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Preface

The U.S. Environmental Protection Agency (EPA) is conducting a study of the potential impacts of
hydraulic fracturing for oil and gas on drinking water resources. This study was initiated in Fiscal Year
2010 when Congress urged the EPA to examine the relationship between hydraulic fracturing and
drinking water resources in the United States. In response, EPA developed a research plan (Plan to
Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources) that was reviewed by
the Agency’s Science Advisory Board (SAB) and issued in 2011. A progress report on the study (Study of
the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources: Progress Report), detailing
the EPA’s research approaches and next steps, was released in late 2012 and was followed by a
consultation with individual experts convened under the auspices of the SAB.

The EPA’s study includes the development of several research projects, extensive review of the
literature and technical input from state, industry, and non-governmental organizations as well as the
public and other stakeholders. A series of technical roundtables and in-depth technical workshops were
held to help address specific research questions and to inform the work of the study. The study is
designed to address research questions posed for each stage of the hydraulic fracturing water cycle:

e Water Acquisition: What are the possible impacts of large volume water withdrawals
from ground and surface waters on drinking water resources?

e Chemical Mixing: What are the possible impacts of surface spills of hydraulic fracturing fluid
on or near well pads on drinking water resources?

e Well Injection: What are the possible impacts of the injection and fracturing process on
drinking water resources?

e Flowback and Produced Water: What are the possible impacts of surface spills of flowback
and produced water on or near well pads on drinking water resources?

e Wastewater Treatment and Waste Disposal: What are the possible impacts of inadequate
treatment of hydraulic fracturing wastewaters on drinking water resources?

This report, Retrospective Case Study in the Raton Basin, Colorado, is the product of one of the research
projects conducted as part of the EPA’s study. It has undergone independent, external peer review in
accordance with Agency policy and all of the peer review comments received were considered in the
report’s development.

The EPA’s study will contribute to the understanding of the potential impacts of hydraulic fracturing
activities for oil and gas on drinking water resources and the factors that may influence those impacts.
The study will help facilitate and inform dialogue among interested stakeholders, including Congress,
other Federal agencies, states, tribal government, the international community, industry, non-
governmental organizations, academia, and the general public.
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Executive Summary

In December 2009, Congress urged the U.S. Environmental Protection Agency (EPA) to study the
relationship between hydraulic fracturing and drinking water resources. This report provides the results
of one of five retrospective case studies conducted as a component of EPA’s national study on the
potential impacts of hydraulic fracturing on drinking water resources (US EPA, 2012). The retrospective
case studies focused on investigating reported instances of drinking water contamination in areas where
hydraulic fracturing had already occurred. This report describes the retrospective case study that was
conducted in the Colorado portion of the Raton Basin, located within Las Animas and Huerfano counties.
These locations are the focus of unconventional gas production of coalbed methane (CBM) from several
coal-bearing strata in the basin.

CBM development and production within the Raton Basin of southern Colorado and northern New
Mexico have increased over the past decade, and the Raton Basin is one of the most productive CBM
basins in the United States. Annual production of methane from coal beds within Las Animas and
Huerfano counties averaged about 103 billion cubic feet during 2007-2013, or about 20% of Colorado’s
total natural gas production. Coal beds located within the Raton Formation (Late Cretaceous to Tertiary)
and the Vermejo Formation (Cretaceous) are the primary sources of methane within the Raton Basin.
Gas production from the coal beds depends upon hydraulic fracturing technologies to enhance and
create fracture porosity, permeability, and gas flow. In contrast to shale gas and most conventional
energy resource development, recovery of CBM typically occurs at relatively shallow depths, sometimes
within or in close proximity to aquifers classified as Underground Sources of Drinking Water (USDW).
For example, the Raton and Vermejo formations and the Poison Canyon Formation, which overlies the
Raton Formation, are sources of ground water for domestic wells and municipal water supply wells
within the Raton Basin.

Water quality samples were collected from 14 domestic wells, five monitoring wells, three production
wells, and three surface water bodies during four sampling rounds in October 2011, May 2012,
November 2012, and April/May 2013 (see Appendices A and B of this report). The production wells and
monitoring wells were maintained and operated by Pioneer Natural Resources (Las Animas County) and
Petroglyph Energy, Inc. (Huerfano County). The domestic well locations for this case study were based
on homeowner concerns regarding potential adverse impacts on their well water and the potential
association with drilling, hydraulic fracturing, and/or CBM development in the vicinity of their homes.
Specific sampling locations were selected based on criteria such as well depth, geologic and hydrologic
characteristics, and proximity to CBM wells. In order to help differentiate potential impacts from
hydraulic fracturing or processes related to hydraulic fracturing from other potential contaminant
sources that may have caused or contributed to alleged impacts on water quality, detailed
environmental record searches were conducted (see Appendix C of this report).

The sampling locations selected by EPA for this case study focused on three areas: the Little Creek Field
area in south-central Huerfano County; the North Fork Ranch area in western Las Animas County; and
the Arrowhead Ranchettes area, also located in western Las Animas County. Water samples were
analyzed for metals, anions, dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), dissolved
gases (e.g., methane and ethane), volatile organic compounds (VOCs), semivolatile organic compounds
(SVOCs), low-molecular-weight acids (LMWAs), glycol ethers, gasoline-range organics (GRO), diesel-
range organics (DRO), dissolved strontium isotope ratios (¥’Sr/%°Sr), and stable isotopes of oxygen and
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hydrogen in water (8" 04120, 8°Huao), carbon and hydrogen in methane (8Ccpa, 8*Hena), carbon in
dissolved inorganic carbon (DIC; 8%Cpic), sulfur and oxygen in sulfate (8**Ss04, 6'20s04), and sulfur in
hydrogen sulfide (8*'Sy2s). These data were collected in order to evaluate possible scenarios of drinking
water impairment that may be related to CBM development, such as: (i) potential interactions between
produced water and shallow ground water via fluid migration, spills, and/or infiltration; (ii) potential for
migration of chemicals used in hydraulic fracturing formulations into shallow ground water; (iii)
potential gas migration from hydraulically fractured zones in the Raton and Vermejo formations into
shallow ground water aquifers, including the Poison Canyon Formation and alluvial fill deposits; and (iv)
secondary biogeochemical affects related to the migration and reaction of methane in shallow aquifers
used for drinking water.

Major ion data collected for this study were compared to historical water quality data obtained from the
literature, as well as from state and national databases, including water quality and geochemical surveys
conducted by the Colorado Oil and Gas Conservation Commission (COGCC), the U.S. Geological Survey
(USGS) National Water Information System (NW!IS), and the USGS National Uranium Resource Evaluation
(NURE) database. The latter two data sources provide water quality data for samples collected prior to
1990 and, therefore, help establish baseline water quality conditions before significant CBM
development occurred within the Raton Basin. Statistical comparisons were made between the data
collected for this study and historical data in order to identify possible temporal trends in water quality
parameters.

Temporal change in major ion chemistry, or lack thereof, at specific locations provides a reasonable
approach for assessing potential ground water impacts related to fluid migration. Water co-produced
with natural gas in the Raton Basin has a distinctive geochemical signature: sodium-bicarbonate type
water with moderate concentrations of total dissolved solids (TDS); low concentrations of sulfate,
calcium, and magnesium; variable chloride concentrations; enriched 13Cic; low oxidation-reduction
potential (ORP); and elevated concentrations of dissolved methane and ferrous iron. Concentrations of
arsenic in produced water did not exceed the Maximum Contaminant Level (MCL) of 10 pg/L. This
geochemical signature contrasts with shallower aquifers used for drinking water, including the Poison
Canyon Formation and alluvial fill deposits. The geochemical signature in these shallower aquifers
includes more variable major ion compositions (calcium-bicarbonate, sodium-bicarbonate, and sodium-
sulfate water types); lower specific conductance (SPC); generally lower chloride and higher sulfate
concentrations; depleted B3Coic; and variable redox conditions. This contrast in geochemistry provides
distinguishing characteristics for detecting and quantifying potential fluid mixing. Water quality data
collected in the Raton Basin from drinking water aquifers before CBM development show similar ranges
in SPC values, and no discernible shifts in major ion chemistry were apparent when compared to data
collected during this study. The sampling locations examined in this study also showed consistent major
ion patterns over the one-and-a-half-year period of the project. These time-independent trends in
major ions suggest that significant water migration from gas-producing zones to shallower aquifers used
for drinking water has not occurred.

Over the duration of this study, water samples were analyzed for organic chemicals; these
measurements evaluated a total of 133 organic compounds. The purpose of these analyses was to
investigate the potential occurrence in ground water and surface water of chemicals generally
documented as components of hydraulic fracturing fluids, and specifically the chemicals used in
fracturing fluids that have been applied in Colorado (e.g., glycol ethers, ethanol, isopropanol, 2-
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butoxyethanol, petroleum distillates, acetic acid). In this study, glycol ethers were not detected in
ground water samples collected from domestic wells or monitoring wells; low levels of diethylene glycol
and triethylene glycol were detected in one of the production wells during the last sampling event
(April/May 2013). Tert-butyl alcohol (TBA), diesel-range, and gasoline-range organics were detected at
levels greater than quantitation limits (QL) in some domestic wells, monitoring wells, and production
wells; detections varied by study area. Detected concentrations of VOCs were 0.3 to 5.1 orders of
magnitude below EPA’s drinking water standards (MCLs, where available for benzene, toluene,
ethylbenzene, xylenes, methylene chloride, and chloroform). These compounds were typically found in
produced water sampled from wells and permitted surface discharge. Almost half of the detected
organic compounds (46%) were hydrocarbons commonly, but not solely, associated with petroleum fuel
releases. The low-level detection of these compounds, coupled with no documentation of any fuel
releases or their use in hydraulic fracturing fluids within the vicinity of the study areas, suggests that the
origin of these compounds is derived from interactions between organic matter and ground water. The
presence of BTEX (benzene, toluene, ethylbenzenes, and xylenes) compounds and benzene derivatives is
consistent with results reported for other areas developing CBM resources and may reflect solubilization
of coal material, as a by-product of natural water-rock interactions or enhanced solubilization due to
injecting fluid with solvent-like properties into coal seams.

The concentration and geographic distribution of TBA detections collected during this study are unique
in an area where no documented anthropogenic sources exist. TBA was detected in ground water
samples collected from domestic, monitoring, and production wells in this study; detected
concentrations ranged from 6.9 to 1,310 micrograms per liter (ug/L). EPA does not have a MCL for TBA;
however, several states have passed drinking water action levels because of its potential human toxicity.
While a likely source of TBA in ground water is as a degradation product of the fuel oxygenate
compounds methyl tert-butyl ether (MTBE) and/or ethyl tert-butyl ether (ETBE), no gasoline spills were
documented within the impacted areas and MTBE was banned from use, as a fuel oxygenate, in the
state of Colorado in 2002. However, several non-gasoline-related sources of TBA exist: (i) TBA can be
produced as a biochemical and/or chemical breakdown product of tert-butyl acetate (TBAc); (ii) TBA can
form through the chemical decomposition of tert-butyl hydroperoxide (TBHP); (iii) TBA can be
microbially generated from isobutane; or (iv) TBA can be produced by the reaction of isobutylene and
water in the presence of a catalyst. Available data indicate that TBHP, a chemical sometimes used in
hydraulic fracturing formulations as a gel breaker, was not used in CBM-related hydraulic fracturing
applications within the Raton Basin. Prior to April 1, 2012, operators within the state of Colorado were
not required to publically disclose information regarding hydraulic fracturing treatments (COGCC, 2011).
Consequently, information is unavailable before that time about whether TBA or chemicals that degrade
to TBA were used for hydraulic fracturing near the sampling locations of this study. Due to limited
experimental and field data, the formation pathway(s) of TBA and the primary controls on its spatial
occurrence are unresolved and both anthropogenic and natural sources are possible.

Methane occurs naturally in ground water in the Raton Basin and is commonly present in Cretaceous-
and Tertiary-age coal seams and sedimentary deposits. Methane dissolved in water is odorless and
tasteless; at high concentrations, dissolved methane can outgas and produce flammable or explosive
environments. Dissolved methane was ubiquitous in ground water samples collected in this study.
Methane was detected in every domestic well sampled; mean concentrations ranged widely, from about
0.003 to 12.4 milligrams per liter (mg/L), with a median value of 0.46 mg/L. Six domestic wells sampled
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in this study had a methane concentration above the COGCC cautionary level of 1.1 mg/L that can lead
to buildup of explosive quantities of gases in small enclosed areas. Methane was also detected in all of
the production wells and monitoring wells sampled during this study. In addition, methane was
detected in surface water, typically at low levels (<0.05 mg/L) at locations down gradient of surface-
discharged CBM water. At locations where methane concentrations were sufficient, carbon (613CCH4)
and hydrogen (8’Hcua) isotopes of methane were measured to compare the origin of methane in the
domestic wells with the methane present in the gas-producing Raton and Vermejo coal-bearing
formations. A variety of isotope patterns and potential sources were identified in this study. Methane
isotope data collected from domestic wells and monitoring wells in the North Fork Ranch study area
indicate that the methane is microbially sourced and distinctive from the thermogenic gas present in the
CBM-producing coal beds. In one domestic well from the Arrowhead Ranchettes study area, a large
isotopic shift was observed over the course of four sampling events. At this location, the isotopic
composition of methane progressively transitioned from a thermogenic signature during the first
sampling event to a mixed thermogenic/biogenic signature during the later three rounds. The rapid
change in the isotopic composition at this location could be due to gas migration; based on the carbon
isotope compositions of methane (8"*C¢y4) and dissolved inorganic carbon (8*Cpc), the isotopic shift in
8Ccua relative to 8"Cpc suggests a transition to an environment characterized by acetate fermentation.
Finally, domestic wells in the Little Creek Field area contained methane with a thermogenic signature,
similar to gas from deeper CBM-producing coal beds, but with a distinct trend indicative of methane
oxidation.

