ateral migration with natural degradation
and accumulation of daughter products {Corseuil et al.
2011, Caldwell and Suflita 2000, Dwyer and Tiedje
1983). Other trace-level detections of semi-volatile
organic compounds included: bis{2-ethythexyl)
phthalate (MWO01 and MWO02, Phase lll and 1V}, bis(2-
chloroethyl) ether, bis(2-ethylhexyl) adipate (MW01,
Phase |V), butyl benzyl phthalate, and 4-methyi-2-
pentanone {(MWO02, Phase IV).

Well completion reports obtained online from WOGCC
and Material Safety and Data Sheets (MSDSs)
obtained from the operator were reviewed to
examine inorganic and organic compounds in
additives used for hydraulic fracturing and similarity
with detected elements and compounds in ground
water. Well completion reports were limited to a
subset of production wells and included dates of
injection, injection depths, pressure, flow, and volume

23

for slickwater and carbon dioxide foam fracture jobs.
Some MSDSs list chemical formulation as proprietary
{e.g., proprietary alcohols) or list a chemical family
{e.g., blend of organic surfactants) rendering
identification of constituents impossible. This review
is summarized in Table 4. Inorganic additives are
potential sources of elevated K, Cl, and OH in deep
manitoring wells.

Detection of compounds associated with petroleum-
based additives in ground water samples using
analytical methods employed in this investigation
would be manifested as GRO, DRO, BTEX,
naphthalenes, and trimethylbenzenes observed in
deep monitoring wells.

TBA was detected in MWO2 during Phase 4 sampling
at a concentration of 4470 ug/l. Two possible
formation pathways for TBA are: 1) biodegradation of
methyl tert-butyl ether (MTBE, synthetic chemical
used as a fuel additive} under methanogenic
conditions (e.g., Mormile et al. 1994, Bradley et al.
2001); and 2) breakdown of tert-buty! hydroperoxide
{a gel breaker used in hydraulic fracturing; e.g., Hiatt
et al. 1964). TBA biodegradation is generally slow
compared to the degradation of MTBE; this suggests
that TBA could be present and persist even after
complete MTBE removal from ground water impacted
by fuel releases (Wilson et al. 2005). MTBE was not
detected in either of the deep monitoring wells. A
secend pathway of TBA production is from the
decomposition of the gel breaker tert-butyl
hydroperoxide. Hiatt et al. (1964) found that
decomposition of tert-butyl hydroperoxide yielded a
10-fold molar quantity of TBA, oxygen, di-tert-butyl
peroxide, and acetone. Acetone was detected in
MWO02 during Phase 4 sampling at a concentration of
641 pg/L. This breaker is used in hydraulic fracturing
formulations; however, the MSDSs made available to
EPA do not indicate whether tert-butyl hydroperoxide
was used in the Pavillion gas field for well stimulation.
Elevated concentrations of TBA are not expected in
unimpacted aquifers and its presence in MW02
remains unresolved. Additional insight about the
oceurrence of TBA (and other organic compounds)
might be obtained by conducting compound-specific
isotope analyses.
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Natural gas condensates are composed primarily of
aliphatic hydrocarbons; however, condensates may
contain low quantities of aromatic compounds, such
as BTEX. Gas from the Fort Union and lower Wind
River Formations is generally dry (C;/C;-C5=0.95 -
0.96 where methane = C;, ethane = (,, propane = G,
butane = C4, pentane = Cs) {Johnson and Rice 1993)
and unlikely to yield liquid condensates at ground
water pressure and temperature conditions. In
addition, a condensate origin for BTEX compounds in
ground water is doubtful because dissolved gas
compositions and concentrations are similar between
the two deep monitoring wells and therefore would
yield similar liquid condensates, yet the compositions
and concentrations of organic compounds detected in
these weils are quite different (Figure 17) further
suggesting a deep source of BTEX in MW02. The
presence of synthetic compounds such as glycol
ethers, along with enrichments in X, Cl, pH, and the
assortment of other organic components is explained
as the result of direct mixing of hydraulic fracturing
fluids with ground water in the Pavillion gas field.

As noted previously, this investigation was prompted
by homeowner complaints over perceived changes in
water quality. Domestic well results showed: the
presence of DRO and GRO (in 23 of 28 samples), and
trace levels of exotic organic compounds in some
domestic wells including adamantanes, 2-
butoxyethanol phosphate, phenols, naphthalene, and
toluene (EPA 2009, EPA 2010). Methane was detected
in 10 of 28 samples at concentration levels below 0.8
mg/L. Foul odors associated with some domestic wells
correlate with detections of GRO and DRO.
Anomalous trends in inarganic constituents observed
in the deep monitoring wells (e.g., K, Cl, pH) were not
revealed in domestic wel waters, In several instances,
glycols were detected in domestic wells using gas
chromatography with flame ionization detection (GC-
FID; EPA Standard Method 8015}, However, glycol
analysis using liquid chromatoegraphy with tandem
mass spectrescopy (GC/MS/MS) failed to replicate
these glycol detections, even though the method

reporting limit was over an order of magnitude lower,
suggesting that Method 8015 is prone to false positive
results (possibly due to interactions between the
chromatographic column and organic compounds in
sample water). This result points to the need for
continued and future improvements of analytical
methods to detect and quantitate low levels of
organic chemicals that may be associated with
hydraulic fracturing fluids. Although contamination
was detected in some domestic wells proximal to the
deep monitoring wells, underscoring potential future
risk, the existing data at this time do not establish a
definitive link between deep and shallow
contamination of the aquifer. An increased number of
sampling points {monitoring wells) with vertical
profiling in targeted locations are necessary to better
define transport and fate characteristics of organic
and inorganic contaminants in the ground water
system and impact on domestic wells.

Natural Gas Migration

A review of open-hole geophysical logs obtained from
the WOGCC internet site indicates the presence of
gas-filled porosity at three locations at 198, 208, and
252 m bgs between the years 1965 - 1973 suggesting
the presence of natural gas in ground water at depths
used for domestic water supply prior to extensive
commercial development. However, a review of 10
mud-gas logs recorded in the mid-1970s and early
1980s abtained on line from WOGCC, do not indicate
gas shows within 300 m of the surface at any location.

Aqueous analysis of light hydrocarbons, gas and
headspace analysis of light hydrocarbons, and isotopic
data for dissolved, gas phase, and headspace analysis
are summarized in Tables A3a, A3b, and A3c
respectively (all investigative phases). Elevated levels
of dissolved methane in domestic wells generaily
increase in those wells in proximity to gas production
wells (Figure 18c). Methane was not detected in
shallow domestic wells {e.g., < 50 m) regardless of
proximity to production wells (Figure 18c). With the
exception of two domestic wells where methane was
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detected at less than 22 pg/L, methane was not
detected in domestic wells with 2 or less production
wells within 600 m (Figure 18c). All domestic wells
with the exception of PGDW25 with 2 or less
production wells within 600 m are located on the
periphery of the gas field (Figure 5). PGDW25 is
located within 1600 m of 15 gas production wells.

Of particular interest is the area encompassing MW01,
PGDW30, and PGDWOQS (Figure 19). Ground water is
saturated with methane at MWO1 which is screened
at a depth (239 m bgs) typical of deeper domestic
wells in the area. Methane was detected in PGDW30
at 808 pg/L at a depth of only 80 m, the highest level
in any domestic well. A blowout occurred during
drilling at a depth of only 159 m bgs in December 2005
adjacent to PGDWO5. Natural gas exited the borehole
for three days until the gas field operator was ordered
to plug the borehole with a dense mud. The owner of
PGDWOS was attempting at the time to replace this
well due to taste, odor, and yield reduction he stated
occurred after hydraulic fracturing at nearby
production wells. A mud-gas log conducted on
11/16/1980 at Tribal Pavillion 14-2 {illustrated on
Figure 19 as 14-2) located only 300 m from the
location of the uncontrolled release does not indicate
a gas show {distinctive peaks on a gas chromatograph)
within 300 m of the surface. The owner of PGDWD5
compilained that well yield decreased after hydraulic
fracturing at nearby production wells. Records
obtained from the Wyoming State Engineer's office
dated January 1973 indicate a yield of 30 to 38 L/min
with 1.2 meters of drawdown after 10 hours of
pumping. During a sampling event in April 2005,
PGDWOS became dry after pumping at a rate of 21.6
L/min for 14 minutes. The cause of reduced well yield
requires further investigation.

Similarity of 8°C values for methane, ethane,
propane, isobutane, and butane between gas
production and monitoring wells and plots of §*C-CH,
versus 8D -CH, (Figure 18b) and 8"*C-CH, versus C./(C,
+ C3) (Figure 18a) indicate that light hydrocarbons in
casing and dissolved gas in deep monitoring wells are

similar to produced gas and have undergone little
oxidation or biodegradation. These observations
combined with radiocarbon analysis of CH, (< 0.2%
percent modern carbon) obtained from gas in casing
of both MW01 and MWO2 indicate that methane in
deep monitoring wells is of thermogenic origin. Gas
from the Fort Union and lower Wind River Formations
is isotopically heavy (8"3C-CH, from to -40.24 to -
38.04%o) and as previously stated, dry (Johnson and
Rice 1993, Johnson and Keighin 1998). Values of 83C-
CH, and 6D -CH, more negative than -64%. and -
175%e., respectively, are indicative of microbial origin
{Schoell 1980). The absence of ethane and propane in
three of four domestic wells having sufficient methane
to allow isotopic analysis and a shift of 6'*C-CH, and
8D-CH, values in a positive direction relative to
produced gas suggests the presence of gas of
thermaogenic origin in domestic wells undergoing
biodegradation and subsequent enrichment of 6*C
and 6D. This observation is consistent with a pattern
of dispersion and degradation with upward migration
observed for organic compounds. Values of §°C-CH,
more positive than -64%. and C,/(C,+C3) ratios above
1000 are often interpreted to indicate gas of mixed
biogenic-thermogenic origin or gas of biogenic origin
undergoing bhiodegradation (Whiticar 1999, Whiticar
and Faber 1986} since neither ethane nor propane are
biogenically generated in significant amounts.
However, preferential loss of ethane and propane
relative to methane in thermogenic gas produces a
similar response (Valentine 2010, Kinnaman et al.
2007).