A methane oxidation trend was revealed at the Little Creek Field sampling area, located in Huerfano
County. Following a series of hydraulic fracturing applications in 2005, gas and water production in the
Little Creek Field began to rapidly increase, and positive production trends continued into 2007. In the
spring of 2007, it was discovered that methane was venting into domestic water wells completed in the
shallow Poison Canyon aquifer system. During this time, as methane vented into the shallow aquifer
used for drinking water, free-phase gas was also present and dissolved gas concentrations increased in
water withdrawn from drinking water wells. A remediation system, designed for the Poison Canyon
aquifer, appeared to reduce the free-phase gas; however, dissolved methane concentrations showed
more variable trends with time. This case study evaluated the intermediate-term response and water
quality characteristics of the shallow aquifer several years after the unanticipated methane release.
Stable isotope patterns of carbon and hydrogen in methane (8"*Ccua, 8°Hepa), DIC (8"Cpic), and sulfur in
sulfate (8**Sso4) and hydrogen sulfide (5**Sy,s), indicate that methane has been attenuated in the aquifer
via dissimilatory bacterial sulfate reduction under anaerobic conditions. Consequently, concentrations
of dissolved sulfate have decreased while dissolved hydrogen sulfide has increased; a maximum
dissolved sulfide concentration of 36.6 mg/L was measured at one location during this study. The build-
up of significant dissolved sulfide concentrations at some of the sampled domestic water locations
suggests a deficiency of reactive iron within the aquifer and/or elevated rates of sulfide production that
exceed the intrinsic capacity of the system to remove sulfide via mineral precipitation. Analysis of
methane concentrations over time provides no clear answer about the timeframe necessary for
dissolved methane levels to decrease to pre-release levels. The persistence of anaerobic methane
oxidation within this area is questionable in the long term due to the potential exhaustion of terminal
electron acceptor(s) and a lack of electron acceptor replenishment given the inferred slow rates of
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ground water movement and recharge within the study area. Some domestic wells in this area have
been equipped with water treatment units to remove dissolved methane and dissolved sulfide.

Key observations/findings from this study are summarized below.

Recovery of CBM in the Raton Basin occurs within or in close proximity to resources classified as
Underground Sources of Drinking Water. Within the Raton Basin, the estimated vertical
separation between CBM production intervals and water-supply wells ranges from <100 feet to
more than 2,000 feet.

The sampling locations examined in this study showed consistent major ion patterns over the
one-and-a-half-year period of the project. Time-independent trends in major ions suggest that
significant water migration from gas-producing zones to shallower aquifers used for drinking
water has not occurred.

Glycol ethers were not detected in samples from domestic wells, monitoring wells, or surface
water. Low levels of diethylene glycol and triethylene glycol were estimated in one of the
production wells during the last sampling event. No clear evidence of impacts to homeowner
wells from injected hydraulic fracturing fluids was indicated in this study.

Concentrations of BTEX compounds were 0.7 to 5.1 orders of magnitude below EPA’s drinking
water standards. The presence of BTEX compounds and benzene derivatives in ground water
from the Raton Basin is consistent with results reported for other areas developing CBM
resources and may reflect water-rock interactions and solubilization of coal material.

TBA was detected in ground water samples collected from three domestic wells, two monitoring
wells, and one production well at concentrations ranging from 6.9 to 1,310 ug/L. The formation
pathway of TBA is unresolved; both anthropogenic and natural sources are possible for the
occurrence of TBA documented in this study.

Methane was ubiquitous in ground water samples collected in this study. In domestic wells,
mean concentrations varied widely from about 0.003 to 12.4 mg/L. Methane isotope data
collected from domestic wells and monitoring wells in the North Fork Ranch study area indicate
that the methane is microbially sourced and distinctive from the thermogenic gas present in the
underlying CBM-producing coal beds.

Approximately two years after the Little Creek Field had been hydraulically fractured, a
documented gas migration event occurred in this area. This resulted in thermogenic gas from
the Vermejo Formation moving upward into the shallower Poison Canyon Formation. Analysis
indicates that sulfate-dependent anaerobic oxidation of methane was occurring, and elevated
dissolved sulfide concentrations in ground water reflected secondary biogeochemical changes
related to the migration and reaction of methane within a shallow aquifer used for drinking
water.
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1. Introduction

Recent advances in drilling technologies (horizontal drilling) and well stimulation (hydraulic fracturing)
have resulted in large-scale development of unconventional reserves of oil and gas across a wide range
of geographic regions and geologic formations in the United States. These reserves are considered
unconventional, because they are bound up in low-permeability reservoirs such as shale, tight sands,
limestone, and coal beds, and recovery of these reserves was previously uneconomical. While some of
this new development is occurring in areas with mature oil and gas fields, areas with little to no previous
oil and gas development are now being developed. As a result, there are rising concerns over potential
impacts on human health and the environment, including potential effects on drinking water resources.
Environmental concerns include the potential for contamination of shallow ground water by stray gases
(methane), fracturing chemicals associated with unconventional gas development, and formation
waters.

Congress urged the U.S. Environmental Protection Agency (EPA), in December 2009, to study hydraulic
fracturing and its relationship to drinking water resources (U.S. House of Representatives, 2009). The
study was to be conducted using an approach that relied on the best available science, including
independent sources of information, and through a transparent, peer-reviewed process to ensure the
validity and accuracy of the data. EPA consulted with other federal agencies and appropriate state and
interstate regulatory agencies to carry out the study (US EPA, 2010a). In February 2011, EPA issued the
Draft Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources (US EPA,
2011a). The final Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water
Resources was released in November 2011 (US EPA, 2011b).

In 2011, EPA began to research the potential impacts of hydraulic fracturing on drinking water
resources, if any, and to identify the driving factors that could affect the severity and frequency of any
such impacts. EPA scientists focused primarily on hydraulic fracturing of shale formations, with some
study of other oil- and gas-producing formations, including coal beds. EPA designed the scope of the
research around five stages of the hydraulic fracturing water cycle (US EPA, 2012).

Each stage of the cycle is associated with a primary research question:

e Water acquisition: What are the potential impacts of large-volume water withdrawals from
ground water and surface water on drinking water resources?

e Chemical mixing: What are the potential impacts of hydraulic fracturing fluid surface spills on or
near well pads on drinking water resources?

e Well injection: What are the potential impacts of the injection and fracturing process on
drinking water resources?

e Flowback and produced water: What are the potential impacts of flowback and produced water
(collectively referred to as “hydraulic fracturing wastewater”) surface spills on or near well pads
on drinking water resources?

e Wastewater treatment and waste disposal: What are the potential impacts of inadequate
treatment of hydraulic fracturing wastewater on drinking water resources?
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Prior to the release of the study plan, EPA invited the public to nominate specific regions of the United
States for inclusion as potential sites for case studies. The plan identified 41 potential retrospective case
study sites. The retrospective case studies were to focus on investigating reported instances of drinking
water resource contamination in areas where hydraulic fracturing had already occurred and were
intended to inform several of the primary research questions related to chemical mixing, well injection,
and flowback and produced water. Of the 41 sites nominated during the stakeholder process, EPA
selected five sites across the United States at which to conduct the retrospective case studies. The sites
were deemed illustrative of the types of problems that were reported to EPA during stakeholder
meetings held in 2010 and 2011. Additional information on site selection can be found in US EPA
(2011b). EPA’s plan for the retrospective case studies was to determine the presence and extent of
drinking water resource contamination, if any, as well as whether hydraulic fracturing, or related
processes, contributed to the contamination. Thus, the retrospective sites were expected to provide
EPA with information regarding key factors that may be associated with drinking water contamination
from hydraulic fracturing activities (US EPA, 2011b).

In 2011, EPA began conducting investigations at the five selected locations: Washington County,
Pennsylvania (southwestern Pennsylvania); Bradford County, Pennsylvania (northeastern Pennsylvania);
Wise County, Texas; Las Animas and Huerfano counties, Colorado (Raton Basin); and Dunn County,
North Dakota (Killdeer). This report discusses the retrospective case study conducted in the Raton
Basin, in Colorado, which was selected as an example of a region with coalbed methane (CBM)
development.

The Raton Basin Retrospective Case Study was conducted within Huerfano and Las Animas counties,
located in southern Colorado (see Figure 1). The general study areas for focused sampling are shown in
Figure 1, within the areas defined as “Search Areas.” These Search Areas are defined and described in
further detail in later sections of this report. Hydraulic fracturing operations within these areas target
coal beds, interbedded with sandstones and shales, within the Raton and Vermejo formations. The
Raton Basin of northern New Mexico and southern Colorado (see Figure 2) is one of several key basins in
the Rocky Mountain region currently producing commercial quantities of CBM; other producing basins
include the Greater Green River Basin (Colorado and Wyoming), the Powder River Basin (Montana and
Wyoming), and the San Juan Basin (New Mexico and Colorado; US EPA, 2010b).

Coal responds to increasing temperature and pressure over time by changing rank, or thermal maturity.
The classification of coal progresses from the lowest rank—lignite—to the highest rank—anthracite.
During this maturation process, increased volumes of methane are generated (Kim, 1973). The methane
present in coals is either adsorbed onto coal surfaces and within pore spaces, as free gas in pores and
fractures, or dissolved in ground water in coal beds (Koenig, 1989). To produce methane from coal,
water must be pumped out of fractures and cleats to lower the hydrostatic pressure; this causes
methane to desorb from the coal surfaces, move out of the coal, and flow into the well bore (USGS,
2000; Watts, 2006a). Consequently, both water and gas are brought to the land surface during CBM
production. The co-produced water can have variable quality, depending on coal rank and
characteristics of the subsurface geology and hydrology (e.g., see Dahm et al., 2011). Surface disposal of
co-produced water can potentially impact streams that feed into drinking water resources (Batley and
Kookana, 2012). Disposal by subsurface reinjection of the water increases production costs and has
been linked to seismic activity in some areas (Van der Elst et al., 2013; Keranen et al., 2013). In contrast
to shale gas and most conventional oil and gas development, recovery of CBM typically occurs at
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Figure 1. Map showing the location of areas sampled during this case study. The Raton Basin retrospective case study was conducted in
Huerfano and Las Animas counties, located within the Colorado portion of the Raton Basin.
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relatively shallow depths, sometimes within or in close proximity to resources classified as Underground
Sources of Drinking Water (USDW, e.g., US EPA, 2004). Within the Raton Basin, the estimated vertical
separation between CBM production intervals and water-supply wells ranges from <100 feet to more
than 2,000 feet (Watts, 2006b). Issues regarding water withdrawal and hydraulic fracturing in or near
drinking water aquifers have led to public concerns about the application of hydraulic fracturing
techniques and potential impacts on the availability and quality of ground water resources.

The sampling locations for this case study were based on homeowner concerns regarding potential
adverse impacts on their well water and the potential association with drilling, hydraulic fracturing,
and/or CBM development in the vicinity of their homes. Specific sampling locations were selected
based on criteria such as well depth, geologic and hydrologic characteristics, and proximity to CBM
wells. The Raton Basin study specifically focused on three areas: the Little Creek Field area within south-
central Huerfano County, the North Fork Ranch area within western Las Animas County, and the
Arrowhead Ranchettes area, also located within western Las Animas County (see Figure 2).

The Little Creek Gas Field is located southwest of Walsenburg, Colorado, and was developed by
Petroglyph Energy, Inc. between 1996 and 2007. Hydraulic fracturing was completed in the Little Creek
Field in 1998, 2004, and 2005. Following a series of three hydraulic fracturing applications in 2005, gas
and water production began to rapidly increase, and positive production trends continued into 2007. In
the spring of 2007, it was discovered that potentially explosive levels of methane were venting into
domestic water wells completed in the shallow aquifer system of the Poison Canyon Formation (COGCC,
2007a). The methane was tested, and isotopic analyses indicated that the free-flowing gas was the
same as the methane that was being produced from coal beds located within the Vermejo Formation;
however, no migration pathway was determined (Norwest Questa, 2007a; 2007b). In July 2007,
Petroglyph shut-in 52 gas wells in the field at the request of the Colorado Qil and Gas Conservation
Commission (COGCC; COGCC, 2008). In January 2008, the COGCC issued Order 1-C6, which outlined a
three-phase plan (Methane Investigation, Monitoring, and Mitigation Program, MIMMP; see COGCC,
2008) to mitigate the methane migration and potentially allow operations to eventually resume in the
field. To help constrain the migration of methane, a hydraulic barrier was created: methane dissolved in
the water was removed, and the ground water was then re-injected into the same shallow aquifer. This
configuration of extraction and injection wells was expected to create a hydraulic gradient, allowing the
methane and ground water to flow toward the pumping capture well and prevent gas migration
(Norwest Questa, 2007b).

At the time when methane vented into the shallow aquifer used for drinking water, free-phase gas was
present and dissolved gas concentrations increased in the water withdrawn from drinking water wells.
Over time, the remediation system for the Poison Canyon aquifer appeared to reduce free-phase gas
flow to domestic wells; in September 2011, the remediation system was shut down. Sampling for this
retrospective case study was conducted from October 2011 to April/May 2013 and provided an
opportunity to evaluate the water quality characteristics, and intermediate-term response, of the
shallow aquifer system several years after the unanticipated methane release. It was expected that this
aspect of the case study would provide a context for other regions that have experienced gas migration
and provide new information about the processes and rates of methane attenuation in a drinking water
aquifer after remediation and abatement of the source of methane.
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The North Fork Ranch area within the Raton Basin is located approximately 25 miles west of Trinidad,
Colorado. Inthe summer of 2006, a contractor hired by Pioneer Natural Resources Company began
drilling the borehole for the surface casing of the Molokai #13-36 TR CBM well. Shortly thereafter, a
mechanical problem occurred with the main air compressor and the drill bit became stuck in the open,
uncased borehole. The contractor pressurized the drill pipe in an unsuccessful attempt to remove the
drill bit (COGCC, 2010). The following day, residents observed pulsed geysering of water from a
domestic well in the vicinity of the drilling activity on the Molokai 13-36 pad (COGCC, 2010). Local
residents became concerned that CBM development and drilling activities could potentially have
adverse effects on domestic drinking water wells in the area. The COGCC subsequently approved a work
plan for Pioneer to install monitoring wells and obtain water quality and water level data prior to, and
during, CBM development within an area where drinking water was obtained from the shallow and
intermediate aquifers (COGCC, 2010; Norwest Applied Hydrology, 2006). This aspect of the
retrospective case study was intended to provide additional follow-up studies and evaluation of ground
water and surface water quality in the North Fork Ranch area. The Arrowhead Ranchettes subdivision,
located approximately 8.5 miles east of the North Fork Ranch area, was selected as an additional
sampling area based on homeowner concerns regarding the quality of water from their domestic wells.

This report provides the Raton Basin Retrospective Case Study data and discussion of results. The
following sections of this report provide the purpose and scope of this case study, site background,
study methods, historical water quality data, analysis of the study sample data, discussion of site-specific
topics, and a summary of the case study findings.

11
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2. Purpose and Scope

As a component of EPA’s National Study of the Potential Impacts of Hydraulic Fracturing on Drinking
Water Resources (US EPA, 2012), five retrospective case studies were conducted to investigate reported
instances of drinking water resource contamination in areas of natural gas development and use of
hydraulic fracturing technology. These studies were intended to inform primary research questions
related to the hydraulic fracturing water cycle (US EPA, 2012).

This report describes the general water quality and geochemistry of ground water in the Raton Basin of
Colorado. The selected study sites are located within the Colorado portion of the basin and include
parts of Las Animas and Huerfano counties. This region is undergoing increasing development of its
CBM resources, and hydraulic fracturing practices within this area focus on recovering gas from CBM
formations (Watts, 2006a). The water quality results presented herein are used to evaluate the
potential impacts on drinking water resources, if any, from various land-use activities within the region
and are not restricted to CBM development, extraction, and production. Ground water wells (which
include domestic wells, monitoring wells, and production wells) and surface water locations were
sampled over 19 months at three geographic areas within the basin: North Fork Ranch (Las Animas
County), Arrowhead Ranchettes (Las Animas County), and the Little Creek Field (Huerfano County).

This report presents analytical data for water samples collected from 26 locations during four sampling
rounds: October 2011, May 2012, November 2012, and April/May 2013. The water samples were
analyzed for over 235 constituents, including organic compounds, nutrients, major and trace elements,
dissolved gases, and selected isotopes. Ground water and surface water quality data, as well as
summary statistics, are presented for these analytes. In addition to the chemical data collected
specifically for this study, this report incorporates publically available historical water quality datasets
collected within the Raton Basin, as well as the results from environmental site assessments of the
sampled areas performed as a part of this study.

Each of the retrospective case study sites differs in geologic and hydrologic characteristics; however,
generally similar research approaches were followed at the case study locations to assess potential
drinking water impacts. As described by US EPA (2012), a tiered approach was followed to guide the
progress of the retrospective case studies. The tiered scheme uses the results of successive steps, or
tiers, to refine research activities. This report documents progress through the Tier 2 stage and includes
the results of water sampling activities and evaluation of water quality impacts. The approach for Tier 2
efforts included a literature review of background geology and hydrology; the choice of sampling
locations and the development of a site-specific Quality Assurance Project Plan (QAPP); sampling and
analysis of water wells, produced water, and surface water; analysis of historical background data and
evaluation of new results against background data; statistical and geochemical evaluation of water
quality data; evaluation of potential drinking water contamination; and identification of potential
sources of identified contamination, if applicable. Further evaluation of identified contaminant sources
and contaminant transport and fate, including the collection of site-specific hydrogeologic information,
is not part of the scope of this report.

12
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3. Study Area Background

The Raton Basin is a north-south trending sedimentary and structural depression located along the
eastern edge of the Rocky Mountains, between the Sangre de Cristo Mountains to the west and the
Apishapa, Las Animas, and Sierra Grande arches to the east (Watts, 2006a). This chevron-shaped basin
encompasses roughly 2,200 square miles of southeastern Colorado and northeastern New Mexico (US
EPA, 2004) and extends from southern Colfax County, New Mexico, northward into Huerfano County,
Colorado (US EPA, 2004; see Figure 2). It is the southernmost of several major coal-bearing basins
located along the eastern margin of the Rocky Mountains (Johnson and Finn, 2001). The basin is
asymmetrical, with the deep basin axis located along the western margin of the trough, just east of the
Sangre de Cristo Mountains (Johnson and Finn, 2001), and the structurally lowest part of the basin is
north of the Spanish Peaks, as indicated by structural contours marking the top of the Trinidad
Sandstone (see Geldon, 1989).

The sampling points described in this report are located in the Colorado portion of the Raton Basin,
including areas in western Las Animas County and south-central Huerfano County (see Figure 2). These
areas are bounded by the Great Plain physiographic province on the east, and the Southern Rocky
Mountain province on the west. The landscape of the study area is characterized by semi-arid high
plains mixed with, in some areas, very steep and rugged terrain. Stream erosion has created numerous
canyons and arroyos (Howard, 1982). The average annual total precipitation in Las Animas County is
about 14 inches, with the majority of the precipitation occurring from June to September (Colorado
Climate Center, 2014a). The average annual total precipitation in Huerfano County is about 15 inches,
with the majority of precipitation falling in March and April, and then in July and August (Colorado
Climate Center, 2014b). Higher amounts of precipitation occur mainly as snow at upper elevations and
near the crests of the Sangre de Cristo Mountains. Snowmelt from the mountains supplies much of the
base flow to major streams in the area (McLaughlin, 1966).

3.1. Geology

A thick sequence of Upper Cretaceous and Tertiary coal-bearing clastic sedimentary rocks is preserved
within the basin. The sedimentary sequence exposed within the Raton Basin was deposited during the
regression of the Cretaceous Interior Seaway, and the stratigraphy reflects well-developed flow-through
fluvial systems that contained peat-forming swamps (Cooper et al., 2007; Flores, 1993). Sedimentary
rocks in the region (see Figures 3 and 4), from oldest to youngest, include the Pierre Shale, Trinidad
Sandstone, and Vermejo Formation of Late Cretaceous age; the Raton Formation of Late Cretaceous and
Paleocene age; the Poison Canyon Formation of Paleocene age; and the Cuchara and Huerfano
formations of Eocene age (Johnson et al., 1956). Late Upper Cretaceous and lower and middle Tertiary
rocks occupy the deepest part of the basin, and the study sites are located within this region.

Numerous discontinuous and thin coal beds are located within the Vermejo and Raton formations,
which lie directly above the Trinidad Sandstone. The upper Trinidad intertongues with, and is overlain
by, the coal-bearing Vermejo Formation (Topper et al., 2011). This sandstone layer serves as a “marker”
for the area because no coals are found below this sandstone (Lewicki, 2001). The Vermejo Formation
consists of interbedded buff to gray shale, carbonaceous shale, coal, and slightly arkosic fine- to
medium-grained sandstones. These deposits represent channel and channel-margin deposits, including
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marsh, swamp, lake, and crevasse splay environments (Howard, 1982), and coal formation occurred
within channel-margin deposits. When present, the thickness of the Vermejo Formation ranges from
about 150 feet within the southern part of the basin to 410 feet within the northern part (Lewicki,
2001). The Vermejo contains 3 to 14 coal beds, over 14 inches thick, over the entire basin, and total coal
thickness typically ranges from 5 to 35 feet (US EPA, 2004). The nearshore, fluvial-deltaic deposits of the
Vermejo Formation contain the best developed and most laterally extensive coal beds in the basin
(Topper et al., 2011). This unit is believed to be the slightly younger equivalent of an identical lithofacies
unit represented by the coal-bearing Fruitland Formation of the San Juan Basin (Jurich and Adams,
1984).

The late Cretaceous to Paleocene Raton Formation overlies the Vermejo Formation and is the second
coal-bearing formation within the basin. Total thickness of the Raton Formation ranges from 0 to 2,100
feet and is composed of three generally recognizable field divisions: a basal sandstone, conglomeratic
throughout most of the western part of the basin; a lower zone, predominantly sandstone, siltstone,
and mudstone; and an upper coal zone, consisting of sandstone, siltstone, mudstone and beds of coal
(Jurich and Adams, 1984; Johnson and Finn, 2001). The thickest coal-bearing zone of this formation
ranges from O feet in the western part of the basin to over 1,000 feet in the central part (Jurich and
Adams, 1984); individual seams range in thickness from several inches to greater than 10 feet thick (US
EPA, 2004). All commercial coal beds, which have been mined extensively and are currently being
developed for CBM production, occur in this zone (Lewicki, 2001). These coal units are the likely source
of gas found in sandstones within this formation (Johnson and Finn, 2001).

Resting on top of the Raton Formation is the Paleocene-age Poison Canyon Formation, which ranges in
thickness from 0 to 2,500 feet (Jurich and Adams, 1984). This unit consists of interbedded coarse-
grained conglomeratic, arkosic sandstone, mudstone and siltstone; locally thin, irregular, impure coal
beds occur near the base of this formation (Jurich and Adams, 1984). The Poison Canyon lies
unconformably over the Raton Formation in the western portion of the basin (Howard, 1982), and
becomes finer-grained toward the east (Johnson and Finn, 2001).

Clastic deposits of the Eocene-age Cuchara and Huerfano formations overlie the Poison Canyon
Formation within, and northwest of, the Spanish Peaks area (Figure 3; Topper et al., 2011). The Cuchara
Formation, which overlies the Poison Canyon with marked unconformity, is composed of beds of red,
pink, and white sandstone and thin beds of red and tan shale; where present, they measure up to 5,000
feet in thickness. The Huerfano Formation, consisting of interbedded arkose and greywacke
conglomerate, conglomeratic sandstone, siltstone, and minor claystone, appears to lie conformably on
the Cuchara Formation on the north and east flanks of West Spanish Peak, but unconformably on the
south and west flanks of the peak (Johnson, 1961; Jurich and Adams, 1984).

Quaternary alluvial deposits of limited extent and thickness have been deposited along the present
stream and river drainages and consist of gravel, sand, and silt, with minor amounts of cobbles and
boulders derived from eroded sedimentary and igneous rocks (Powell, 1952; Topper et al., 2011). These
deposits are generally less than 10 feet thick but may be up to 40 feet thick in some locations (Topper et
al., 2011).

Epeirogenic movements and orogenic episodes, associated with Laramide deformation, are recorded in
the strata and faults and folds that modify the regional structure (Geldon, 1989). The complex structural
history is reflected by angular unconformities and lithologic changes within sedimentary rocks located in
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the basin and characterized by a steeply tilted, overturned, and faulted western limb, a gently sloping
eastern limb, and a broad, central portion in which the beds are essentially horizontal (Johnson et al.,
1956; Jurich and Adams, 1984). Folds with small amplitude occur throughout the basin (Geldon, 1989).
Several small normal faults occur northeast of Weston, Colorado. These nearly vertical faults trend
north, east, northeast, and northwest, and have displacements of less than 50 feet (Johnson, 1961).

Miocene and Pliocene igneous dikes, sills, plugs, stocks, and laccoliths, ranging in age from 6.7 to 29.5
million years (my), frequently intrude the coal-bearing Vermejo and Raton formations (Flores and Bader,
1999). The intrusions are composed of basalts, lamprophyres, andesites, and rhyolites (Miggins, 2002).
The most prominent igneous features are those related to the Spanish Peaks and their associated radial
dike swarm, located in the north-central portion of the basin (Cooper et al., 2007); intrusion probably
took place at intervals during the late Eocene or early Oligocene time (Johnson, 1961). These dikes,
almost all of which are vertical or nearly so, range from 1 foot to nearly 100 feet in width and extend for
a maximum distance of approximately 14 miles (Johnson, 1961; see Figure 3). A separate system of
subparallel dikes affects coal seams throughout the entire basin; these intrusions have a roughly east-
west orientation, which varies from west-southwest in the northern part of the basin to west-northwest
in the southern portion, always trending normal to the Sangre de Cristo Mountains (Cooper et al., 2007,
Flores and Bader, 1999; see Figure 3). The dikes vary in thickness from a few inches to more than 100
feet, and are up to 14 miles in length; they are presumed to be intruded into fracture systems that
resulted from structural deformation of rock units by intrusive igneous activity (Johnson, 1960; Howard,
1982; Flores and Bader, 1999). The formation of these intrusions altered millions of tons of coal to
natural coke and may have played a minor role in generating some of the large CBM resources currently
being exploited in this region (Cooper et al., 2007).

3.2. Hydrology

3.2.1. Surface Water

The hydrologic framework of the Raton Basin consists of three main drainages and is part of the larger
Arkansas River Basin. Much of the Raton Basin coal-bearing region is deeply incised by two of the three
major drainages within the basin, and includes the Purgatoire and Apishapa rivers and their tributaries.
The headwaters of these drainages originate in the Culebra Range (Abbott, 1985). The Cucharas River,
north of the Spanish Peaks, drains the northern portion of the basin. All three rivers flow east and are
tributaries of the Arkansas River. A number of stream segments within each of these drainages are
currently found on Colorado’s 2012 303(d) list for impairment due to selenium and mercury; it is unclear
if the source of the impairments are natural (Colorado Department of Public Health and Environment,
2012).