Evaluation of Cement Bond/Variable Density
Logs Along Transect

CBL/VDLs and lithology were examined along a
transect (Figure 19) which included the deep
monitoring wells and three domestic wells where
elevated levels of methane were detected. At
Pavillion Fee 34-03B, a CBL/VDL conducted on
10/22/2004 indicates no cement below surface casing
until 802 m msi {Figure 20) and sporadic bonding to
604 m msl {not illustrated). The well completion
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Potential Migration Pathways

Further investigation is necessary to determine
mechanisms of aqueous and gas phase transportin
the area of investigation. However, at least three
mechanisms can be postulated at this time. The first
mechanism is agueous and/or gas transport via
borehaoles due to insufficient or inadequate cement
outside production casing. Both aqueous (brine) and
gas phase migration vertically up compromised
wellbores have been simulated (Nordbotten et al,
2004, 2005a, 2005b) and indicate decreasing mass flux
toward the surface with increasing number of
permeable formations encountered along the way.
Thus, the severity of ground water contamination
increases with depth. Migration of gas via wellbores is
well documented in the literature (e.g., Harrison 1983,
Harrison 1985, Van Stempvoort et al. 2005, Taylor et
al. 2000). In Bainbridge, Ohio, an operator initiated
hydraulic fracturing despite knowing that only 24 m of
cement was present above the perforation interval
(Bair et al. 2010, CDNR 2008). Hydraulic fracturing
fluid flowed to the surface via surface-production
casing annulus which pressurized upon shut-in, Gas
subsequently migrated through natural fractures to
domestic wells eventually causing an explosion at one
home. In northeastern Pennsylvania, two operators
were fined for enhanced gas migration into domestic
wells attributed to incomplete or inadequate cement
outside production casing in wells used for hydraulic
fracturing (PADEP 2009a, 2009b, 2010},

The second mechanism is fracture fluid excursion from
thin discontinuous tight sandstone units into
sandstone units of greater permeability. This would
be accompanied by physical displacement of gas-rich
solutions in both tight and more permeable sandstone
formations. As illustrated in Figure 20, there is little
lateral and vertical continuity to hydraulically
fractured tight sandstones and no lithologic barrier
{laterally continuous shale units) to upward vertical
migration of aqueous constituents of hydraulic
fracturing in the event of excursion from fractures. A
third mechanism is that the process of hydraulic

fracturing generates new fractures or enlarges existing
ones above the target formation, increasing the
connectivity of the fracture system.

In all three transport pathways, a general correlation
(spatial relationships ultimately determined by fault
and fracture systems in addition to lithology) would
exist between proximity to gas production wells and
concentration of agueous and gas phase constituents
in ground water. For instance, Oshorn et al. (2011)
observed a correlation between methane
concentration and proximity to hydraulically fractured
gas production wells at locations above the Marcellus
and Utica formations in Pennsyivania and New York.
Isotopic data and other measurements for methane in
the drinking water were consistent with gas found in
deep reservoirs such as the Marcellus and Utica shales
at the active sites and matched gas geochemistry from
shale-gas wells sampled nearby. Also, in all three
transport pathways, advective/dispersive transport
would be accompanied by degradation causing a
vertical chemical gradient as observed during
sampling of MWO1 and MW02. Reduced mass flux to
the near surface environment and subsequent
degradation along vertical and lateral transport
pathways would explain lack of detection in domestic
wells of compounds observed in MWO02.
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4.0
Conclusions

The objective of this investigation was to determine
the presence of ground water contamination in the
Wind River Formation above the Pavillion gas field and
to the extent possible, identify the source of
contamination. The combined use of shallow and
deep monitoring wells allowed differentiation
between shallow sources of contamination (pits) and
deep sources of contamination {production wells).
Additional investigation is necessary to determine the
areal and vertical extent of shallow and deep ground
water contamination.

Detection of high concentrations of henzene, xylenes,
gasoline range organics, diesel range organics, and
total purgeable hydrocarbons in ground water
samples from shallow monitoring wells near pits
indicates that pits are a source of shallow ground
water contamination in the area of investigation. Pits
were used for disposal of driiling cuttings, flowhack,
and produced water. There are at least 33 pits in the
area of investigation. When considered separately,
pits represent potential source terms for localized
ground water plumes of unknown extent. When
considered as whole they represent potential broader
contamination of shallow ground water. A number of
stock and domestic wells in the area of investigation
are fairly shallow (e.g., < 30 m) representing potential
receptor pathways. EPAis a member of a stakehoider
group working with the operator to determine the
areal and vertical extent of shallow ground water
contamination caused by these pits. The operator of
the site is currently engaged in investigating and
remediating several pit areas.

Detection of contaminants in ground water from deep
sources of contamination {production wells, hydraulic
fracturing) was considerably more complex than
detection of contaminants from pits necessitating a
multiple lines of reasoning approach common to

complex scientific investigations. In this approach,
individual data sets and observations are integrated to
formulate an explanation consistent with each data
set and observation. While each individual data set or
observation represents an important line of reasoning,
taken as a whole, consistent data sets and
observations provide compelling evidence to support
an explanation of data. Using this approach, the
explanation best fitting the data for the deep
monitoring wells is that constituents associated with
hydraulic fracturing have heen released into the Wind
River drinking water aquifer at depths above the
current production zone.

Lines of reasoning to support this explanation consist
of the following.

1. High pH values

pH values in MWO01 and MWQ2 are highly
alkaline (11.2-12.0), above the pH range
ohserved in domestic wells {6.9-10), and
above the pH range previously reported for
the Wind River Formation with up to 94% of
the total alkalinity contributed by hydroxide.
The presence of hydroxide alkalinity suggests
addition of base as the causative factor for
elevated pH in the deep monitoring wells.
Reaction path modeling indicates that sodium-
sulfate compaosition ground water typical of
deeper portions of the Wind River Formation
provides little resistance to elevation of pH
with small addition of potassium hydroxide.

With the exception of soda ash, the pH of
drilling additives in concentrated aqueous
solution was weil below that observed in the
deep monitoring wells. Dense soda ash was
added to the drilling mud which varied
between pH 8- 9,

The possibility of cement/grout intrusion into
the screened intervals was considered as a
possibility for elevated pH in both monitoring
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wells. However, cement intrusion typically
leads to pH values between 10 and 11 — befow
that observed in deep monitoring wells.
Prolonged purging did not show decreasing
pH trends. Water chemistry results indicate
that ground water from the wells was highly
undersaturated with respect to cement
phases (e.g., portlandite).

Material Safety Data Sheets indicate that
potassium hydroxide was used in a crosslinker

{<5%} and in a solvent.

Elevated potassium and chloride

The inorganic geochemistry of ground water
from the deep monitoring wells is distinctive
from that in the domestic wells and expected
composition in the Wind River formation.
Potassium concentration in MWO02 (43.6
mg/l.) and MWO1 (54.9 mg/L) is between 14.5
and 18.3 times the mean value of levels
observed in domestic wells (3 mg/L, 99%of
values < 10 mg/L). Chloride enrichment in
monitoring well MW02 {466 mg/L) is 18 times
the mean chloride concentration (25.6 mg/L)
chserved in ground water from domestic
wells. Chloride concentration in this well is
significant because regional anion trends
show decreasing chloride concentrations with
depth. In addition, the monitoring wells show
low calcium, sodium, and suifate
concentrations compared to the general trend
observed in domestic well waters.

Potassium levels in concentrated solutions of
drilling additives were all less than 2 mg/L.
One additive (Aqua Clear used during well
development) contained 230 mg/L chloride in
a concentrated solution. Information from
well completion reports and Material Safety
Data Sheets indicate that the formulation of
fracture fluid provided for foam jobs typically
consisted of 6% potassium chloride.

Potassium metaborate was used in
crosslinkers (5-10%, 30-60%). Potassium
hydroxide was used in a crosslinker (<5%) and
in a solvent. Ammaonium chloride was used in
crosslinker (1-27%]).

Alternative explanations for inorganic
geochemical anomalies observed in deep
menitoring wells have been provided and
considered. These alternate explanations
inciude contamination from drilling fluids and
additives, well completion materials, and
surface soil, with contamination from all these
sources exacerbated by poor well
development. Contamination by drilling fluids
and additives is inconsistent with analysis of
concentrated solutions of bentonite and
additives. Well construction materials {screen
and sections of casing) consisted of stainless
steel and were power-washed on site with
detergent-free water prior to use. Sections of
tremie pipe used to inject cement above
screened intervals were also power washed
with detergent-free water prior to use.
Stainless-steel screens and sections of casing
and tremie pipe remained above ground level
{did not touch soil) prior to use. Both deep
monitoring wells were purposefully located
away from the immediate vicinity of gas
production wells, known locations of pits, and
areas of domestic waste disposal (abandoned
machinery) to minimize the potential of
surface soil contamination. Conductor pipe
installed over the first 30.5 m {100 ft) of
drilling at both deep menitoring wells
eliminated the possibility of surface soil entry
into the borehole. Turbidity measurements in
MW01 during sampling ranged from 7.5 and
7.9 Nephelometric Turbidity Units (NTUs).
Turbidity measurements in MWO02 during
sampling ranged from 24.0 to 28.0 NTUs,
slightly above the stated goal of 10.0 NTUs but
nevertheless was clear water typicat of
domestic wells during sampling. A low
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recharge rate in MW02 necessitated a
prolonged period of well development which
was likely due in part to gas flow (reduced
relative permeability to water) into the well
during development.

Detection of synthetic organic compounds

Isopropanol was detected in MWOL and
MW02 at 212 and 581 pg/L, respectively.
Diethylene glycol was detected in MWO1 and
MWQO2 at 226 and 1570 pg/L, respectively.
Triethylene glycol was detected in MWO1 and
MWO02 at 46 and 310 ug/L, respectively.
Another synthetic compound, tert-butyl
alcohol, was detected in MWO02 at a
concentration of 4470 pg/L. Tert-butyl alcohol
is a known breakdown product of methyl tert-
butyl ether (a fuel additive) and tert-buty!
hydroperoxide (a gel breaker used in hydraulic
fracturing). EPA methods were utilized for
analysis when applicable for compounds or
classes of compounds. Detection of synthetic
organic compounds in MW01 and MWO02 was
made in part through the use of non-
commercially available modified EPA
analytical methods. For instance, high
performance liquid chromatography/mass
spectrometry/mass spectrometry was utilized
for analysis of diethylene, triethylene and
tetraethylene glycols. Ethylene glycol, which
was widely used for well stimulation, required
additional method modification and was not
analyzed during this investigation.