Annual precipitation in the Raton Basin generally correlates to elevation, ranging from over 30 inches
per year in the Spanish Peaks to less than 16 inches per year in eastern portions of the basin (Hathaway
and Grigsby, 2008). Distribution of precipitation over time is uneven; much of the precipitation in the
plains is from intense summer storms. Precipitation in the mountains results in the formation of a deep
snowpack that accumulates during winter months then melts and runs off in the spring and early
summer. The Cucharas, Apishapa, and Purgatoire rivers are all sustained by mountain snowpack
(Abbott, 1985).
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3.2.2. Ground Water

The principal bedrock aquifers in the Raton Basin are the Dakota Sandstone-Purgatoire aquifer (Early
Cretaceous), Raton-Vermejo-Trinidad aquifer (Early Tertiary—Late Cretaceous), Cuchara-Poison Canyon
aquifer (Eocene), and volcanic rock aquifers (Tertiary; Abbott et al., 1983). The Raton-Vermejo-Trinidad
aquifer is confined at depth while the Cuchara-Poison Canyon aquifer is a water table aquifer; alluvial
aquifers can be in hydrologic connection between the bedrock aquifer system or perched above the
bedrock water table (Howard, 1982). Within these units, sandstone and conglomerate layers transmit
most of the water, while shale and coal layers generally retard flow; however, fracture networks within
the shales and coals can also transmit water. Talus and alluvium yield small to large quantities of water
but are limited in aerial extent, and discharges from these units fluctuate seasonally (Abbott et al.,
1983). Sources of recharge for the aquifers include runoff from the Sangre de Cristo Mountains,
precipitation infiltration, and infiltration from streams and lakes.

Ground water flow is generally radial from the Spanish Peaks, and regional flow is from west to east,
except where it is intercepted by valleys that cut into the rock (Howard, 1982; Oldaker, 1988; Watts,
2006a). Flow is generally lateral and parallel with bedding but also can be downward where fractures
connect permeable rock. The depth to ground water depends mostly on topographic position; in all
areas but the southeast corner of the basin, water can be encountered at less than 200 feet below land
surface (Abott et al., 1983). In stream valleys, ground water is usually less than 100 feet below land
surface, and some of this water discharges as springs or flows into stream alluvium. Depth to ground
water is also affected by geology: abrupt changes in aquifer permeabilities can result in perched waters,
and clusters of springs are often located at or near the contact between the Cuchara-Poison Canyon and
Raton-Vermejo-Trinidad aquifers. Aquifer testing within the Raton-Vermejo aquifers reported hydraulic
conductivity values that ranged from 0 to 45 feet per day (Abbott et al., 1983), and from 0.06 to 15 feet
per day for the Cuchara-Poison Canyon aquifer system (Geldon and Abbott, 1985). Based on static
water level data, Howard (1982) concluded that the Raton-Vermejo-Trinidad aquifer and the overlying
unconfined Cuchara-Poison Canyon aquifer are separate and under different pressure heads, suggesting
that downward movement of shallow(er) ground water to deeper zones may occur. In some areas
within the basin, dikes and sills act as barriers to flow and force water to the surface as springs; in other
areas, secondary permeability, resulting from fracturing of bedrock during intrusive igneous activity,
causes dewatering of the water table (Howard, 1982). Fractures associated with the Spanish Peaks
cause dewatering and leakage between aquifer systems; while dewatering the water table aquifers,
these fractures are an important source of recharge to the confined units below (Howard, 1982).
Alluvial aquifers are recharged by meteoric water and stream channel loss; these aquifers are often
perched on top of less permeable bedrock (Howard, 1982). Generally, the alluvium deposited by the
Purgatoire and Apishapa rivers transmits water more readily than alluvium deposited in tributary
canyons; hydraulic conductivity values ranged between 0.01 and 1,880 feet per day within alluvial
deposits (Geldon, 1989).

The geologic formations can have distinctive ground water chemistry. The Cuchara-Poison Canyon
aquifer is typically calcium-bicarbonate water type, with low total dissolved solids (TDS) concentrations
(<500 mg/L). In contrast, the Raton-Vermejo-Trinidad aquifer is generally sodium-bicarbonate water
type, with higher average TDS concentrations (<1,500 mg/L). Abbott et al. (1983) noted that
concentrations of boron, fluoride, iron, manganese, mercury, nitrate, selenium, and zinc were higher in
localized areas due to geologic processes and human activities. High concentrations of fluoride occur
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within the Poison Canyon and Raton formations, possibly due to dissolution of detrital fluorite. Iron and
manganese concentrations can be elevated, particularly in areas where coals are present, partly due to
the dissolution of pyrite, siderite, and/or rhodochrosite contained in the coal seams. Nitrate enrichment
occurs most often in alluvial aquifers where fertilizers and/or animal wastes add nitrogen (Abbott et al.,
1983).

3.3. Coal and Coalbed Methane Production

The Raton Basin contains substantial resources of high- and medium-volatile bituminous coals that
extend from outcrops along the periphery to depths of at least 3,000 feet in the deepest parts of the
basin (Jurich and Adams, 1984). These coal beds have been extensively mined in the peripheral outcrop
belt, along major stream valleys, and within a few structural uplifts within the interior of the basin (Dolly
and Meissner, 1977). Commercial mining of the Vermejo and Raton formation coals began in the 1870s
(Hemborg, 1998); historically, at least 371 mines have operated within the region (Boreck and Murray,
1979), and the last remaining coal mine closed in 1995. However, in early 2010, the New Elk mine
(subsurface coal mine), located in Las Animas County, was reopened for rehabilitation and subsequent
coal production; it is currently the only active mine within the Raton Basin.

The earliest recorded CBM well in the state of Colorado was drilled in 1951 within the Fruitland
Formation of the San Juan Basin. In 1978, the U.S. Geological Survey (USGS) ran tests and discovered
that the Raton Basin had high CBM production potential (Danilchik, 1979). Over 500 billion cubic feet
(Bcf) of gas has been produced in the Colorado portion of the Raton Basin since initiation of production
in the 1980s (Hathaway and Grigsby, 2008); however, major exploration began in the mid-1990s with
the development of infrastructure to transport the gas out of the basin (Colorado Geological Survey,
2000). Prior to 1995, there were no gas distribution lines out of the Raton Basin and fewer than 60 wells
had been drilled (Flores and Bader, 1999). Most, if not all, wells in the Raton Basin require hydraulic
fracture stimulation to attain economic levels of gas production (Flores and Bader, 1999). CBM
production involves the dewatering of coal beds, which reduces the pore pressures and allows the
methane gas to move freely from the coal. The methane gas is captured through production wells and
then sent to market via pipeline. The locations of gas fields developed for CBM in Las Animas and
Huerfano counties and the sampling locations of this study are shown in Figures 5 and 6. In 2007, CBM
activities temporally ceased within Huerfano County due to uneconomical production of the coal seams.

CBM resources contained in the Vermejo and Raton formations are estimated to be approximately 4.3
trillion cubic feet (Tcf) (U.S. Energy Information Administration, 2007). Expansion of CBM operations has
focused on the development of the Vermejo coals, because these coals are thicker and more continuous
than those located in the Raton Formation (US EPA, 2004). Annual production of CBM in Colorado has
increased from approximately 26 Bcf in 1990 to 486 Bcf in 2012 (U.S. Energy Information Administration,
2013). Since 2002, production has remained relatively stable (U.S. Energy Information Administration,
2013). It was estimated that Colorado’s CBM contribution was approximately 3% of the nation’s total in
1993, and increased to approximately 7% by the end of 1999 (Colorado Geological Survey, 2000). The
Raton Basin has shown annual production increases since 1999, with maximum production occurring in
2008 (115 Bcf; COGCC, 2014a). In 1999, annual production was approximately 30,000 million cubic feet
(Mmcf), and production has increased each year since, reaching just under 100,000 Mmcf in 2006, with
approximately 2,000 wells in the Raton Basin (see Figure 7; U.S. Energy Information Administration,
2013; COGCC, 2014a). Annual ground water withdrawals for CBM production increased from about 1.45
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Figure 7. CBM production through time in Colorado and the Raton Basin, 1999—2013 (production in billion cubic
feet, Bcf; data from COGCC, 2014a).

billion gallons (from 480 wells) to about 3.64 billion gallons (from 1,568 wells) during 1999-2004 (Watts,
2006Db).

Coal beds targeted for development occur within some of the same formations as aquifers used for
water supply (Watts, 2006a; 2006b). Oil and gas operations, including the issuing of permits for drilling
and operation, well spacing requirements, well bore construction, and well site reclamation, are
regulated by the COGCC, under COGCC 100-1200 Series Rules. The COGCC also regulates the
abandonment of wells and the treatment and disposal of oil and gas exploration and production waste.
Air requirements, water requirements, and hazardous and solid waste requirements (not including oil
and gas exploration and production wastes), are regulated by the Colorado Department of Public Health
and Environment—Air Pollution Control Division, Water Quality Control Division, and the Hazardous
Materials and Waste Management Division, respectively (Colorado Department of Public Health and
Environment, 2013).
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3.4. Land Use

Huerfano and Las Animas counties are sparsely populated, rural counties in Colorado. During the latter
part of the nineteenth century, cattle ranching became the first major economic activity within these
counties. At the end of the nineteenth century, and during the first part of the twentieth century, coal
mining and coke production became major industries in both counties (Murray, 1978). However, the
coal mining industry started to decline in the 1920s (Huerfano County Government, 2011). According to
Worrall (2003), before 1990 there was little oil and gas development in the northern Raton Basin; more
recently CBM development and extraction efforts were renewed in the mid-1990s (US EPA, 2012).

Huerfano County’s Comprehensive County Plan describes the county as being “primarily a rural county”
(Huerfano County Government, 2011), while Las Animas County government’s website describes the
county as mostly rural and relying “heavily on farming and ranching as its main economic engine” (Las
Animas County Government, 2013). Land use maps for Las Animas and Huerfano counties, presented in
Figures 8 and 9, were created using data from the National Land Cover Database (NLCD) and reflect land
use activities within Las Animas and Huerfano counties in 1992 and 2006; land use data are also shown
in Tables 1 and 2 (USGS, 2012). The NLCD is based upon 30-meter-resolution data from the Landsat
satellite, and the 2006 dataset is the most recent available. Although these land use data (1992, 2006)
are not quantitatively comparable due to changes in input data and mapping methodologies (see Multi-
Resolution Land Characteristics Consortium, 2013), the NLCD data indicate that, in both years,
grassland/herbaceous, forests, and shrub/scrub were the largest land use categories in Las Animas and
Huerfano counties. Additional analyses of land use and qualitative land use change, with particular
focus in the areas adjacent to the sampling locations of this study, are presented in Appendix C.

3.5. Potential Contaminant Sources

A causal assessment approach was adopted in all of the retrospective case studies to evaluate potential
contaminant sources. Causal assessment is defined as the organization and analysis of available
evidence to evaluate links between apparent environmental impacts and potential causes, and the
assessment of the level of confidence in these causal links.

A list of candidate causes (i.e., hypothesized causes of an environmental impairment that are sufficiently
credible to be analyzed; US EPA, 2000a) was developed for this retrospective case study and included
the Little Creek Field, North Fork Ranch, and Arrowhead Ranchettes study areas. Environmental
stressors were evaluated by examining potential causes and effects. Candidate causes included
potential sources that could impact the environment and contribute to any detected levels of surface
and/or ground water contamination. Candidate causes were categorized as follows:
industrial/commercial land use, historical land use (e.g., farming and mining), current drilling
processes/practices, historical drilling practices, and naturally occurring sources. In order to determine
whether the presence of other potential sources of contamination existed, unrelated to drilling and
hydraulic fracturing processes, a background assessment was conducted; this evaluation is described
below and in more detail in Appendix C. Where appropriate, the results of the environmental record
assessment are integrated into the analysis of the water quality data in following sections of this report.
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The background assessments utilized the following databases:

Environmental records search: Environmental record searches were performed by obtaining
environmental record reports from Environmental Data Resources, Inc. (EDR). EDR provides a
service for searching publically available databases, as well as data from their own proprietary
databases. Record searches were conducted in defined buffer zones around sampling locations
(see search areas in Figures 10 and 11 and in Appendix C).

Well inventory: Existing oil and gas well inventories were prepared on the same search areas
used for the EDR reports using COGCC's oil and gas well database
(http://cogcc.state.co.us/cogis).

State record summary: The COGCC Information System website (http://cogcc.state.co.us/cogis)
was used to find up-to-date well records for the study areas. The database provides information
on inspection and pollution prevention visits, including a listing of all inspections that have
occurred at each well on record, whether violations were noted, and any enforcement that may
have resulted. The system provides multiple options to search for records.

Table 1. Land use in Las Animas County in 1992 and 2006.

1992 2006
e e Sauare | o ot rotal | SI | g o Tota
Grassland/herbaceous 3,358.5 70.4 2,879.9 60.3
Evergreen forest 691.9 14.5 785.7 16.5
Shrub/scrub 413.0 8.7 875.6 18.3
Deciduous forest 191.6 4.0 97.8 2.0
Row/cultivated crops 47.3 1.0 34.5 0.7
Pasture/hay 26.1 0.5 13.0 0.3
Transitional 19.3 0.4 0.0 0.0
Barren 8.5 0.2 8.1 0.2
Mixed forest 7.9 0.2 19.5 0.4
Developed 7.2 0.2 23.8 0.5
Open water 1.3 0.0 2.4 0.0
Fallow 0.2 0.0 0.0 0.0
Urban/recreational grass 0.0 0.0 0.0 0.0
Perennial ice/snow 0.0 0.0 0.0 0.0
Woody wetlands 0.0 0.0 19.9 0.4
Emergent herbaceous wetlands 0.0 0.0 12.8 0.3
Total 4,772.8 100.0 4,773.0 100.0

Source: US Geological Survey (2012).