Isopropanol was detected in concentrated
solutions of drilling additives at a maximum
concentration of 87 1ig/L, well below that
detected in deep monitoring wells. Glycols
were not detected in concentrated solutions
of drilling additives.

Material Safety Data Sheets indicate that
isopropanal was used in a biocide (20-40%), in

a surfactant (30-60%), in breakers {<1%, 10-
30%), and in foaming agents {<3%, 1-5%, 10-
30%). Diethylene glycol was used in a foaming
agent {5-10%) and in a solvent {0.1-5%).
Triethylene glycol was used in a solvent (95-
100%). Material Safety Data Sheets do not
indicate that fert-butyl hydroperoxide was
used in the Pavillion gas field. The source of
this compound remains unresclved. However,
tert-butyl alcohol is not expected to occur
naturally in ground water. Materiai Safety
Data Sheets do not contain proprietary
information and the chemical ingredients of
many additives.

Alternative explanations provided to date and
considered by EPA for detection of synthetic
organic compounds in deep monitoring wells
include arguments previously listed and
addressed.

Detection of petroleum hydrocarbons

Benzene, toluene, ethylbenzene, and xylenes
(BTEX) were detected in MWO2Z at
concentrations of 246, 617, 67, and 750 pug/L
respectively. Trimethylbenzenes were
detected in MWO2 at 105 ug/L. Gasoline
range organics were detected in MWO1 and
MWO2 at 592 and 3710 pg/L, respectively.
Diesel range organics were detected in MWO1
and MWO02 at 924 and 4050 pg/L respectively.
Naphthalene was detected in MW02 at &
pg/L. EPA methods were utilized for analysis.

BTEX and trimethylbenzenes were not
detected in concentrated solutions of drilling
additives,

Material Safety Data Sheets indicate that
aromatic solvent (typically BTEX mixture) was
used in a breaker (<75%). Diesel oil (mixture
of saturated and aromatic hydrocarbons
including naphthalenes and alkylbenzenes)
was used in a guar polymer slurry/liquid gel
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concentrate (30-60%) and in a solvent {60~
100%). Petroleum raffinates (a mixture of
paraffinic, cycloparaffinic, elefinic, and
aromatic hydrocarbons) were used in a
breaker {<30-60%). Heavy aromatic
petroleum naphtha (mixture of paraffinic,
cycloparaffinic and aromatic hydrocarbons)
was used in surfactants {5-10%, 10-30%, 30-
60%) and in a solvent {10-50%). Toluene was
used in a flow enhancer {3-7%). Xylenes were
used in a flow enhancer {40-70%) and a
breaker {confidential percentage). Gasoline
range organics correspond to a hydrocarbon
range of C6 — C10. It includes a variety of
organic compounds ketones, ethers, mineral
spirits, stoddard solvents, and naphthas,
Detection of gasoline range organics does not
infer the use of gasoline for hydraulic
fracturing.

Alternative explanations provided to date and
considered by EPA for detection of petroleum
compounds in deep monitoring wells include
arguments previously listed and addressed. An
additional alternate explanation for detection
of petroleum compounds includes use of
lubricants on the drillstem and well casing, use
of electrical tape on submersible pumps, and
components of submersible pumps. Jet Lube
Well Guard hydrocarbon free Jubricant
specifically designed for monitoring well
instailation was used for drillstem
connections. No lubricants were used to
attach sections of casing or sections of tremie
pipe during cementation. Clamps, not
electrical tape, were used to bind electrical
wires for submersible pumps. Water collected
for samples during recharge at MWO01 and
MW02 would have a short contact time with
components of submersible pumps. For
components of submersible pumps to be a
causative factor of high concentrations of
petrcleum hydrocarbons observed in MWO1
and MWO02, components of submersible

pumps would have to contain high levels of
water extractable petroleum compounds and
consist of a matrix allowing rapid mass
transfer, neither of which is plausible,

Another alternate explanation is that
detection of petroleum hydrocarbons in
ground water is expected above a natural gas
field. Gas from Fort Union and Wind River
Formations is dry and unlikely to yield liquid
condensates at ground water pressure and
temperature conditions. In addition, a
condensate origin for petroleum
hydrocarbons in ground water is doubtful
because dissolved hydrocarbon gas
compositions and concentrations are similar
between the two deep monitoring wells and
therefore would yield similar liguid
condensates, yet the compositions and
concentrations of organic compounds
detected in these wells are quite different.

Breakdown products of organic compounds

Detections of organic chemicals were more
numerous and exhibited higher
concentrations in the deeper of the two
monitoring wells. Natural breakdown products
of organic contaminants like BTEX and glycols
include acetate and benzoic acid. These
breakdown products are more enriched in the
shallower of the two monitoring weils,
suggesting upward/lateral migration with
natural degradation and accumulation of
daughter products.

Hydraulic gradients are currently undefined in
the area of investigation. However, there are
flowing stock wells (e.g., PGDW44 - one of the
deepest domestic wells in the area of
investigation at 229 m below ground surface)
suggesting that upward gradients exist in the
area of investigation. In the Agency's report
on evaluation of impacts to USDWs hy
hydraulic fracturing of coalbed methane
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reservoirs (EPA, 2004}, hypothetical
conceptual models were presented on
contaminant migration in a USDW during
injection of fracturing fluids into a USDW., In
these conceptual models, highly concentrated
contaminant plumes exist within the zone of
injection with dispersed lower concentration
areas vertically and laterally distant from
injection points. Data from deep monitoring
wells suggests that this conceptual model may
be appropriate at this site.

Sporadic bonding outside production casing
directly above intervals of hydraulic fracturing

It is possible that wellbore design and integrity
issues were one causative factor in deep
ground water contamination at this site
{(surface casing of production wells not
extending below deepest domestic wells, little
vertical separation hetween fractured zones
and domestic wells, no cement or sporadic
bonding outside production casing).

A review of well completion reports and
cement bond/variable density logs in the area
around MWO1 and MWO2 indicates instances
of sporadic bonding outside production casing
directly above intervals of hydraulic fracturing.
For instance, at Pavillion Fee 34-03B, a cement
bond/variable density log conducted on
10/22/2004 indicated no cement until 838 m
(2750 ft) and sporadic bonding to 1036 m
(3400 ft} below ground surface. The well
completion report for this production well
indicates that hydraulic fracturing was
performed at 1039 m (3409 ft} below ground
surface on 11/9/2004 prior to cement sgueeze
jobs at 823 m (2700 ft) and 256 m (840 ft)
below ground surface in April 2005, At Tribal
Pavillion 41-10 a cement bond/variable
density log indicates sporadic bonding directly
above the interval of hydraulic fracturing at
493 m (1618 t) below ground surface. A
cement hand/variable density log conducted

on Tribal Pavillion 24-02 after a squeeze job at
the base of the surface casing indicates
sporadic bonding outside production casing
below surface casing to the interval of
hydraulic fracturing at 469 m {1538 ft) below
ground surface. At Tribal Pavillion 11-11B, a
cement bond/variable density log indicates
sporadic bonding between 305 to 503 m
(1000 to 1650 ft) helow ground surface with
hydraulic fracturing occurring at 463 m (1516
ft) below ground surface.

7. Hydraulic fracturing info thin discontinuous

sandstone units

There is little lateral and vertical continuity to
hydraulically fractured tight sandstones and
no lithologic barrier {laterally continuous shale
units) to stop upward vertical migration of
aqueous constituents of hydraulic fracturing in
the event of excursion from fractures,
Sandstone units are of variable grain size and
permeability indicating a potentially tortuous
path for upward migration.

In the event of excursion from sandstone
units, vertical migration of fluids could also
occur via nearby wellbores, For instance, at
Pavillion Fee 34-03R, the cement
bond/variable density log indicates no cement
until 671 m {2200 ft) below ground surface.
Hydraulic fracturing occurred above this depth
at nearby production wells,

Although some natural migration of gas would be
expected above a gas field such as Pavillion, data
suggest that enhanced migration of gas has occurred
to ground water at depths used for domestic water
supply and to domestic wells. Lines of reasoning to
support this explanation consist of following.

1. Hydrocarbon and isotopic composition of gas

The simitarity of §*°C values for methane,
ethane, propane, isobutane, and butane
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between gas production and monitoring wells
and plots of 6*3C-CH, versus 8D -CH, and 6%°C-
CH, versus methane/(ethane + propane)
indicate that light hydrocarbons in casing and
dissolved gas in deep monitoring wells are
similar to produced gas and have undergone
little oxidation or biodegradation indicative of
advective transport. The absence of ethane
and propane in three of four domestic wells
having sufficient methane to allow isotopic
analysis and a shift of §°C-CH, and 8D-CH,
values in a positive direction relative to
produced gas suggests the presence of gas of
thermogenic origin in domestic wells
undergoing biodegradation. This abservation
is consistent with a pattern of dispersion and
degradation with upward migration observed
for organic compounds.

Elevation of dissolved methane

concentrations in proximity to production

wells

Levels of dissolved methane in domestic wells
generally increase in those wells in proximity
to gas production wells. With the exception of
2 domestic wells where methane was
detected at less than 22 pg/L, methane was
not detected in domestic wells with 2 or less
production wells within 600 m,

Spatial anemaly near PGDWO05

Methane concentrations in ground water
appear highest in the area encompassing
MWO1, PGDW30, and PGDWO05. Ground
water is saturated with methane at MWO01
which is screened at a depth (239 m bgs)
typical of deeper domestic wells in the area.
Methane was detected in PGDW30 at 808
pg/l at a depth of only 80 m, the highest level
in any domestic well. A blowout occurred
during drilling at a depth of only 159 m bgs in
December 2005 adjacent to PGDWOS.

An alternative explanation of high methane
concentrations in this area is that it is close to
the top of the dome comprising the Pavillion
gas field which may facilitate natural gas
migration toward the surface. However, this
geologic feature would also facilitate
enhanced gas migration. Also, a mud-gas log
conducted on 11/16/1980 (prior to intensive
gas production well installation) at Tribal
Pavillion 14-2 located only 300 m from the
location of the uncontrolled release does not
indicate a gas show {distinctive peaks on a gas
chromatograph) within 300 m of the surface.