26



http://cogcc.state.co.us/cogis
http://cogcc.state.co.us/cogis

Retrospective Case Study in the Raton Basin, Colorado May 2015

Table 2. Land use in Huerfano County in 1992 and 2006.

1992 2006
and e Square |y ot toral | SIUE | g ot roga

Grassland/herbaceous 742.3 46.6 776.9 48.8
Shrub/scrub 394.5 24.8 301.1 18.9
Evergreen forest 253.3 15.9 350.1 22.0
Deciduous forest 118.4 7.4 83.7 53
Pasture/hay 34.3 2.2 10.0 0.6
Row/cultivated crops 16.5 1.0 0.7 0.0
Barren 12.5 0.8 15.1 0.9
Transitional 7.9 0.5 0.0 0.0
Mixed forest 6.3 0.4 27.0 1.7
Developed 3.7 0.2 11.1 0.7
Open water 1.8 0.1 2.2 0.1
Urban/recreational grass 0.4 0.0 0.0 0.0
Emergent herbaceous wetlands 0.1 0.0 5.9 0.4
Perennial ice/snow 0.1 0.0 0.0 0.0
Woody wetlands 0.0 0.0 8.3 0.5

Total 1,592.1 100.0 1,592.1 100.0

Source: US Geological Survey (2012).
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locations within the Arrowhead Ranchettes study area; sample points within Search Areas B and C are
located within the North Fork Ranch study area. See Table 3 for well types.
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4.Study Methods

In Las Animas County, the sampled domestic wells and monitoring wells ranged in depth from 60 to 585
feet below land surface. Production wells, located within the Raton and Vermejo coal formations,
ranged in depth from 2,405 to 3,040 feet below land surface, respectively. Ground water samples were
obtained from production wells to establish the chemical and physical characteristics of ground water
associated with CBM-producing coal zones within the study areas; this information was important to
evaluate and understand potential interactions between waters from different aquifers, as well as the
surface environment. In Huerfano County, domestic wells and monitoring wells ranged in depth from
323 to 706 feet below land surface.

Wherever possible, ancillary data for each well were collected during or near the time of sample
collection and included latitude and longitude (recorded with a handheld global positioning system
[GPS] device), topographic setting, depth, diameter, screened interval, casing material, and static water
level (depth to water). Samples were analyzed for geochemical parameters (pH, specific conductance
[SPC], oxidation-reduction potential [ORP], dissolved oxygen [DO], alkalinity, ferrous iron, and dissolved
sulfide), major ions, nutrients, trace metals, volatile organic compounds (VOCs), semivolatile organic
compounds (SVOCs), diesel-range organics (DRO), gasoline-range organics (GRO), glycol ethers
(diethylene glycol, triethylene glycol, and tetraethylene glycol), low-molecular-weight acids (lactate,
formate, acetate, propionate, isobutyrate, and butyrate), dissolved gases (methane, ethane, propane,
and butane), strontium isotope ratios (Sr/%°Sr), and selected stable isotopes (8"*Ccua, 8°Hena, 8Corc,
8020, 8*Hizo, 6>*Ss0a, 880504, 6>*Syzs). A detailed description of the sampling methods, analytical
methods, quality assurance (QA), and quality control (QC) is provided in the QAPP for this study (Wilkin,
2013). The laboratories that performed the analyses for each sampling event are listed in Table Al of
Appendix A and analytical results for the sample measurements are tabulated in Appendix B.

4.1. Sampling Locations

Water quality samples were collected from 14 different domestic wells, three production wells, five
monitoring wells, and three surface water locations during four sampling rounds in October 2011, May
2012, November 2012, and April/May 2013 (see Tables 3 and 4). The selected study sites are located
within the coal-bearing portion of the Raton Basin in Colorado. The first study area is located north-
northwest of Trinidad, Colorado, along the western margin of the basin. Figure 10 identifies the
sampling locations and the search areas for which environmental record assessments were performed.
Search Area A contains two sampling locations in the Arrowhead Ranchettes subdivision; Search Area B
includes one surface water sampling location in Wet Canyon; and Search Area C includes 14 sampling
locations within the North Fork Ranch subdivision (see Figure 10). The second study area is located
south-southwest of Walsenberg, Colorado, in the eastern side of the basin. Figure 11 identifies the
sampling locations and the search area in which the environmental assessment was performed. While
the stratigraphic sedimentary sequences are similar in the different study areas, the thickness of
individual formations, past igneous activity, and the structural history of the sites differ.

Four sampling rounds (rounds 1 through 4) were conducted, commencing in October 2011 and ending in
April/May 2013 (see Tables 3 and 4). During round 1 (October 2011), samples were collected from 20
locations, including two production wells, five monitoring wells, 12 domestic wells, and one surface
water body. In round 2 (May 2012), round 3 (November 2012), and round 4 (April/May 2013), water
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samples were collected from two production wells, three monitoring wells, 12 domestic wells, and three
surface water locations (20 total locations). In round 3, one domestic well was sampled at the wellhead
(RBDWO6) and at the kitchen tap (RBDW15) in order to evaluate the effectiveness of a
methane/hydrogen sulfide treatment system. The water treatment system appeared to be functioning
properly and the concentration of hydrogen sulfide and methane in water collected from the
homeowner’s kitchen faucet was significantly less than water collected at RBDWO6 (see Tables B-1 and
B-5). No anomalous results were observed and the location was not sampled in future sampling events.
Reasons for including or excluding a location during a sampling round included access issues and QA/QC
constraints (e.g., homeowner well function).

Table 3. Information for wells sampled during this study in Las Animas County, CO.

Well Geologic Sampling Round’ Latitude Longitude Elevation Well
Sample ID Typel Em? (°N) (W) (ft) Depth
1 2 3 4 (ft BLS)
North Fork Ranch
RBDWO01 DW QA X X NS* NS 37.17826 -104.95889 7530 140
RBDWO02 DW PC-SA X X X X 37.21538 -104.96784 7897 170
RBDWO3 DW PC-SA X X X X 37.19978 | -104.96972 7664 100
RBDWO04 DW PC-SA X NS X X 37.20798 | -104.97005 7762 507
RBDWO5 DW PC-SA X X X X 37.19659 | -104.96214 8091 450
RBDW13 DW QA NS X X X 37.18218 | -104.96314 7527 60
RBMWO01 MW PC-SA X X X X 37.22180 | -104.96442 7933 70
RBMWO02 MW PC-SA X X X X 37.21264 | -104.95832 7899 140
RBMWO03 MW PC-SA X X X X 37.21958 -104.95528 8383 585
RBPWO1 PW RT-CA X X X X 37.21975 -104.95507 8383 2405
RBPWO02 PW VMI-CA X NS NS NS | 37.22068 | -104.97320 8007 2635
RBPWO03 PW VMJ-CA NS X X X 37.19850 -104.80655 7270 3040
RBSWO01 SW NA® X X X X 37.17757 -104.95537 7461 NA
RBSW02 SW NA NS X X X 37.19778 -104.87917 7316 NA
RBSWO03 Sw NA NS X X X 37.19583 | -104.94722 7717 NA
Arrowhead Ranchettes
RBDW11 DW RT X X X X 37.19861 | -104.80667 7270 120
RBDW12 DW -- X NS NS NS | 37.19861 | -104.80333 7270 --

Well Type: PW = Production Well; MW = Monitoring Well; DW = Domestic Well; SW = Surface Water.

Geologic formation the wells were screened in: QA = Quaternary Alluvium; PC-SA = Poison Canyon sandstone aquifer; RT =
Raton Formation; RT-CA = Raton Formation coal aquifer; VMJ-CA = Vermejo Formation coal aquifer.

Sampling Events: round 1 = October 2011; round 2 = May 2012; round 3 = November 2012; and round 4 = April/May 2013.
NS = Not Sampled.

NA = Not Applicable.
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Table 4. Information for wells sampled during this study in Huerfano County, CO.

sample ID _:Nelll Geolozgic Sampling Round’ Latitude Lon§itude Elevation D‘I(:I:tIIP!
ype Fm 1] 2| 3| a (*N) (*w) (ft) (ft BLS)
Little Creek Field
RBDWO06 DW PC-SA X X X X | 37.52175 | -104.87707 7175 323
RBDWO07 DW PC-SA X X X X | 37.57250 | -104.85194 6503 345
RBDWO0S DW PC-SA X X X X | 37.54083 | -104.88250 6804 607
RBDWO09 DW PC-SA X X X X | 37.54250 | -104.87944 6781 706
RBDW10 DW PC-SA X X X X | 37.55333 | -104.88472 6690 615
RBDW14 DW PC-SA | NS* | X X X | 37.56611 | -104.88806 6634 432
RBDW15 | Res’ NA® NS | NS | X | NS | 37.52132 | -104.87863 7175 NA
RBMWO4 | MW PC-SA X | NS | NS | NS | 37.53658 | -104.88336 6838 695
RBMWO5 | MW PC-SA X | NS | NS | NS | 37.54911 | -104.88207 6656 591

Well Type: PW = Production Well; MW = Monitoring Well; DW = Domestic Well; SW = Surface Water.

Geologic formation the wells were screened in: QA = Quaternary Alluvium; PC-SA = Poison Canyon sandstone aquifer; RT =
Raton Formation; RT-CA = Raton Formation coal aquifer; VMJ-CA = Vermejo Formation coal aquifer.

Sampling Events: round 1 = October 2011; round 2 = May 2012; round 3 = November 2012; and round 4 = April/May 2013.
NS = Not Sampled.

Res = Residence. Sample was collected from a kitchen faucet, post-treatment of RBDWO06.

NA = Not Applicable.

o U o~ w

4.2. Water Collection

Sample bottles for each location were uniquely labeled prior to each sampling round, and all labels were
color-coded by analytical parameter. Table A2 of Appendix A identifies the pre-cleaned bottle types and
number of sample bottles needed for each laboratory analysis.

Water samples were collected as close to the ground water pump as possible to yield samples that were
unaffected by contamination caused during sample collection, and representative of environmental
conditions. Teflon-lined polyethylene tubing was connected to the pump output at each sample
location; clean tubing was used prior to sampling and filtration and discarded after use. Tubing was not
used at sample location RBDW15 (round 3, November 2012); this water sample was collected from the
homeowner’s kitchen faucet.

Unfiltered samples were collected first for the following parameters: dissolved gases, VOCs, SVOCs,
DRO, GRO, glycol ethers, low-molecular-weight acids (LMWAs), total metals, 8"*Ccya, and 8*Hepa.
Samples for dissolved metals, anions, nutrients, dissolved inorganic carbon (DIC), 88Cpc, dissolved
organic carbon (DOC), 8040, 8 Hizo, 8*Ssoa, 820504, 8*Suas, and Sr isotopes were filtered onsite using
0.45-micron pore-size, disposable-capsule filters (Millipore). Approximately 100 milliliters (mL) of
ground water were passed through the filter, to waste, prior to filling sample bottles. The date and time
of collection and the initials of the sampler were recorded for each location. Sample preservation and
holding time requirements for each sample type are described in Table A2 of Appendix A.
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4.3. Purging and Sampling at Domestic Wells

A well volume approach, combined with the monitoring of stabilization parameters (pH, SPC, ORP, and
DO), was used for purging domestic wells (Yeskis and Zavala, 2002). Domestic wells were sampled using
downhole pumps (homeowner), via homeowner taps, or by accessing the well directly using a
submersible pump (Proactive Monsoon®) fitted with Teflon-lined polyethylene tubing. When possible,
the ground water level was measured using a Solinist® water level indicator and tracked every 10 to 15
minutes during well purging. Most samples (all except RBDW15) were collected directly from the wells
before any water treatment. Initial flow rates were obtained at each location; wells were then purged
at a flow rate of approximately 0.5 to 10 gallons per minute. The rate of purging was determined by
measuring the volume of water collected after a unit of time into a large metered pail or graduated
cylinder. Water quality parameters were continuously monitored, and recorded using a YSI 556 multi-
parameter probe system to track the stabilization of pH (<0.02 standard units per minute), ORP (<2 mV
per minute), SPC (<1% per minute), DO, and temperature. Water flow through the cell housing the
multi-parameter probe was maintained at about 0.25 to 0.50 gallons per minute; all excess purge water
was valved to waste. Sample collection began after parameter stabilization had occurred, and all
samples were stored on ice until processed for shipping.

4.4. Purging and Sampling at Production and Monitoring Wells

Production and monitoring wells were sampled in cooperation with contractors from Pioneer (North
Fork Ranch) and Petroglyph (Little Creek Field) using dedicated downhole pumps. Company
representatives operated all equipment around the wells.

Production wells were continuously purged. Samples were collected at the wellhead after stable
electrode readings for pH, ORP, SPC, DO, and temperature were obtained. Monitoring wells were
purged approximately three well volumes prior to sampling, with the exception of RBMWO03.
Monitoring well RBMWO03 was a low-yield well, and continuous ground water pumping and monitoring
of parameters to stability was not possible. Therefore, for low-yield well sampling, the
recommendations of Yeskis and Zavala (2002) were followed. This method included purging until the
well was emptied, recharging the well for about 24 hours, and then collecting representative samples of
the fresh recharge to the well. General parameter measurements were made in static mode without
continuous flow.