Shallow surface casing and lack of cement or

sporadic bonding outside production casing

With the exception of two production wells,
surface casing of gas production wells do not
extend below the maximum depth of
domestic wells in the area of investigation.
Shallow surface casing combined with lack of
cement or sporadic bonding of cement
outside production casing would facilitate
migration of gas toward domestic wells.

The discussion on migration of fluids
associated with hydraulic fracturing is refevant
for gas migration and is not repeated here for
brevity. Of particular cancern are wellbores
having no or little cement over large vertical
instances. For instance, at Pavillion Fee 34-
03R, the cement bond/variable density log
indicates no cement until 671 m (2200 ft)
below ground surface. At Pavillion Fee 34-03B,
a cement bond/variable density log conducted
on 10/22/2004 indicated no cement until 838
m (2750 ft) below ground surface. Migration
of gas via welthores having no cement or poor
cement bonding outside production casing is
well documented in the literature.

An alternative explanation of wellbore gas
migration provided to EPA and considered is
that domestic wells are poorly sealed and thus
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constitute a potential gas migration pathway. Hydraulic fracturing for coal-bed methane recovery is
However, lack of cement and sporadic often shaliow and occurs directly into USDWs (EPA
bonding outside casing in production 2004). TDS less than 10,000 mg/L in produced water
constitutes a major potential gas migration is cormmon throughout the Rocky Mountain portion of
pathway to the depth of deep monitoringand  the United States {(USGS 2011; Dahm et al. 2011).
domestic wells. |t is possible that domestic Ground water contamination with constituents such
wells could subsequently facilitate gas as those found at Pavillion is typically infeasible or too
migration toward the surface. expensive to remediate or restore (GAO 1989).

Collection of baseline data prior to hydraulic fracturing

. . .
> Citizens’ complaints is necessary to reduce investigative costs and to verify

Finally, citizens' complaints of taste and odor ~ OF refute impacts to ground water.

problems concurrent or after hydraulic
fracturing are internally consistent. Citizens'
complaints often serve as the first indication
of subsurface contamination and cannot be

Finally, this investigation supports recommendations
made by the U.S, Department of Energy Panel (DOE
20113, b) on the need for collection of baseline data,

greater transparency on chemical composition of

dismissed without further detailed evaluation, hydraulic fracturing fluids, and greater emphasis on

particularly in the absence of routine ground well construction and integrity requirements and

water monitoring prior to and during gas
production.

testing. As stated by the panel, implementation of
these recommendations would decrease the
likelihood of impact to ground water and increase
public confidence in the technology.

An alternate explanation provided and
considered by EPA is that other residents in
the Pavillion area have always had gas in their
wells. Unfortunately, no baseline data exists
to verify past levels of gas flux to the surface
or domestic wells.

Alines of reasoning approach utilized at this site best
supports an explanation that inorganic and organic
constituents associated with hydraulic fracturing have
contaminated ground water at and below the depth
used for domestic water supply. However, further
investigation would be needed to determine if organic
compounds associated with hydraulic fracturing have
migrated to domestic wells in the area of
investigation. A lines of evidence approach also
indicates that gas production activities have likely
enhanced gas migration at and below depths used for
domestic water supply and to domestic wells in the
area of investigation.

Hydraulic fracturing in the Paviilion gas field occurred
into zones of producible gas located within an
Underground Source of Drinking Water {USDW).



DRAFT

5.0

References

American Public Health Association; American Water
Works Association; Water Environment Federation
{1938a). Method 3500-Fe B. Phenanthroline Method.
In: Standard Methods for the Examination of Water
and Waste Water, 20th Edition. Editors Clesceri, L.S.,
Greenberg, A.E., and Eaten, A.D. Washington D.C.

American Public Health Association; American Water
Works Association; Water Environment Federation

(1998h). Method 4500-52- D. Methylene Blue Method.

In: Standard Methods for the Examination of Water
and Waste Water, 20th Edition. Editors Clesceri, L.S.,
Greenberg, A.E., and Eaton, A.D. Washington D.C.

Bair, S.E., Freeman, D.C., and Senko, J.M. (2010).
Expert Panel Technical Report Subsurface Gas Invasion
Bainbridge Township, Geauga County, Chio,
submitted to Ohio Department of Natural Resources
Division of Mineral Resources Management, june
2010.

Bartos, T.T., Quinn, T.L., Hallberg, L.L., and Eddy-
Miller, C.A. (2008). Quality of shallow ground water in
three areas of unsewered low-density development in
Wyoming and Montana, 2001. U. S. Geological Survey
Scientific Investigations Report 2008-5012, 118 p.

Bethke, C. M. (1996). Geochemical Reaction Modeling.
Oxford University Press, New York.

Boyd, D., Al-Kubti, S., Khedr, O., N. Khan, and K. Al-
Nayadi, prepared for the 2006 SPE Abu Dhabi
International Petroleumn Exhibition and Conference,
Abu Dhabi, UAE, 5-8 November.,

Bradley, P.M., Chapelle, F.H., and Landmeyer, J.E.
(2001). Effect of redox conditions on MTBE
biodegradation in surface water sediments.
Environmental Science and Technology, v. 35, p. 4643-
4647,

Bybee, K. (2007). Cement-bond-log interpretation
reliability. Journal of Petroleum Technology, Feb. 2007,
p. 64-66.

Caldwell, M.E. and Suflita, J.M. (2000). Detection of
phenol and benzoate as intermediates of anaerobic
benzene biodegradation under different terminal
electren-accepting conditions. Environmental Science
and Technology, v. 34, p. 1216-1220.

Corseuil, H.X., Monier, A.L., Fernandes, M., Schneider,
M.R., Nunes, C.C. Rosario, M., and Alvarez, P.J.1.
{2011). BTEX plume dynamics following an ethanol
blend release: Geochemical footprint and
thermodynamic constraints on natural attenuation,
Environmental Science and Technology, v. 45, p. 3422-
3429.

Craig, H. (1961}, Isotopic variations in meteoric
waters. Science, v, 133, p. 1702-1703.

Daddow, R.L. (1996). Water resources of the Wind
River Indian Reservation, Wyoming. U.S. Geological
Survey Water-Resources Investigation Report 95~
4223,121 p.

Dahm, K.G., Guerra, K.L., Xu, P., and Drewes, |.E.
{2011). Composite geochemical database for coalbed
methane produces water quality in the Rocky
Mountain Region. Environmental Science and
Technology, v. 45, p. 7655-7663.

Delany J.M. and Lundeen S5.R. {1990). The LLNL
thermochemical database. Lawrence Livermore
National Laboratory Report, UCRL-21658. Lawrence
Livermore National Laboratory.

Dwyer, D.F. and Tiedje, J.M. (1983). Degradation of
ethylene glycol and polyethylene glycols by
methanogenic consortia. Applied and Environmental
Microbiology, v. 46, p. 185-150.

Flores, R.M. and Keighin, C.W. {1993). Reservoir
anisotropy and facies stratigraphic framework in the
Paleocene Front Union Formation, western Wind River
Basin, Wyoming, in' W.R. Keefer, W.J. Metzger and L.H.
Godwin, eds., Qil and Gas and Other Resources of the
Wind River Basin, Wyoming: Wyoming Geological
Association Special Sympaosium, 1993, p. 121-141.



DRAFT

Gibb, 1.P. and Jennings, K.V.B. (1987). Forum: How
drilling fluids and grouting materials affect the
integrity of ground water samples from monitoring
wells. Ground Water Monitoring and Remediation, v.
7, p. 33-42.

Harrison, 5.5. (1983). Evaiuating system for ground
water contamination hazards due to gas-well drilling
on the glaciated Appalachian Plateau. Ground Water,
v. 21, 689-700.

Harrison, 5.5, [1985). Contamination of aguifers by
overpressuring the annulus of oil and gas wells.
Ground Water, v. 23, 317-324.

Hiatt, R., Clipsham, J., and Visser, T. (1964}, The
induced decomposition of tert-butyl hydroperoxide.
Canadian Journal of Chemistry, v. 42, p. 2754-2757.

Johnsen, R.C. and Rice, D.D. (1993). Variations in
composition and origins of gases from coal bed and
conventional reservoirs, Wind River Basin, Wyoming,
in W.R. Keefer, W.J. Metzger and L.H. Godwin, eds,,
Oil and Gas and Other Resources of the Wind River
Basin, Wyoming: Wyoming Geological Association
Special Symposium, 1993, p. 319-335.

Johnson, R.C. and Keighin, W.C. (1998). Origins of
natural gases from upper Cretaceous reservairs,
Bighorn Basin, Wyoming and Montana, and
comparison with gases from the Wind River Basin,
Wyoming, [n Forty-Ninth Guidebook, Wyoming
Geological Association, p. 223- 249,

Keefer, W.R. and Johnson R.C. {1993}, Stratigraphy
and oil and gas resources in uppermost Cretaceous
and Paleocene rocks, Wind River Reservation,
Wyoming, in W.R. Keefer, W.). Metzger and L.H.
Godwin, eds., Oil and Gas and Other Resources of the
Wind River Basin, Wyoming: Wyoming Geological
Association Special Symposium, 1993, p. 71-86.

lohnson, R.C,, Finn, T.M., Kirschbaum, M.A., Roberts,
S.B., Roberts, L.N.R., Cook, T., and Taylor, D.J. (2007).
The Cretaceous-Lower Tertiary Composite Total
Petroleum System, Wind River Basin, Wyoming,
Chapter 4 of Petroleum Systems and Geologic
Assessment of Oil and Gas in the Wind River Basin
Province, Wyoming. U.S. Geclogical Survey Digital
Data Series DDS~69-J.

Kinnaman, F.5,, Valentine, D.L., and Tyler, $.C. {2007).
Carbon and hydrogen isotope fractionation associated
with the aerobic microbial oxidation of methane,
ethane, propane and butane. Geochimica et
Cosmochimica Acta, v. 71, p. 271-283.

Mormille, M.R., Liu, 5., and Suflita, J.M. (1994).
Anaerobic biodegradation of gasoline oxygenates:
Extrapolation of information to multiple sites and
redox conditions. Environmental Science and
Technology, v. 28, p. 1727-1732.

Morris, D.A., Hackett, .M., Vanlier, K.E., Moulder,
E.A., and Durum, W.H. {1959). Ground water
resources of Riverton irrigation project area,
Wyoming, Geological Survey Water-Supply Paper
1375, 205 p.

Mueller, C. {1989). Pavillion; Wyoming Geological
Association, Wyoming Oil and Gas Fields Symposium,
Bighorn and Wind River Basins, p. 356-358,

Nordbotten, 1.M., Celia, M.A., and Bachu, S. (2004)}.
Analytical solutions for leakage rates through
abandoned wells. Water Resources Research, v. 40,
W04204,

Nordbotten, .M., Celia, M.A. and Bachu, S. {2005a).
Injection and storage of CO; in deep saline aquifers:
Analytical solution for CO; plume evolution during

injection. Transport Porous Media, v. 58, p. 339-360.

Nordbotten, I.M., Celia, M.A,, Bachu, S., and Dahle,
H.K. {2005b). Semianalytical solution for CO,
leakage through an abandoned well. Environmental
Science and Technology, v. 39, p. 602-611.

Ohio Department of Natural Resources, Division of
Mineral Resources Management, Report on the
Investigation of the Natural Gas invasion of Aquifers in
Bainbridge Township of Geauga County, Ohio
September 1, {2008).

Oshorn 5.G., Vengosh, A., Warner, N.R., and Jackson,
R.B. (2011). Methane contamination of drinking water
accompanying gas-well drilling and hydraulic
fracturing. Proceedings of the National Academy of
Sciences, v. 108, p. 8172-8176.,









DRAFT

Appendix A
Summary of Analytical Results













DRAFT

Laboratories, Analytes, and Methods

A - ALS Laboratory Group, Salt Lake City, UT. YOCs, SVOCs, pesticides, TCBs, TICs determined using methods specified under the CLP.

Ad - Ad Scientific, The Woodlands, TX. TAL metals determined using methods specified under the CLP.

E' - Energy Laboratories Inc., Billings, MT. Heterotrophic plate counts, iron reducing bacteria, suffur reducing bacteria.

E? - Energy Laboratories Inc., Biflings, MT. GRO, DRO, THE, and TPH.

I' - Isotech Laboratories, Champaign, L under contract by EnCana. Fixed gases and light hydracarbons determined using ASTM D1945-03 in gas samples
and headspace of aqueous samples. 6°°C and 8D for C, determined using gas stripping and IRMS in aqueous samples. §°C and 8D for C;-C; determined

using IRMS for gas samples.

I* - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in headspace of aqueous samples. §°C and
50 for Cy and §**C for C; and C; determined using gas stripping and (RMS in aqueous samples. 5°C DIC using gas stripping and IRMS.

I¥ - Isotech Laboratories, Champaign, IL. Fixed gases and light hydracarbons determined using ASTM D1945-03 in headspace of aqueous samples. 8°C and
8B for €, , °C for C, - Cs, and 8”C for DIC gas stripping and IRMS in aqueous samples.

1~ Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in gas samples. 5”°C and 6D for C; - C; using
IRMS in gas sarmples.

I* - Isotech Laboratories, Champaign, IL. Fixed gases and light hydrocarbons determined using ASTM D1945-03 in gas samples. 5°C and &D for Gy - C3 using
IRMS in gas samples. ™*C using AMS in gas samples.

K - KAP Laboratories, Vancouver, WA, TAL metals determined under the CLP.
L - Liberty Analytical, Salt Lake City, UT. VOCs, SVOCs, PCBs, and TICs determined under the CLP.

o'- EPA, ORD, Ada, QK. 504, O, F, and Br determined using RSKSOP 276v3 and EPA Method 6500. NO; + NO; and NH, determined using RSKSOP 214v5
and EPA Method 350.1 and 353.2

O EPA, ORD, Ada, OK. DIC and DOC determined using RSKSOP-330v0 and EPA Method 90604,

O’ - EPA, ORD, Ada, OK. C, datermined using RSKSOP 175v5 and Cali-5 gas sampling bags.

R3 - U.5. EPA Region 3 Laboratery, Fort Mead, MD. Diethylene giycol, triethylene glycol, tetraethylene glycol, and 2-butoxyethanot analysis by LC/MS/MS.
This method is under development with no finalized SOP, EPA Methods 8000C and 8321 were followed for methad development and QA/QC limits where

applicable.

R8'- U.S. EPA Region 8 Laboratory, Golden, CO {fluoride, chioride, nitrite-N, nitrate-N, orthaphosphate-P, and sulfate determined using EPA Method 300.0
and EPA Region SOP 310. Alkalinity determined using EPA Method 310.0).

R&’ - U.5. EPA Region & Laboratory, Golden, CO. VOCs determined using EPA Method 82608,
R8®- U.5. EPA Region 8 taboratory, Golden, CO. SVOCs determined using ORGM-515 r1.1 and EPA Method 82700,

R8" - U.S. EPA Reglon § Laboratory, Golden, CO. GRO determined using ORGM-506 r1.0 and EPA Method 8015D. DRO determined using ORGM-508 r1.0
and EPA Method 8015D.

R8*- U.S. EPA Region 8 Laboratory, Golden, CQ, Dissclved C, in Phase | and dissolved C;-C; in Phase 1) using EPA Method 524.2.

' - Shaw Inc, Ada, OK in Phases Iif and 1V. Metals and metals speciation determined using RSKSOP 213v4 and 257v2, or 332V0 and EPA Methods 200.7 and
6020.

§% - Shaw Inc, Ada, OK in Phases IHl and IV. Aromatics and chlorinated hydracarbons determined using method RSKSOP-259v1 and EPA Method 5021A plus
8260C.

53 - Shaw Inc, Ada, OK . Alcohals, aromatics, and chiorinated hydrocarbons determined using method RSKSOP-259v1.
5% - Shaw inc, Ada, OK. Low molecular weight acids determined using RSKSOP-112v6.
S° - Shaw Inc, Ada, OK. Dissalved gases €;-C, determined using RSKSOP 194v4 and 175v5.

¢ - Shaw Inc, Ada, OK. Hydrogen and oxygen isotope ratios of water determined using RSKSOP-296v0.
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Abbreviations

| {} - Phase |{iaboratory/method)}. Samples collected March, 2009
11} - Phase ll{laboratory/method). Samples collected fanuary, 2010
11I{] - Phase Ill{laboratory/method). Samples collected September and October 2010
IV(} - Phase IV(laboratory/method). Samples collected April 2011.
PG - gas production well

MW - deep monitering wells

PGM - shallow maonitoring wells near pits

PGS - soil samples near pits

DW - domestic wells

PGP - municipal wells in the Town of Pavillicn

IRMS - isotope-ratio mass spectrometry

AMS - accelerated mass spectrometry

VOCs - volatile organic compounds
SVOCs - semivolatile organic compounds
PCBs - polychlorinated biphenyls

TICs - tentatively identified compounds
DRO - diesel range organics

GRO - gasoline range organics

TEH - total extractable hydrocarbons
TPH - total purgeable hydrocarbons

DIC - dissolved inorganic carbon

TAL - target analyte list

CLP - U.5. EPA Contract tLaboratory Program

C: (methane), C, (ethane), C; (propane), iC4 (isobutane), nC, (normal butanel, iCs {isopentane), nC; (normal pentane}, C;* (hexanes + other light

hydrocarbons)

Analytical Methods

DORGM-506 ri.D - Regicn 8 Standard Operating Procedure.
ORGM-508 r1.0 - Region 8 Standard Operating Procedure. .

ORGM-515 rl.1 - Region 8 Standard Operating Procedure.

R5XS0P-112v6 — Standard Operating Procedure for Quantitative Analysis of Low Molecular Weight Acids in Aqueous Samples by HPLC, 22 p.

RSKSQP-175v5 - Sample Preparation and Calculations for Dissolved Gas Analysis in Water Samples Using 2 GC Headspace Equilibration Technique, 16 p.

RSKSOP-124v4 - Gas Analysis by Micro Gas Chromatographs [Agilent Micro 3000), 13 p.

RSKSOP-213v4 - Standard cperating procedure for operation of Perkin Elmer Optima 3300 DV ICP-0ES, 21 p.

RSKSOP-214v5 - Quality control procedures for general parameters analysis using Lachat Flow Injection analysis (FIA), 10 p.

RSK5OP-259v1 - Determination of volatile organic compounds (fuel oxygenates, arornatic and chlorinated hydrocarbons) in water using automated
headspace gas chromatography/mass spectrometry TEKMAR 7600 HS-Varian 2100T GC/MS system-10N trap detector, 28 p.

RSKSOP-257v2 - Standard operating procedure for elemental analysis by ICP-MS, 16 p.

RSKSOP-299v1 — Determination of Volatile Organic Compounds (Fuel Oxygenates, Aromatic and Chlorinated Hydrocarbons) in Water Using Automated
Headspace Gas Chromatography/Mass Spectrometry {Agilent 6890/5573 Quadruple GC/MS System), 25 p.

RSKSOP-276v3 - Determination of major anions in aqueous samples using capillary ion electrophoresis with indirect UV detection and Empower 2

software, 11 p.

RSKSOP-236v0 - Determination of hydrogen and oxygen isotope ratios in water samples using high temperature conversion elemental analyzer (TC/EA}, a

continuous flow unit, and an isotope ratio mass spectrometer (IRMS), 8 p.

RSKSOP-297v1 — Metals Speciation Determination by LC/ICP-MS, 21 .

RSKSOP-298v1 - Arsenic Speciation Determination by LC/ICP-MS with Anion Suppression and NaOH Mebile Phase, 21 p.

RSKSOP-313v1 - Determination of R-123 using the H25-IR Infrared Refrigerant Gas Leak Detector, 12 p.

RSKSOP-314v1 - Determination of Fixed Gases using the GEMZ000 and GEM2000 Plus Gas Analyzers & Extraction Monitors, 13 p.

R5KS0OP-320v1 - Determination of Organic and Inorganic Vapors Using the TVA-1000B Toxic Vapor Anabyzer, 18 p.

RSXSOP-330v0 ~ Determination of Various Fractions of Carbon in Aqueous Samples Using the Shimadzu TOC-VCPH Analyzer, 16 p.

U.S. EPA Method 200.7 - Determination of Metals and Trace Elements in Water and Wastes by inductively Coupted Plasma-Atomic Spectrometry, Rev. 5,

Jan 2001.

U5, EPA Method 300.0 - Determination of Inorganic Anions by lon Chromatography, Rev. 2.1, Aug. 1993,

U.S. EPA method 310.1 - Alkalinity {Titrimetric, pH 4.5), Rev. 1978.