4.5. Sampling at Surface Water Locations

Surface water samples were collected from flowing streams at three locations to establish potential links
between observed ground water quality and surface water quality. Measurement of stabilization
parameters and sample collection occurred simultaneously; parameters were recorded every 2 minutes
for a minimum of 30 minutes at each surface water site, or until electrode readings stabilized. Sample
bottles were submerged in the surface water (<0.5 m depth) to just below the surface and filled as grab
samples for unfiltered samples. Sampling of surface waters was performed to minimize capture of
sediment. Filtered samples were obtained by pumping water from the stream through Teflon-lined
polyethylene tubing and a 0.45-micron, high-capacity filter using a peristaltic pump (Pegasus Pump
Company Alexis®). Approximately 100 mL of surface water was passed through the filter, to waste, prior
to filling the sample bottles. The samples were stored on ice prior to leaving the sampling location.
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4.6. Sample Shipping/Handling

At the conclusion of each day, samples were organized by analytical parameter, placed together into
sealed Ziploc plastic bags, and transferred to coolers filled with ice. Glass bottles were packed in bubble
wrap to prevent breakage. A temperature blank and a chain-of-custody form were placed in each
cooler. Coolers were sealed, affixed with a custody seal, and sent to the appropriate lab via express
delivery, generally within 24 hours of collection, depending on sample holding time requirements.
Sample bottles for 8%Ccua and 8”Hepa analyses were placed in an inverted position in coolers and
maintained in the inverted position throughout shipment to the analytical laboratory.

4.7. Water Analysis

4.7.1. Field Parameters

Temperature, SPC, pH, ORP, and DO were continuously monitored during well purging using a YSI 556
multi-parameter probe and flow-cell assembly. Electrode measurements of SPC were correlated to the
concentration of TDS (Appendix B). YSI electrodes were calibrated every morning prior to sampling
following the manufacturer’s instructions. A National Institute of Standards and Technology (NIST)-
traceable 1,413 microsiemen per centimeter (uS/cm) SPC standard was used for calibration and
performance checks. NIST-traceable buffer solutions (4.00, 7.00, and 10.01) were used for pH
calibration and performance checks. An Orion ORP standard was used for calibration and performance
checks of redox potential measurements. DO sensors were calibrated with air, and low-oxygen
measurement performance was tested with a zero-oxygen solution (sodium sulfite). The probe was
stored in pH 4.00 buffer solution when not in use.

After well parameters stabilized in each well (except for RBMWO03, see above), a 500-mL sample was
collected for field determinations of alkalinity, turbidity, ferrous iron, and dissolved sulfide. Duplicate
measurements, at a minimum, were collected for each parameter. For all collected samples, alkalinity
measurements were determined by titrating ground water samples with 1.6N sulfuric acid (H,SO,) to the
bromcresol green-methyl red endpoint using a Hach titrator (EPA Method 310.1). Turbidity
measurements (EPA Method 180.1) were determined with a Hach 2100Q portable meter. Ferrous iron
measurements were collected using the 1,10-phenanthroline colorimetric method (Hach DR/890
colorimeter, Standard Method 3500-FeB for Wastewater). Dissolved sulfide measurements were
obtained using the methylene blue colorimetric method (Hach DR/2700 spectrophotometer, Standard
Method 4500-5*D for Wastewater).

Hach spectrophotometers (for ferrous iron and sulfide) and turbidimeters (for turbidity) were inspected
before going into the field, and their functionality was verified using performance calibration check
solutions. Instrument calibration checks were conducted at least every other day during each sampling
round. Ferrous iron accuracy was checked by making duplicate measurements of a 1-mg Fe/L standard
solution (Hach Iron Standard solution, using Ferrover reagent); the results ranged from 0.90 to 1.10 mg
Fe/L. The accuracy of dissolved sulfide measurements was checked by measuring standard solutions
prepared in the laboratory by purging dilute sodium hydroxide solution (0.0001 M) with 1.0% H,S gas
(balance Ny); the results of spectrophotometric measurements were within 20% of expected
concentrations. Turbidity was checked against formazin turbidity standards supplied by Hach (10, 20,
100 and 800 NTU). Titrant cartridges used for alkalinity measurements were checked using a 100-mg/L
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sodium bicarbonate (NaHCO;) solution. Blank solutions (deionized water) for each parameter were
measured at the beginning of the day, at midday, and at the end of the day.

4.7.2. Analytical Methods for Ground Water and Surface Water

Water samples were collected and analyzed using the methods identified in Table A2 of Appendix A.
The laboratories that performed the analyses, per sampling round, are identified in Table Al. A total of
2,155 samples (not including duplicates of glass containers) were collected and delivered to (up to) 10
laboratories for analyses. Anions, nutrients, DIC, and DOC were analyzed following all sampling events.
Quantitative analysis of the major anions bromide (Br), chloride (CI), fluoride (F’), and sulfate (SO,”)
was determined by capillary ion electrophoresis (EPA Method 6500) using a Waters Quanta 4000
Capillary lon Analyzer. Nutrients (NO;+ NO,, NH;) were measured by flow injection analysis (EPA
Method 350.1 and 353.1) on a Lachat QuickChem 8000 Series flow injection analyzer. The carbon
concentrations of DIC and DOC in samples were determined via acidification and combustion followed
by infrared detection (EPA Method 9060A) on a Shimadzu TOC-VCPH Analyzer.

Dissolved gases (methane, ethane, propane, and butane), LMWAs (lactate, formate, acetate,
propionate, isobutyrate, and butyrate), and the stable isotopes of water (8°H, 8'®0) were analyzed by
Shaw Environmental for rounds 1, 2, and 3 and by CB&I for round 4. Dissolved gases were measured
using gas chromatography (Agilent Micro 3000 gas chromatograph) following a modification of the
method described by Kampbell and Vandegrift (1998). The concentrations of LMWAs were determined
using high-performance liquid chromatography (HPLC; Dionex lcs-3000). The hydrogen (8°H) and oxygen
(8180) isotope ratios of water were determined by isotope ratio mass spectrometry (TC/EA, Finnigan
Delta Plus XP IRMS) for aqueous samples collected during round 1; cavity ring-down spectrometry was
used to measure water isotope ratios in samples collected during rounds 2, 3 and 4 (Picarro L2120i
CRDS). The oxygen and hydrogen isotope ratio values are reported in terms of permil (%o, parts per
thousand) notation with respect to the Vienna Standard Mean Ocean Water (VSMOW) standard.

The analysis of DRO, GRO, and SVOCs in water samples collected during rounds 1 through 4 was
performed by the EPA Region 8 Laboratory. DRO and GRO were determined by gas chromatography,
using a gas chromatograph equipped with a flame ionization detector (EPA Method 8015B; Agilent
6890N GC). The concentrations of SVOCs were determined by gas chromatography (GC)/mass
spectrometry (MS) (EPA Method 8270D; HP 6890 GC and HP 5975 MS).

VOCs were measured by Shaw Environmental for samples collected during rounds 1, 2 and 3 using
automated headspace GC/MS (EPA Methods 5021A and 8260C; Agilent 6890/5973 Quadrupole GC/MS).
Samples from rounds 3 and 4 were analyzed by SwRI using purge-and-trap GC/MS (EPA Method 8260B;
Agilent 6890N GC/MS). For the round 3 sampling event, a double lab comparison was conducted
between Shaw Environmental and SwRI to compare the analytical methods for VOCs, particularly
detection capabilities for tert-butyl alcohol (TBA). The results of the double lab comparisons for VOCs,
presented in Table A26 of Appendix A, were generally in good agreement, with the exception of toluene
which was detected at low levels. The differences in toluene measurements between the two labs are
not considered to be significant because of the low concentrations present in the samples compared
(0.4-3.2 pg/L; see Appendix A). The double lab comparison verified the occurrence of TBA that was
detected at some of the locations included in this case study during every sampling round.
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Glycols (2-butoxyethanol, diethylene glycol, triethylene glycol, and tetraethylene glycol) were measured
by the EPA Region 3 Laboratory for samples collected during rounds 1, 2, and 4, and by the EPA Office of
Research and Development (ORD)/National Exposure Research Laboratory (NERL), Las Vegas, for round
3. Samples were analyzed by HPLC coupled with positive electrospray ionization (ESI+) tandem mass
spectrometry (MS/MS; Waters HPLC/MS/MS with a Waters Atlantis dC18 3um, 2.1x150mm column).
Over the course of this case study, the glycol method was in development. A verification study of the
method was completed using volunteer federal, state, municipal, and commercial analytical
laboratories. The study indicated that the HPLC/MS/MS method was robust, had good accuracy and
precision, and exhibited no matrix effects for several water types that were tested (Schumacher and
Zintek, 2014).

For samples collected in rounds 1 and 2, major cation and trace metals were determined for filtered
(dissolved metals) and unfiltered (total metals) samples by Shaw Environmental. Major cations were
analyzed using inductively coupled plasma—optical emission spectroscopy (ICP-OES; EPA Method 200.7;
Optima 3300 DV ICP-OES); trace metals were determined by inductively coupled plasma—mass
spectroscopy (ICP-MS; EPA Methods 6020A; Thermo X Series Il ICP-MS). Unfiltered samples were
prepared prior to analysis by microwave digestion (EPA Method 3015A). Total and dissolved trace
metals were analyzed through EPA’s Contract Laboratory Program (CLP) for round 2. Samples were
prepared and analyzed following CLP methodology (Method ISM01.3). Total and dissolved metal
analyses for samples collected during rounds 3 and 4 were conducted by SwRI, in accordance with EPA
Methods 6020A (ICP-MS) and 200.7 (ICP-OES). Unfiltered samples were digested prior to analysis (EPA
Method 200.7). Mercury concentrations were determined by cold-vapor atomic absorption (EPA
Method 7470A; PerkinElmer FIMS 400A).

Samples collected during all sampling events were submitted to Isotech Laboratories for stable isotope
measurements of DIC (8*Cp,c) and methane (8"Ccua, 8*Hena)- Samples were also collected for isotope
analysis of sulfide (83*Sy,s) and sulfate (8**Ssos, 8*20s04) during rounds 2, 3, and 4. The 8"Cp,c was
determined using gas stripping and isotope ratio mass spectrometry (IRMS). Elemental analyses,
coupled to an isotope ratio mass spectrometer, were used to obtain methane (8"Ccpa, 6°Hena), sulfide
(8**Sy,5), and sulfate (6345504, 5'80504) measurements. The carbon isotope ratio value is reported in
terms of permil notation with respect to the Vienna Pee Dee Belemnite (VPDB) standard. The hydrogen
and oxygen isotope ratio values are reported in terms of permil notation with respect to the VSMOW
standard. The sulfur isotope ratio is reported in terms of permil notation with respect to the Vienna
Canyon Diablo Troilite (VCDT) standard.

Strontium isotope ratios (¥’Sr/®°sr) and rubidium (Rb) and strontium (Sr) concentrations were measured
by the USGS for samples collected during all sampling events (rounds 1 through 4). High precision (20 =
+0.00002) strontium isotope ratio results were obtained via thermal ionization mass spectrometry
(TIMS; Finnigan Mat 262) using methods described in Peterman et al. (2012).

4.8. QA/QC

Field QC samples for ground water and surface water sampling are summarized in Table A3 of Appendix
A and in the QAPP (Wilkin, 2013). QC samples included several types of blanks and duplicate samples.
In addition, adequate volumes were collected to allow for laboratory matrix spike samples to be
prepared, where applicable. All of the QC sample types were collected, preserved, and analyzed using
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methodologies identical to those used for water samples collected in the field. Appendix A presents
detailed QA practices and the results of QC samples, including discussions of chain of custody, holding
times, blank results, field duplicate results, laboratory QA/QC results, data usability, double lab
comparisons, performance evaluation samples, QAPP additions and deviations, field QA/QC, application
of data qualifiers, tentatively identified compounds (TICs), audits of data quality (ADQ), and field and
laboratory Technical System Audits (TSAs). All reported data met project requirements unless otherwise
indicated by application of data qualifiers. The application of data qualifiers and data usability is
discussed in Appendix A. Detection and reporting limits for all analytes, per sample type, are provided in
Tables B1-B6 in Appendix B.

4.9. Data Handling and Analysis

For each sampling location from this study, geochemical parameters and the major ion water quality
data collected over the multiple sampling events (n = 4) were averaged in order to compare data from
this study with historical data. This approach ensured that more frequently sampled locations were
given equivalent weight in the data analyses; however, a shortcoming of this method is that potential
temporal variability in concentration data at a single location was not captured. Intra-site variability of
the data collected in this study was examined by evaluating time-dependent concentration trends at
specific locations. For each sampling location, summary statistics were calculated for selected
parameters (e.g., mean, median, standard deviation, and minimum and maximum values). The results
of the dissolved (filtered) metals analyses were used for comparison purposes with historical water
quality data. Parameters with non-detect values were set at half the minimum detection limit; summary
statistics determined for parameters that showed mixed results, both above and below the quantitation
limit (QL), were generally determined only when over 50% of the concentration data were above the QL
(US EPA, 2000b). In rare cases, concentration values set at half the MDL were used for calculating
summary statistics, and these cases are noted in the tabulated data. Organic compounds, detected over
the four sampling rounds, were grouped by analyte type, and mean values and concentration ranges
were tabulated. Dissolved gas concentrations were treated in a similar manner.