U.5. EPA Method 350.1 - Determination of Ammonia Nitrogen by Semi-Automated Colorimetry, Rev. 2, Aug. 1993,
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U.S. EPA Method 5021A - Volatile Organic Compounds in Various Sample Matrices Using Equilibrium Headspace Analysis, Rev. 1, June 2003.

U.5. EPA Method 6020 - inductively Coupled Plasma-Mass Spectrometry, Rev, 1, Feb. 2007.

LL5. EPA Method 6500 - Dissolved [norganic Anions in Aqueous Matrices by Capillary Electrophoresis, Rev. 0, Feb. 2007.

U.5. EPA Method 8260C - Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC}MS), Rev. 3, Aug. 2006,

U.S. EPA Method 80158 - Determination of Nonhalogenated Organics Using GC/FID, Rev. 2, Dec. 1996.

U.5. EPA Method 80150 - Nenhalogenated Organics Using GC/FID, Rev. 4, May 2003,

U.5. £PA Method 8270D - betermination of Semivclatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 4, Feb. 2007.
U.5. EPA Method 8000C - Determinative Chromatographic Separations, Rev. 3, Mar. 2003.

U.5. EPA Method 8260C - Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS), Rev. 3, Aug. 2006.

U.5. EPA Method 82700 - Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry {GC/MS), Rev, 4, Feh. 2007.

U.S. EPA Method 9060A - Total Organic Carban, Rev. 1, Nov. 2004.
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Appendix B

Quality Assurance and Quality Control
(QA/QC) for Analysis
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Appendix C

Photographic Log of Deep Monitoring Well
Construction
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Appendix D
Photographic Log of Ground Water Sampling
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Appendix E
Examples of Cement Bond/Variable
Density Log Interpretation
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Figure E1. Example of CBL/VDL indicating "no cement" at Pavillion Fee 34-03B. The CBL/VDL indicates no
cement 2750 feet below ground surface at the time of logging.
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Figure E2. Example of "sporadic bonding" at Pavillion Fee 41-10 from 1000 to 1640 ft bgs. Hydraulic fracturing
occurred at 1618 feet below ground surface. Arrow denotes interval of hydraulic fracturing.




DRAFT

T T il ..'..,.‘.

Sanpadu el Arayadie L ) )li ?IH V;-\m\h[u}'?«g
Fssipalat b (st ‘II’II) -

: A AR i

™

nl:‘iﬂhmii i
Hi m |

L SV ST '.._

-w

e
-—hu-m—-—.r

it

) liimnimmn-_"g;=i
: ltituunnmn;a
ﬂﬂlﬂmm

" 1200°}:

K

%tz

s

il

sy

1300

Figure E3a. Example of "sporadic bonding” at Pavillion Fee 11-11B. Hydraulic fracturing occurred at 1516 feet
below ground surface. Arrow denotes interval of hydraulic fracturing. Depths on CBL/VDL difficult to read

and inserted on left margin.
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Figure E3b. Example of "sporadic bonding" Pavillion Fee 11-11B between 2350-3200 feet below ground

suface. Hydraulic fracturing occurred at 3165 feet below ground surface. Arrow denotes interval of hydraulic

fracturing. Depths on CBL/VDL difficult to read and inserted on left margin.
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Figure E4. Example of "Sporadic Bonding" at Tribal Pavillion 24-02. Hydraulic fracturing occurred at 1538 feet
bgs. Arrow denotes interval of hydraulic fracturing.
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Figure ES. Example of "Good Bonding"” (from surface casing at 645 ft bgs to 820 ft bgs) followed by "Sporadic
Bonding" (from 820 ft bgs 1310 ft bgs) to "Good Bonding” at 1310 to target depth at Pavillion Fee 41-108B.
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ABSTRACT

The technology to recover natural gas depends on undisclosed types and amounts
of toxic chemicals. A list of 944 products containing 632 chemicals used during nat-
ural gas operations was compiled. Literature searches were conducted to determine
potential health effects of the 353 chemicals identified by Chemical Abstract Ser-
vice (CAS) numbers. More than 75% of the chemicals could affect the skin, eyes,
and other sensory organs, and the respiratory and gastrointestinal systems. Approx-
imately 40-60% could affect the brain/nervous system, immune and cardiovascular
systems, and the kidneys; 37% could affect the endocrine system; and 26% could
cause cancer and mutations. These results indicate that many chemicals used dur-
ing the fracturing and drilling stages of gas operations may have long-term health
effects that are not immediately expressed. In addition, an example was provided
of waste evaporation pit residuals that contained numerous chemicals on the Com-
prehensive Environmental Response, Compensation, and Liability Act (CERCLA)
and Emergency Planning and Community Right-to-Know Act (EPCRA) Iists of haz-
ardous substances. The discussion highlights the difficulty of developing effective
water quality monitoring programs. To protect public health we recommend full
disclosure of the contents of all products, extensive air and water monitoring, coor-
dinated environmental/human health studies, and regulation of fracturing under
the U.S. Safe Drinking Water Act.
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Earthquakes Triggered by Humans in Colorado — a background
paper by the Colorado Geological Survey
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Resources on Colorado Earthquakes

Natural Earthquakes and Earthquakes Triggered by Humans in Colorado

Colorado has experienced numerous natural earthquakes, including a magnitude 6.6 earthquake in
1882. However, the state is world famous for its triggered (induced) earthquakes. A variety of human
activities in Colorado have triggered earthquakes during the past half century:

e During the 1960s, the triggering of earthquakes from injection of waste fluids at the Rocky
Mountain Arsenal near Denver made news around the world.

e Inthe 1970s, an experiment involving a waterflood at the Rangely oil field in northwest
Colorado was the first time in human history that earthquakes were intentionally turned off and
on, by varying the injection pressures of water underground.

e Two earthquakes greater than magnitude 5.0 were created in 1969 and 1973 by underground
nuclear explosions that were part of an experiment to increase extraction of natural gas.

e Aseven-fold increase in earthquakes was recorded during filling of the Ridgeway reservoir in
1986.

e Beginning in the 1990s, injection of brine water beneath the Paradox Valley of western Colorado
triggered thousands of earthquakes that increased in magnitude up to 4.2, but decreased in
magnitude after the injection protocol was modified.

e Nearly 200 earthquakes with magnitude 2.8 to 3.4 were recorded in a two-year period (2007-
2009) in the Paonia area, and are attributed to underground coal mining activity.

With this background in human-caused seismicity in Colorado, it is normal to ask whether any new
earthquake activity occurring in the state is triggered by some human activity. It is important in this
discussion to remember that Colorado is an active tectonic province that is essentially being pulled apart
where the Rio Grande Rift cuts north/south across the mountainous, central part of the state. The high
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mountains in the state are a result of uplift on faults (with associated earthquakes) that are part of the
rift system.

Three faults in the state have received sufficient study to be included in the USGS National Seismic
(Earthquake) Hazard Map, and are listed as being capable of generating earthquakes of 7.0 magnitude,
or greater. There are many more faults in the state that could probably generate significant
earthquakes, but have not received sufficient study, or documentation, to be included in the hazard
map. With our current state of knowledge, it is not possible to predict when or where, the next large
earthquake might occur in Colorado.

Hydraulic Fracturing (Hydro-fracs) and Earthquakes

Using water to artificially fracture rock layers below ground in order to increase oil and gas production
has been conducted in the United States since 1947. Before that, nitro glycerin was used to artificially
fracture the rock. Nearly all of the oil and gas wells drilled in Colorado today require hydro-fracing in
order to produce economic quantities of oil and gas.

There are only two instances in the world where hydro-fracing near faults has been interpreted to cause
earthquakes, one in Oklahoma and one in Great Britain. Both of these were less than magnitude 3.0,
which causes a shaking intensity that most people would not notice. The USGS states, “Fracking causes
small earthquakes, but they are almost always too small to be a safety concern.” Scientists at both the
state and federal level have been frustrated by the widespread misrepresentation in the media that
“fracking causes earthquakes”.

Waste Fluid Disposal from Oil & Gas Operations and Earthquakes

Oil and natural gas operations commonly produce water that must be handled within strict state and
federal regulations.

e Small amounts of water are produced with normal, natural-gas wells and oil wells.

e Larger amounts of water can be produced from coalbed methane wells, from water-flooding of
an oil field, and from very old oil wells.

o After a well is hydro-frac’ced, not all of the water stays in the formation, but some of the water
is recovered and flows back to the surface (~ 9% of all oil & gas waste fluids in Colorado).

Any water brought to the surface during oil and gas operations, must be disposed of properly. There are
several common ways to deal with the water depending on its chemical properties.

e Putting it into lined ponds and evaporating the water,

e Disposing of it directly into streams or applying it to the surface (must meet water-quality
standards),

e Treating it to water-quality standards before putting into streams or rivers,



e Re-injecting it into the ground in a Class Il UIC well under guidelines promulgated by the US EPA
and administered by the Colorado Qil and Gas Conservation Commission (COGCC). There are
approximately 145,000 of these wells in the U.S., and 309 in Colorado.

Several recent earthquake swarms across the U.S. have generated questions as to whether they were
triggered by oil and gas operations. Indeed, the USGS created a recent flurry of publicity and
controversy by claiming that an increase in earthquake activity throughout the midcontinent (including
Colorado), is “almost certainly manmade”. The directors of the Oklahoma and Colorado Geological
Surveys independently characterized these conclusions for their states as premature.

A number of earthquakes in several states are currently being investigated in order to determine
whether it is plausible that water injection may have triggered them.

e The Center for Earthquake Research at the University of Memphis and the Arkansas Geological
Survey jointly concluded that water disposal from oil and gas operations was the most probable
cause of more than 1200 micro-earthquakes on a fault near Guy, Arkansas.

e The Youngstown, Ohio area experienced several small earthquakes, culminating in a 4.0
magnitude event on January 1%, 2012. Current evidence suggests these events were triggered
by a nearby brine injection well. Scientists continue to gather data and investigate the
connection between the quakes and well.

e Oklahoma experienced a 5.6 magnitude earthquake near some injection wells. Scientists are
investigating whether there is a causal link between the two.

e Earthquakes in the Raton Basin of Colorado and New Mexico are currently being re-studied to
evaluate whether there is a link between injection of water from coalbed methane production
and earthquakes in that area.

The Trinidad Earthquakes

The Raton Basin of Colorado and New Mexico has more than 3,000 wells producing natural gas from
coal beds (coalbed methane or CBM). Trinidad, Colorado is located near the eastern apex of the basin.
The earthquakes occurring in the basin are commonly referred to as the “Trinidad earthquakes”;
although the earthquakes extend out more than 30 miles to the southwest, west, northeast, and
northwest from Trinidad. The Colorado portion of the Raton Basin has 22 Class Il UIC wells disposing of
produced water. Most of these wells are not using pressure to inject the water, but are simply flowing
into the underground layers 4,000 to 5,000 feet deep under gravity. Other produced water in the basin
is disposed of on the surface.

The Trinidad area has a history of natural earthquakes:

e In 1966, a 4.5 magnitude earthquake was reported northeast of Trinidad.

e In 1973, a swarm of four earthquakes <4.2 magnitude was reported west of Trinidad, decades
before water injection began.

e In 1983, a magnitude 3.2 earthquake was reported northeast of Trinidad.

e |n 1996, a series of three earthquakes >3.2 magnitude hit northeast of Trinidad.



e During this era, detection and location of earthquakes in Colorado was significantly inadequate.
In 2001, a swarm of earthquakes culminating in a magnitude 4.6 occurred west of Trinidad.

e |nitial location of the earthquakes showed the epicenters scattered over 75 square miles with a
random pattern.

e USGS deployed 12 portable seismometers.

e Several lines of data and studies demonstrated that the earthquakes were actually occurring
along a previously unrecognized, normal fault that trends northeast-southwest, and is inclined
~75 degrees toward the southeast.

e Two water-disposal wells are located within 7,400 feet of the fault.

e Separate, and different, analyses conducted by CGS and USGS both concluded the data was
equivocal as to whether the earthquakes were triggered by fluid injection.

e The earthquakes on the fault mapped in 2001 stopped, even though injection in the wells
continued at the same rate.

For the next decade, no earthquakes were reported on the fault by the National Earthquake Information
Center (NEIC). However, small earthquakes (most too small to feel) occurred fairly regularly throughout
the rest of the Raton Basin. These earthquakes appeared to follow no pattern, but seemed fairly
random. It should be remembered that seismograph coverage in Colorado was inadequate to pinpoint
the epicenters of earthquakes. Errors of plus or minus ten miles, or more, could be experienced.

During this decade, the Earthscope Transportable Array moved across Colorado providing better data
for locating earthquakes during the two years that those seismographs were in place. The Earthscope
data showed several clusters of earthquakes (rather than the random patterns seen before), with the
largest cluster in the New Mexico portion of the basin. CGS purchased one of those stations east of
Trinidad in an effort to improve the accuracy of locating earthquakes. Researchers have recently
studied the Earthscope data and attempted to retroactively improve the NEIC locations.

A damaging, magnitude 5.3 earthquake struck the Trinidad area in August 2011. This event renewed
interest in whether the earthquakes were triggered by underground disposal of produced water.
Several seismographs were deployed by the USGS in the area immediately after the 5.3 M earthquake.
In December, the oil and gas industry deployed additional seismographs deep underground to
complement the USGS instruments. Excellent data is now being obtained on the location, number, and
size of the earthquakes; most of which are too small to feel. This new data will provide researchers with
information to perhaps finally understand the cause(s) of the earthquakes in the Raton Basin.

The Colorado Qil and Gas Conservation Commission (COGCC) and the Potential for Triggering
Earthquakes

In 2011, the COGCC took a proactive stance toward the possibility of injection wells causing earthquakes
and asked the Colorado Geological Survey (CGS) to review all new permit applications for water disposal
wells. CGS has been reviewing those applications since October 2011 and is making recommendations
to COGCC. CGS is also working with COGCC to understand the origin of the Trinidad earthquakes.



Resources on Colorado Earthquakes

Earthquake Reference Collection

This CGS collection consists of more than 500 publications relevant to Colorado earthquakes,
including many that are hard to find. A large number of these are available online as PDFs.

Earthquake and Fault Map Server

This CGS online resource shows earthquakes and young faults in Colorado. Mousing over an
earthquake will show the date and magnitude/intensity. Double-clicking on an earthquake will
bring up an information sheet on the event.

Mousing over a fault will show the name of the fault. Double-clicking on a fault will bring up an
information sheet on the event. The sheet will include a variety of information including
applicable literature references.

Induced Earthquake Bibliography

This is an excellent online resource for publications relevant to the triggering of earthquakes by
a variety of means.

We Don’t Have Earthquakes in Colorado, Do We?

This 2002 RockTalk publication by CGS is a primer on earthquakes in Colorado. It also has a
summary of the USGS and CGS investigations of the 2001 Trinidad earthquake swarm.

Earthquake Hazards Brochure

This map and information brochure contains locations of earthquakes and Quaternary faults in
Colorado. It was produced by the Colorado Earthquake Hazard Mitigation Council in 2008. You
can obtain free hard copies from the Colorado Geological Survey, or view it online.


http://geosurvey.state.co.us/hazards/Earthquakes/Reference/Pages/Search.aspx�
http://geosurvey.state.co.us/hazards/Earthquakes/Pages/Maps.aspx�
http://www.nyx.net/~dcypser/induceq/induceq.bib.html�
http://geosurvey.state.co.us/hazards/Earthquakes/Pages/Earthquakes.aspx�
http://geosurvey.state.co.us/hazards/Earthquakes/Documents/Earthquake_Map_2008.pdf�
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ColoradoState University

The Natural Gas Initiative
Colorado State University

Ken Carlson
Associate Professor
Civil and Environmental Engineering

Center for the New Energy Economy

Established Jan 2011

.

* Directed by former
Colorado governor Bill Ritter

» Source of science-based information

* Will convene statewide, national, and international discussions
among policymakers, scientists, business, environmental
organizations, and others

« Significant focus on energy policy
L L.
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A

LEm

ir Quality

Recognized program in Atmospheric Chemistry
Strong presence in Mechanical Engineering

Air quality studies " : W,J
¥ NOX, SOX, VOCs bt

West slope (garﬁeld County) study
beginning in'2012
v $1.8 MM
v'  CDPHE, industry, county
v Primary focus air toxics
secondary, ozone precursors

What About Water?
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CSU Water Assets

Economics
n .r‘ll\r:ater;l'r;a:tm-ent el (AecbiResouree Econ) Groundwater Issues
(Environmental Engincering l (Civil Engineering)

Community Outreach

(Colorado Water Institute/ =
CSU Extension)

Hydrology / I

(Civil Engineering/
Watershed Sciences)

Well Construction
(Civil Engineering/
Geosciences)

GIS Tools and Analysis
(Civil Engineering/

Watershed Sciences)
Ecology

(Watershed Sciences/NREL)

LiL m

Colorado State University

Colorado Energy Water Consortium
Objectives

o Industry/university research center focused on

natural gas/oil water issues.
o Collaborative industry/CSU research.

o Communicate natural gas related water issues

and solutions to public, industry and others.

o Enhance curricula and programs within CSU to

respond to an evolving job market in the energy-
water resources field.
LL B

6/4/2012



Dr. Kenneth Carlson, Associate Professor, Civil & Environmental Engineering, CSU 6/4/2012

http://cewc.colostate.edu

Colorado State University

Colorado Energy Water Consortium
Board of Directors

Chair Barb Kirkmeyer Weld County Commissioner
Vice chair  Bill Bellamy, CH2M HILL

Treasurer  Ken Knox, Noble Energy

Secretary  Reagan Waskom, Colorado Water Institute

Don Ament, Agricultural Commissioner (ret)
Tom Iseman, Western Governors Assoc
John Sanderson, The Nature Conservancy
Bryan Willson, Colorado State University

Executive Directors
Ken Carlson Colorado State University
Caleb Douglas Noble Energy

Project Project
Characterize water consumption Develop GIS based water
and water intensity in management optimization tools
Wattenberg for Wattenberg
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TISHA CONOLY SCHULLER

Ms. Tisha Conoly Schuller serves as President and Chief Executive Officer of the Colorado 0Oil & Gas
Association (COGA).

Oil and gas development has been occurring safely in Colorado for over 100 years. With
operations moving into communities new to oil and gas production, there is heightened
public interest and concern. This presentation will briefly address common
misconceptions about oil and gas development and will cover water protection, spill
prevention, water use, drilling locations, property values, air quality protection, and
disclosure of hydraulic fracturing fluids.



SHANE DAVIS
Shane Davis currently chairs the Poudre Canyon Group of the Rocky Mountain Chapter of the
Sierra Club, and serves as the Group’s Conservation Chair. He serves as an At-Large Member of
the Chapter Executive Committee and as the Information and Research Manager - Oil & Gas
Mining.

"The Hidden Impacts of Fracking in Colorado"

This presentation uses genuine COGCC data to arrive at analyses that demonstrate temporal
trends of impacts caused by mining that uses hydraulic fracturing methods. The
presentation is a visual journey of Colorado specific oil and gas incidents that have caused
adverse impacts to the environment and human health. | use statistics, actual reported
cases, reclamation issues, failures, Notice of alleged violations, APl information, methods
of improvements, satellite imagery, and various other data collected and compiled from
Colorado Oil and Gas Conservation Commission's database(s).



THOM KERR

Thom Kerr is the Acting Director at the Colorado Oil and Gas Conservation Commission
(COGCQ).

His presentation will include:

1. Arecap of the activity in the Loveland area.
2. Areview of COGCC rules and regulations that directly address the concerns about
environmental impacts from hydraulic fracturing.
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The Colorado Department of Public

Health and Environment

Loveland City Council Study Session
June 12,2012

APCD’s Regulation of Oil and Gas

® The Air Pollution Control Division (APCD) is responsible for
oversight and permitting of Federal and State Air Quality Rules.
e State Air Quality Rules
AQCC Rule 1 - Opacity (e.g. smoke and fugitive dust)
AQCC Regulation 2 - Odor
AQCC Regulation 3 - State permitting Requirements

AQCC Regulation 6 — New Source Performance Standards
AQCC Regulation 7 — Ozone Precursor Control

AQCC Regulation 8 — Maximum Achievable Control Technology (MACT)
Standards
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APCD’s Regulation of Qil and Gas

Federal Rules
New Source Performance Standards (NSPS) 40 CFR Part 60

‘NSPS Kb — Storage tanks
‘NSPS GG - Gas turbines

‘NSPS KKK — Fugitive Volatile Organic Compound emissions) (under revision)

‘NSPS LLL — Amine and sulfur recovery units) (under revision)
‘NSPS Illl — Compression ignition engines

‘NSPS JJJJ — Spark ignition engines

*NSPS KKKK — Combustion turbines

-NSPS 0000 - Qil and Gas (proposed)

*NSPS Dc — Small boilers

Maximum Achievable Control Technology (MACT) 40 CFR Part 63

-MACT HH - Oil and natural gas production facilities (tanks, compressors, and ancillary
equipment) (under revision)

*MACT HHH — Natural gas transmission and storage facilities (dehydrators) ) (under
revision)

‘MACT YYYY — Combustion turbines

‘MACT ZZ2Z7 — Reciprocating engines

‘MACT DDDDD - Boilers and process heaters

‘MACT GGGGG - Site remediation requirements

APCD Permit

A permit is required for facilities that have the
potential to emit 2 tpy VOCs in Larimer County.