The software package AqQA (version 1.1.1; Standard Methods, 2012) was used to evaluate internal
consistency of water compositions by calculating cation/anion balances and by comparing measured
and calculated electrical conductivity values (see Appendix A, Table A25). Major ion charge balance was
calculated by comparing the summed milliequivalents of major cations (calcium, magnesium, sodium,
and potassium) with major anions (chloride, sulfate, bicarbonate, fluoride) using Eqn. 1, where the
charge balance error is based on a percentage difference between the total positive charge and the total
negative charge:

(X cations— Y, anions)

Charge balance error (%) = X 100| (1)

(& cations+ Y, anions)

The calculated charge balance error over the four sampling rounds ranged between 0.0 and 13.2%; 90%
of the samples collected for this study had a charge balance error less than 5% (see Appendix A). The
saturation index for calcite and fluorite was determined using the Geochemist’s Workbench package
(version 8; Bethke, 1996). Mineral equilibria calculations were made using temperature and
concentrations of base species: major cations (Na*, K*, Ca**, Mg®"), anions (CI', SO,*, HCO3’, F), and pH.
Activity corrections were made using the Debye-Hiickel equation (Stumm and Morgan, 1996). The
Lawrence Livermore National Laboratory (LLNL; EQ3/6) thermodynamic database was selected for use in
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the calculations (Delany and Lundeen, 1990). For these calculations, charge imbalance was handled by
compensating with chloride for samples with an anion deficit or by compensating with sodium for
samples with a cation deficit. Only samples with a charge balance error <5% were used for determining
saturation indices.

Historical ground water quality data for the Raton Basin in Colorado were gathered from Powell (1952),
McLaughlin et al. (1961), Howard (1982), ESN Rocky Mountain (2003), COGCC (2003a), Dahm et al.
(2011), the USGS National Water Information System (NWIS) database (USGS, 2013a), and the USGS
National Uranium Resource Evaluation (NURE) database (USGS, 2013b). The secondary data obtained
from these sources were considered based upon various evaluation criteria, such as:

e Did the organization that collected the data have a quality system in place?

e Were the secondary data collected under an approved QAPP or other similar planning
document?

e Were the analytical methods used comparable to those used for the primary data?

e Did the analytical laboratories have demonstrated competency (such as through accreditation)
for the analysis they performed?

e Were the data accuracy and precision control limits similar to those for the primary data?

e Were the secondary data source method detection limits (MDLs) and QLs comparable to those
associated with the primary data or at least adequate to allow for comparisons?

o  Were sampling methods comparable to those used for the primary water quality data collected
for this study?

In general, the necessary accompanying metadata were unavailable for the secondary water quality
data sources to fully assess these evaluation criteria; thus, the secondary data were used with the
understanding that they are of an indeterminable quality relative to the requirements specified for this
study (see QAPP; Wilkin, 2013). For the historical datasets, samples with a charge balance error <15%
were used for water-type analysis and for constructing geochemical plots such as Piper and Schoeller
diagrams. In most cases, charge balance errors exceeding the 15% criterion were due to missing
concentrations of major cations or anions in the historical datasets. Again, the historical data from
locations with multiple sampling events were averaged and summary statistics were determined in
order to avoid undue weighting of locations sampled on multiple occasions. Charge balance criteria
were not used to screen data for use in summary statistic calculations or for plotting box and whisker
diagrams. The EPA STORET (STOrage and RETrieval) data warehouse was not utilized, because these
data may be indicative of environmental impact monitoring that could potentially skew background
characterization.

Statistical evaluations were carried out using the ProUCL (US EPA, 2010c) and Statistica (version 12)
software packages. Hypothesis testing for the water quality data was performed using nonparametric
(Kruskal-Wallis) methods. For the analysis of the major ion trends, average values were used in the
statistical tests and were combined with single observations. As noted previously, this approach was
used to avoid the undue weighting of locations sampled multiple times, either in the new data collected
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for this study or in the historical water quality data. Post hoc tests were performed using the Kruskal-
Wallis multiple comparison test to determine significant differences among water quality datasets for
particular analytes. A p-value of less than 0.05 was interpreted as a significant difference between
compared datasets. Because a large number of comparisons were made between the data from this
study and the historical water quality data that encompass numerous sampling investigations, multiple
locations, and extended periods of time, the problem of multiple comparisons is suggested, that is, the
increased likelihood of rejecting the null hypothesis and flagging significant differences among datasets.
Given the exploratory nature of this study, p-value adjustments (e.g., Bonferroni or Siddk correction
factors) were not incorporated and the traditional significance threshold of 0.05 was applied for the
data comparisons.
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5. Historical Water Quality Data

Comparisons of data from historical sources and collected during this study were conducted for the
Colorado portion of the Raton Basin. The historical data are temporally constrained by the availability of
information in the various databases, as described below. It is important to point out that the historical
water quality data are not taken a priori as being representative of the background condition in the
study area. The hypothetical background condition is considered here to represent the water quality
regime in the absence of all human activities, including unconventional gas development. Itis
anticipated that data within the historical databases, in fact, contain examples in which the water
quality information reflects anthropogenic impact. Thus, for the purposes of this report, the historical
data are used as points of reference for screening-level comparisons in order to illustrate regional
concentration ranges typical in ground water and for constraining major water composition types that
have previously been encountered throughout the study area. The applicability of the historical data for
comparison purposes is limited by the parameters for which data have been collected; for example,
concentrations of organic compounds, stable isotope ratios, strontium isotope ratios, and dissolved gas
concentrations are not typically available in the historical data (Bowen et al., 2015), yet these data types
are critical for this study. Subsequent analysis of the historical water quality information, in relation to
the new data collected for this study, provides appropriate context regarding: the geologic settings and
geochemical environments, the influence of anthropogenic impacts based on environmental record
searches (Appendix C), and the recognition of data quality issues (see US EPA, 2013a).

Historical ground water quality data for the Raton Basin in Colorado were gathered from Powell (1952),
McLaughlin et al. (1961), Howard (1982), ESN Rocky Mountain (2003), COGCC (2003a), Dahm et al.
(2011), the NWIS database (USGS, 2013a), and the NURE database (USGS, 2013b). Data from the USGS
databases and the COGCC study were compared with the results from this study; other data sources
were used as supporting information for the analysis of water types from the various geologic
formations of the Raton Basin. Water quality data from NWIS and NURE are representative of samples
collected before any significant CBM development in the Raton Basin (1951-1988); therefore, these
datasets allow for aquifer comparisons before and after CBM development. The COGCC data were
obtained during a survey conducted in the region from January 9-17, 2002 (COGCC, 2003a). During this
survey, 100 private water sources were tested for cations, anions, trace metals, dissolved methane, and
selected stable isotopes (8Cpic, 8"3Ccua). The overall objective of the survey was to collect data that
could be used to determine potential impacts from CBM development in the Raton Basin.

The USGS NWIS database for Las Animas County contains entries for 105 ground water locations
sampled between 1951 and 1988 (USGS, 2013a). A majority of these sampling points (n = 74) are
located in the western part of the county, west of Interstate 25, and are suitable for comparison based
on proximity to the sampling locations of this study (see Figure 12). Water quality data mainly include
major cations, anions, general parameters (e.g., pH, SPC, and alkalinity), and limited trace metal data.
Water quality data are included for alluvial aquifers and for the Poison Canyon, Raton, and Vermejo
formations, as well as unspecified aquifers. Ground water samples collected from wells screened in the
Poison Canyon and Raton formations ranged in depth from 65 to 200 feet and 75 to 1,780 feet below
land surface, respectively. Ground water samples collected from alluvial aquifers were from wells that
ranged in depth from 4 to 78 feet below land surface. Seventeen of these locations were sampled more
than once, and the results for these locations were averaged. Only 19 of the 74 samples were used for
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Figure 12. Map showing historical water quality sites and sampling locations from this case study: Las Animas County, CO. Water quality data

from NWIS and NURE are representative of samples collected before any significant CBM development in the Raton Basin (1951—1988). The
COGCC data were obtained during a survey conducted in 2002.
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evaluating water types because their charge balance error was <15%; the charge imbalance in the
remaining samples is mainly due to missing values for bicarbonate/alkalinity. Data for organic
compounds, dissolved gases, and stable isotopes are not available in this dataset.

The USGS NWIS database for Huerfano County contains entries for 14 ground water locations sampled
in 1979 (see Figure 13; USGS, 2013a). All of the NWIS sample locations are within 1.7 to 12.5 miles of
location RBDW10 of this study. Data are available for the Farista, Cuchara, Poison Canyon, Raton, and
Vermejo/Trinidad formations. Ground water samples were collected from wells ranging in depth from
25 to 320 feet below land surface (median = 100 feet). Water quality data mainly include major cations,
anions, and general parameters (e.g., pH, SPC, and alkalinity); data for organic compounds, dissolved
gases, and stable isotopes are not available in this dataset. All of the samples have a charge balance
error <15% and were used for evaluating water types. One sample (1/14) was excluded from the
comparison of results because of highly anomalous pH and SPC values, indicative of some impact on the
water chemistry (i.e., pH=11.5 and specific conductance >8,000 puS/cm).

The USGS NURE database (USGS, 2013b) for Las Animas County includes entries for 419 locations, and a
majority of these (398/419) were located in the eastern part of the county, east of Interstate 25 (see
Figure 12). These entries were excluded from historical data analyses based on the distance to sampling
locations within this study (western part of Las Animas County). Twenty-one locations (21/419) were
west of Interstate 25 and located within 5 to 24 miles of location RBDWOS5 of this study. The only water
quality data available from these locations are pH, SPC, and uranium concentrations. For Huerfano
County, the NURE database (USGS, 2013b) contains entries for 67 ground water locations that are
distributed across the county (see Figure 13). All of the samples were collected in 1976 and 1977.
Twelve of the sampling locations (12/67) are within 7 miles of location RBDW10. The only water quality
data available from these locations are pH, SPC, and uranium concentrations.

The locations of sampling points from the COGCC study, the NWIS and NURE databases, and this study
are identified in Figures 12 (Las Animas County) and 13 (Huerfano County).
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6. Water Quality Data from This Study

This study was conducted to determine whether drinking water resources have been impacted by
various land use activities, including those associated with CBM development and extraction. Some of
the broadly framed concerns regarding possible scenarios of drinking water impairment that may be
related to CBM development include: (i) potential interactions between produced water and shallow
ground water via fluid migration, spills, and/or infiltration; (ii) potential for migration of chemicals used
in hydraulic fracturing formulations into shallow ground water; (iii) potential gas migration from
hydraulically fractured zones in the Raton and Vermejo formations into shallow ground water aquifers,
including the Poison Canyon Formation and alluvial fill deposits; and (iv) secondary biogeochemical
affects related to the migration and reaction of methane in shallow aquifers used for drinking water.
The following sections describe the results and present interpretations of water quality testing that was
completed for this study, including comparisons with, and consideration of, previous water quality data
collected in the Colorado portion of the Raton Basin (USGS, 2013a; USGS, 2013b; COGCC, 2003a).

In January 2002, the COGCC conducted a field survey of 100 private wells, located within the Raton
Basin, and tested for a suite of inorganic and organic parameters (COGCC, 2003a; see Figures 12 and 13
for sample locations). The overall objective of this study was to gather data that could be used to assess
potential water well impacts from current and future CBM development in the Raton Basin. The COGCC
study found no discernible distribution patterns among the various parameters evaluated in the survey.
Some samples were noted to have elevated levels of sulfate and nitrate, and in some cases, the
concentrations of these parameters exceeded drinking-water standards. An assessment of the sources
and factors controlling the distribution of these ions was not included in the report. Major ion data
from this study indicated that the most common ground water type encountered was the sodium-
bicarbonate type (41%), followed by the calcium-bicarbonate (30%), calcium-sulfate (15%), sodium-
sulfate (11%), and sodium-chloride water types (3%). These same water types were mapped in the
Raton Basin in 1979 by Howard (1982), based on a field survey of 35 sampling locations located within
Las Animas and Huerfano counties. Major ion water types are useful for regional characterization of
water quality, comparing and evaluating water quality trends from specific geologic/hydrologic units,
and for constraining sources of major ions to ground water and surface water.

Major ion trends apparent in the COGCC data are plotted on a trilinear diagram (Piper diagram) and
compared to the data from this study (see Figure 14). The sodium-bicarbonate water type
predominates in Las Animas County, whereas in Huerfano County, the calcium-bicarbonate and sulfate-
types are the most common ground water types. The box diagrams (box plots) shown in Figure 15
compare data for pH, SPC, sodium, calcium, magnesium, barium, chloride, fluoride, sulfate, and
bicarbonate from the COGCC survey with the ground water data collected during this study in Las
Animas and Huerfano counties. A statistical summary of selected ground water parameters for data
collected during this study and the COGCC field survey (COGCC, 2003b) is presented in Table 5. In all
cases, the maximum ranges for the parameters shown in Figure 15, from this study, fall within the
ranges observed in the COGCC dataset obtained in 2002 (see also Table 5). Statistical analyses using the
nonparametric Kruskal-Wallis test indicated significant differences between the two datasets for pH,
calcium, magnesium, barium, fluoride, and bicarbonate (p-value <0.05). In most cases, the statistical
differences are due to higher mean/median values in the COGCC dataset compared to the data collected
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for this study. Statistically similar concentration distributions (p-values >0.57) were noted for sodium,
chloride, and sulfate.
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Figure 14. Major ion chemistry of ground water samples collected within the Raton Basin, CO. The trilinear
diagram contains data collected during this case study and by the COGCC during a survey conducted in the region
in 2002 (COGCC, 2003a).