®Defines what pollutants can be emitted and at what

levels

e]dentifies what steps a facility must take to reduce

emissions

®Specifies how emissions must be measured and

reported




Kent Kuster,CDPHE Oil and Gas Liaison 6/4/2012

How much is 2 tons per year?

* Based on State default emission factor for Larimer County two
tons of VOCs = ~ 292 bbls* of throughput for condensate tanks

* Thus, about two tanks are enough to trigger APCD permitting
(2 tpy) and about one tank would trigger reporting
requirements (1 tpy).

*13.7 Ib/barrel emission factor or
site-specific sampling,

Each tank pictured is = 300bbl

\

Air Monitoring Overview

® EPA has 6 “Criteria” pollutants for National Ambient Air Quality Standards
(NAAQS) — primary focus for COPHE/APCD
* CO,0,,NO,, SO,, PM (PM,, & PM, ;), Pb
® Designed to protect public health

® Performed across State of Colorado
® APCD has approximately 60 sites (other agencies also have monitors)

¢ Sites added or removed based on needs and concentrations recorded
® Mainly in population centers

* Different types
¢ “Continuous” provides hourly values
CO, 03, NO,/NOy, SO,, PM,,, PM, ;, meteorology
® “Daily” provides 24-hour values
PM,, PM, ;, air toxics
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Air Quality Monitoring Sites

Ozone sites

Srrsess,
icwer it
o

@ CDPHE site
@ Other agency site
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Air Quality Monitoring Sites
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Air Quality Monitoring Sites

PM2.5 sites

@rier @hourty CDPHE site
@nwer Chourly Other agency site
; 40CFRES. |

Monitoring Site Costs

® Costfora monitoring site:
e Shelter = $15,000 - $35,000
® Analyzer = $9,000 - $32,000
® Meteorological = $5,000 - $10,000
® On-site QA equipment = $2,000 - $25,000
¢ Data logging/ communications = §10,000
e Installation = $1,000 - $20,000

® Multi-pollutant site can cost $250,000 or more

® Operational:
e Utilities = $1,000 - $3,000 /year
® Filters/consumables/repairs = $300 - $2,000 /year
® Laboratory analyses = $1,200 - $36,000 /year
® Data processing/ QA/QC = $2,000 - $30,000 /year
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APCD Data Availability

® “Continuous” data posted hourly on APCD Technical Services
website and uploaded to EPA’s AIRNow website
° http:/ /www.colorado. gov/ airquality/

® hitp:

dllI'MOW [0}

® Forecasting performed daily and posted on APCD Technical

Services website

® Annual Data Report published and on APCD website

/

=
What we know about Public Health Impacts

from Oil and Gas Development

¢ Air quality and health risk assessment studies conducted or reviewed by
the department have major uncertainties due to a lack of critical
information . Thus cannot be used to draw any definitive conclusions

regarding health impacts.

® For example,

In the recent CSPH study, it is unknown whether data collected adjacent to

well pads (130-500 ft from the well pads) can appropriately represent actual
exposures for individuals living < 2 mile (up to 2640 ft) from the well pad

that is undergoing completion activities.

Air dispersion can rapidly dilute pollutants, so exposures beyond the 130-500
ft measurement distances may not relate to the data collected adjacent to the
well pads.

The CSPH study concluded that “preliminary results indicate that health
effects resulting from air emissions during development of unconventional
natural gas resources are most likely to occur in residents living nearest to the
well pads and warrant further study”.

/

6/4/2012
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- I
What we know about Public Health Impacts
from Oil and Gas Development

® Currently, insufficient data exists at the local,
State or Federal level to draw any definitive
conclusions about public health impacts from oil

and gas development.

The limited available information suggests a low potential for public health impacts

What we are doing to learn more about
Public Health Impacts

® CDPHE is participating on the Technical Advisory
Committee at CSU for the research being done into air

quality emissions from oil and gas activities in Garfield

County.

® The study will provide data on emissions from oil and gas
sites at various distances from the well pad. We hope to learn
how quickly emissions disperse in the air and discover how

different seasons affect these emissions.
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What we are doing to regulate emissions from
Oil and Gas Development

¢ The Department provides thorough
environmental permitting, enforcement and
compliance assistance for oil and gas operations in

Colorado.

BMPs for a High Density Location

®  Meet with nearby residents to explain the project and discuss their concerns.
*  Designate a primary traflic rouse for all construction traflic and deliverics,

¢ Post signage notifying contractors of the designated access route.

®  Minimize traflic during hours when School Buses are in operation,

* Require a gravel apron at the property line to prevent mud from heing wacked from the site onto
residential streets,

¢ To the extent possible, orient the drilling equipment away from the residential housing.
¢ Equip the drilling equipment with special noise reducing mufflers (Hospital Grade).

*  Utilize a sound absorbing tarp around the drilling floor and draw works to muffle noise from the
drilling operations.

*  Place trailers and tanks on the well pad between the residential housing and the drilliag site to
reduce noise.,

® Control access to the site. (use fencing to keep children away from the drilling site)

®  Direct lighting away from the residential area as possible while still maintaining a safe working
ehvironment.

¢ Utilize emission contrel devises on tanks and pits to reduce odor from the well pad.

¢ Employ practices to minimize fugitive dust from the well pad and roads.
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Oil and Gas Exploration
Hydraulic Fracturing

INTRODUCTION

1. Command and Control systems currently in place

2. Resources locally and regionally that can be
deployed
3. The role of Emergency Management

4. Future needs and inquiry specific to hydraulic
fracturing

The seminal question for this presentation is:
Are emergency responders in Loveland prepared
for a fracking emergency?
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COMMAND and CONTROL
1. Command and Control systems in place :

We will briefly look at how we put this all together to
make it work effectively with an emphasis on citizen
and firefighter safety...

We opened with this slide, it shows seven
different incidents where a command
system would be used: Our command
system (NIMIS) is an “All Risk” system...

A fracking incident fits into the “All Risk”
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COMMAND and CONTROL

= One of the basic tenets of the command system is
the 3 incident Priorities:

1- Life SGfEty ‘ In Training and
- ape . in every day
2. Incident Stabilization | opentioas ve

- focus on the
3. Property Conservation == = =

The order of these priorities never change, they are a
constant; tactical and task level operations fit
around these three priorities...

COMMAND and CONTROL

= The IAP begins with the first arriving officer or member
and is refined and upgraded as needed; so too is the
command system. The basic premise of the IAP is:

Standard Conditions — Standard Actions —
— Standard Outcomes...

Initial size-up operations would determine:

6/4/2012
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COMMAND and CONTROL

In a fracking emergency some
task level operations wouldbe
different, however, most of ‘?'g Xy
the strategic and tactical <, -

¥
-

levels would be consistent %
with other emergency e
operations handled by LFRA-

DEPLOYABLE RESOURCES

2. Deployable Resources locally/ regionally :

Resource needs for a fracking emergency are likely to
be significant for both the incident and overall systems
needs- however, we do encounter similar situations

with other types of emergency operations...

6/4/2012
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DEPLOYABLE RESOURCES

2. Deployable Resources locally/ regionally (cont.):
Resource needs for this type of an incident may involve:

The important part about this is that we have worked
diligently over the past several years improving our
regional relationships (surrounding departments) and
beyond (FRFC) to enhance the number of resources...

This applies for all hazards including fracking...

DEPLOYABLE RESOURCES
2. Deployable Resources locally/ regionally (cont.):

The need for other resources ™—::
and tools will be a vital part
of the response to serious

fracking incidents...

Law Enforcement, EMS,
Public Works, Water &
Power and other city services |
will likely be needed... '
Citizen notification and the
use of Everbridge as well...

These are all systems that are in ™ Pis. LA
place and used for other responses 42 - i

6/4/2012
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EMERGENCY MANAGEMENT

3. Emergency Management :

- Managed within LFRA
- Community Safety Division-

by Chief Green and
Lieutenant Mialy

|
I
|
1
i

We have developed strong working relationships with
regional, county and state emergency management
offices. We also have shared regional mitigation plans...

This type of emergency and operational planning would apply to
any emergency including those involving a fracking operation ...

EMERGENCY MANAGEMENT

A primary initial goal for
Emergency Management
“ will be community
| stabilization and the
initiation of a community
recovery plan

Restoring Normalcy is the
Ultimate Goal...

6/4/2012
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CURRENT and FUTURE NEEDS

4. Current, Future Needs and Inquiry :

So, what is different
about fracking
operations and

emergency response?

We will end by looking
at what we are
currently working on
and what needs to be
done in the future...

CURRENT and FUTURE NEEDS

Since this issue surfaced, we have put a work group
together within LFRA responsible for gathering
information and inquiry into fracking operations. We have:
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CURRENT and FUTURE NEEDS

We will need to build
strong working
relationships with those
in the industry that
have the knowledge
and expertise for these
kinds operations...

Those in the oil and gas industry (state regulators)
Specific companies working/ operating in Loveland
Learning more about their available resources
Learning more about process/ operational regulations

CURRENT and FUTURE NEEDS

During the time of the moratorium we will be:
1. Developing LFRA’s standard operational
guidelines specific to fracking operations
2. Developing training plans and site visits
3. Delivering overall department training
4. Planning for technician level training
5. Implementing a tiered response (ops/ technician)
6. Planning for continuous improvement in our KSA’s

* Planning for and responding to fracking emergencies will
create some unique challenges for LFRA, but we have done
this before in other types of emergencies...
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