45



Retrospective Case Study in the Raton Basin, Colorado May 2015

100 . . E 3500 T T
Sl W ug_aocof - 4
eyt f ) . |
[ Jesess ] b6
* = 2000 - n=99 + 4
"t g 4
TR~ WO N, B a0, & . ]
n=
SMCL range 6.5-8.5 | 8 — - :. ]
©
50+ n=100 ¢ 4 % 500 "‘"w‘ %0».:;::“00 ]
a0 . ‘ . §- 1 * . . =
COGCC This Study COGCC This Study
1000 E 2504 4
*
= 800 . 1 = 200 4
o =] +
E_ 600 -| n=100 :' E E, 150 n=100 3‘ 1
£ £ +
2 4004 f 1 2 100 'y 4
° - 2 %, =
Q F e ” © * @‘ n=20
[} k3 n=20 O 50 N I~ .o,
200 4 e . E » ¥ 1
% +teet a4 *
EA BRI AN o0 o +3,0.0
od w; o o2 0 T MWeArietey oagrve 4ot |
COGCC This Study COGCC This Study
50 T T 2000 T T
MCL 2000 pg/L
1 404 & E -
> : = 1500 B
g, =00 : 12
% -
E N ’," gmnof - B
7] 1 Ry 4 1 = _ *
g o~ n=20 A ﬁ n=100 -
g 1 {?’: s 1 = 3 n=20 1
= + . - - .
il S .. " .000
0 wenlit son '’ aetee o . % RXW
COGCC This Study coaGccC This Study
250 - - - 25 - T T
SMCL 250 mg/L
200 | . 4 20 & i
d . o
£ n=100 : ’ 1 & 1
N & o )
[ = 2
- X fi=20 15 o n=20 . )
[=] = 9
S | = n=100 + MCL 4 mg/L o
TR é . 541 .ﬁ .................. & e i
3 4 I e
04 U&‘ R m—APPIOP L
COGCC This Study This Study
1400 : : . 2500 - ! T
1200 - . 14
B 20004 - 4
%10007 1 €
€ 500l A J 2"1500- ; 1
g n=100 4 SMCL 250 mgiL e n=100 3
.._‘! e : _g 1000 1 » 4
‘g 4004 ; 2 R § i
2007.........,,.‘,,..‘......, """"""""""""""""" : ettty E 5001 ‘ n=20 7
0 m :”.,0’:"'.‘,” J = 5 #‘.:3:“'::% )
COGCC This Study COGCC This Study

Figure 15. Box diagrams comparing the concentration distributions of selected major cations, anions, and
geochemical parameters from water samples collected in Las Animas and Huerfano counties during this study
(mean values) to data reported by the COGCC following a survey conducted in 2002 (COGCC, 2003a).
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Table 5. Summary statistics for ground water data collected during this study (20 locations) and a survey by the

Colorado Oil and Gas Conservation Commission (COGCC) in Las Animas and Huerfano Counties, CO (100

locations; COGCC, 2003a).

Parameter Data Source Units Mean Median SD Min Max n=
This study’ 8.1 8.0 0.69 6.9 9.0 20

PH COGCC 7.0 7.1 0.97 4.9 9.0 100
This study | uS/cm 521 468 194 314 1100 20

>P¢ COGCC uS/cm 725 548 533 7 3008 99
This study | mg/L 1.4 1.2 1.1 0.07 3.4 20

>0 COGCC mg/L 43 4.3 2.6 0.7 14.4 98
Sodium, This study | mg/L 98 9% 53 6.9 223 20
Dissolved COGCC mg/L 154 90 175 3.2 904 100
Potassium, This study mg/L 0.7 0.7 0.5 0.2 2.4 20
Dissolved COGCC mg/L 15 1.3 1.0 <1.0% 5.0 100
Calcium, This study mg/L 20 14 19 2.0 56 20
Dissolved COGCC mg/L 49 50 42 <3.0 220 100
Magnesium, This study mg/L 2.7 0.8 3.7 <0.03 12 20
Dissolved COGCC mg/L 11 10 9.9 <1.0 40 100
Barium, This study | ug/L 90 43 95 11 340 20
Dissolved COGCC pg/L 165 81 228 10 1610 100
Chloride, This study | mg/L 20 11 34 1.6 159 20
Dissolved COGCC mg/L 27 13 41 <1.0 207 100
Sulfate, This study | mg/L 80 66 86 0.9 351 20
Dissolved COGCC mg/L 133 69 203 <1.0 1164 100
Fluoride, This study | mg/L 2.8 16 2.8 0.2 9.4 20
Dissolved COGCC mg/L 1.3 0.4 2.4 <0.1 21 100
Bicarbonate, This study mg/L 185 193 51 94 276 20
Dissolved COGCC mg/L 441 348 314 93 1943 100

Statistical data from this study include all domestic wells and monitoring wells screened in alluvium and the Poison

Canyon Formation; excluded are surface water and produced water collected from the Raton Formation and the Vermejo

Formation.

Summary statistics were computed by setting non-detect values to one half of the reporting limit. For this study, left-

censored data were used for magnesium for one sample (1/20). For the COGCC (2003a) dataset, this was done for
potassium (33/100), calcium (7/100), magnesium (25/100), chloride (7/100), sulfate (6/100), and fluoride (1/100); thus,

left-censored values account for <50% of the data for these elements.
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The following sections describe the results for water quality samples collected during this study in Las
Animas and Huerfano counties in more detail, including a discussion of literature data and water quality
data collected prior to CBM development in the Raton Basin.

6.1. CBM Produced Water

Formation waters associated with CBM in the Rocky Mountain region have distinct geochemical
signatures: CBM water is typically the sodium-bicarbonate type, with variable chloride concentrations, and
low sulfate, calcium, and magnesium (e.g., Van Voast, 2003; Dahm et al., 2011). When compared to
produced water from conventional oil and gas resources, CBM produced water tends to be low in TDS,
with values ranging from 370 to 43,000 mg/L; conventional oil and gas formation water has TDS values
ranging from 1,000 to 400,000 mg/L (Dahm et al., 2011). During this study, formation water was collected
from three production wells, representing the Raton Formation (RBPWO1, Sanchinator #11-36TR) and
Vermejo Formation (RBPWO02, Keystone #11-35; RBPWO03, Sanchinator #11-36). These production wells,
operated by Pioneer Natural Resources, are located within the North Fork Ranch study area in Las Animas
County (see Figure 16A and 16B). A summary of key results for the production wells sampled in this study
is provided in Table 6. In addition, major cation and anion data for these production wells are plotted on a
Schoeller diagram in Figure 17 and compared to the compositional range (minimum, maximum, and
average) reported for CBM waters from the Raton Basin, as compiled by Dahm et al. (2011).

The water quality syntheses of Dahm et al. (2011) included 2,116 well entries from the Raton Basin; a
majority of the samples showed diagnostic sodium-bicarbonate type composition. Comparatively, the
production wells sampled during this study show major ion concentrations that were below average for
Raton Basin CBM water (see Figure 17). These wells show particularly low sulfate concentrations,
relative to mean sulfate concentrations in produced water from the Raton Basin (Dahm et al., 2011),
which is typical for waters associated with CBM production (Van Voast, 2003). The major ion pattern
displayed in Figure 17 is considered to be the result of biochemical sulfate reduction; consequent
enrichment of bicarbonate; and precipitation of calcium carbonate, magnesium carbonate, and/or
gypsum (Van Voast, 2003; Rice et al., 2008). Ground water from both the Raton and Vermejo
formations has a geochemical signature consistent with reducing environments, including low dissolved
oxygen concentration (<1 mg/L); low uranium concentration (<0.2 pg/L); low ORP (<-225 mV); and
elevated concentrations of methane, iron, and manganese (see Table 6). Arsenic concentrations in the
produced water from this study were low, below 0.5 pg/L (see Table 6). Lithium concentrations were
notably higher in the produced water (>30 pg/L) compared to the levels detected in shallower aquifers
(<10 pg/L). The gas composition was also characteristically dry, with a molar [CH,/C,Hg] ratio ranging
from about 310 to 5,930.

Constituents and parameters in CBM water that sometimes exceed standards for drinking, livestock, and
irrigation water applications included TDS, sodium adsorption ratio (SAR), temperature, pH, iron, and
fluoride (Dahm et al., 2011). The production wells sampled in this study had TDS values generally >500
mg/L (estimated from SPC); mean fluoride concentrations that ranged from 2.6 to 3.6 mg/L; pH that
ranged from 8.0 to 8.5; and SAR values that ranged from 33 to 66 (mequiv/L)” (see Table 6). High SAR
values are a potential concern for water discharged at the surface because Na*-enriched water in soil
can cause cation exchange by replacing Ca** with Na*, which impacts properties of clay minerals in soil
(McBeth et al., 2003; Engle et al., 2011). SAR values <13 are recommended for irrigation water purposes
(Fipps, 2003; Dahm et al., 2011).
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Figure 16A. Map of the North Fork Ranch study area (Las Animas County, CO) showing bedrock geology,
historic coal mine locations, coalbed methane well locations, and sample locations from this study. See
Figure 16B for geology legend.
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Figure 16B.

Geology map legend.

Table 6. Summary of selected results for production wells sampled during this study (North Fork Ranch, Las
Animas County).

Parameter Units RBPWO01 RBPWO02 RBPWO03
Sanchinator #11-36TR Keystone #11-35 Sanchinator #11-36
Round’ 1,2,3,4 1 2,3,4
pH 8.40 (0.15)? 8.49 7.96 (0.32)°
SPC uS/cm 1744 (362) 666 1294 (147)
DO mg/L 0.9 (0.6) 0.2 0.4 (0.3)
ORP mv 229 (79) -353 -268 (87)
TDS mg/L 1134 (236) 434 841 (97)
Alkalinity mg/L 893 (45) 478 542 (49)
Sodium’ mg/L 467 (48) 240 N 332 (23)
Potassium mg/L 2.7 (0.48) 0.43 J 1.0 (0.31)
Lithium™ ug/L 33 NM®® 47
Calcium mg/L 2.6 (0.15) 33 7.2 (0.59)
Magnesium mg/L 0.74 (0.09) 0.07 J 0.31 (0.02)
Strontium ug/L 360 (37) 270 741 (31)
Barium ug/L 578 (71) 53 J 215 (101)
Chloride mg/L 112 (25) 27.5 161 (26)
Sulfate mg/L <1.0 <1.0 0.51 (0.42)°
Fluoride mg/L 3.6 (0.74) 2.6 3.0 (0.36)
Bromide mg/L <1.0 <1.0 <1.0
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Table 6. Summary of selected results for production wells sampled during this study (North Fork Ranch, Las
Animas County).

Parameter Units RBPWO01 RBPWO02 RBPWO03
Sanchinator #11-36TR Keystone #11-35 Sanchinator #11-36
Nitrate+Nitrite mg - N/L <0.10 <0.05 <0.10
Ammonium mg - N/L 0.61 (0.08) 0.31 0.44 (0.07)
DOC mg/L 1.1 (0.12) 0.97 1.2 (0.18)
Silicon mg/L 6.9 (0.44) 10.3 J 10.9 (0.35)
Iron ug/L 2000 (94) 2690 7700 (4962)
Manganese ug/L 30 (2.3) 38 121 (20)
Arsenic ug/L 0.33 (0.25) -- 0.36 (0.26)
Uranium ug/L <0.20 - <0.20
CH, mg/L 20.88 (4.94) 14.80 21.87 (6.22)
CHe mg/L 0.0066 (0.0007) 0.0893 0.0141 (0.0037)
8"Cena %o -52.30 (0.31) -47.67 -45.99 (0.61)
SZHCH4 %o -234.2 (3.3) -233.1 -222.1 (1.1)
Corc %o 16.8 (0.8) 1.2 9.7 (3.1)
SAR (mean)’ (mequiv/L)" 66 36 33

! Sampling round: 1 = October 2011; 2 = May 2012; 3 = November 2012; 4 = April/May 2013.

Mean values are tabulated; values in parentheses are 1 standard deviation.

Results for filtered (dissolved) samples are provided.

J =The analyte was positively identified; the associated numerical value is the approximate concentration. See Table A28,
Appendix A, for more detailed descriptions.

Lithium was determined in samples collected during the November 2012 and April/May 2013 events only.

NM = Not measured.

Left-censored data were used for one sample (1/3).

SAR = Sodium Adsorption Ratio, calculated using the equation: [Na/(O.S[Ca+Mg])°'5], with concentrations in mequiv/L.

2
3
4

5a
5b

Geochemical modeling indicates that ground water from the production wells sampled during this study
is close to equilibrium with respect to calcium carbonate, i.e., the calcite saturation index ranged

from -0.11 (RBPWO03) to 0.08 (RBPWO02). Calcite saturation indices that are 0.0 + 0.1 are typically
representative of equilibrium conditions (Langmuir, 1997). The 8"Cpc values from the produced water
indicate *C enrichment (1.2%o to 16.8%o; see Table 6), which results from evolved water-rock
interactions and bicarbonate generated from the mineralization of organic carbon (Sharma and Frost,
2008; Golding et al., 2013), as discussed in a following section. The methane isotopic signature of the
produced gas is also discussed in a later section (“Molecular and Isotopic Composition of Coalbed
Methane”) and compared to the methane signatures detected in samples collected from shallow
aquifers used for drinking water.

Compositional data from the three production wells sampled in this study are plotted on a trilinear
diagram and compared to compositions of ground water in the Raton Basin determined in the COGCC
survey (see Figure 18). Compositional data for the production wells plot close to the sodium and
bicarbonate vertices of the cation and anion ternary plots, respectively.
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Figure 17. Schoeller diagram showing major cation and anion compositions measured in formation water collected
from three CBM production wells (RBPW01, RBPWO02, RBPWO03; mean values) during this case study, compared to the
compositional range (minimum, maximum, and average) reported for CBM waters from the Raton Basin (blue; Las
Animas and Huerfano counties), as compiled by Dahm et al. (2011), and within a 3-mile radius of sampling locations in
Las Animas County (green; COGCC, 2014b).
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Figure 18. Major ion chemistry of ground water samples collected from CBM production we