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Notice 
All research projects making conclusions or recommendations based on environmentally related 

measurements and information and funded by the U.S. Environmental Protection Agency (EPA) are 
required to comply with the requirements of EPA’s Quality Assurance Program.  This project was 
conducted under an approved Quality Assurance Project Plan.  Information on the plan and 
documentation of the quality assurance activities and results are presented in Appendix A of this report. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disclaimer 

This document has been reviewed in accordance with U.S. Environmental Protection Agency policy and 
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Preface 
The United States Environmental Protection Agency (EPA) is conducting a Study of the Potential 

Impacts of Hydraulic Fracturing for Oil and Gas on Drinking Water Resources.  The Study is based upon 
extensive review of the literature, results from recently completed EPA research projects, and technical 
input from state, industry, non-governmental organizations, the public and other stakeholders.  A series 
of technical roundtables and in-depth technical workshops were held to help to address specific 
research questions and inform the work of the Study.  

In Fiscal Year 2010, Congress urged the EPA to examine the relationship between hydraulic fracturing 
and drinking water resources in the United States.  EPA’s Plan to Study the Potential Impacts of 
Hydraulic Fracturing on Drinking Water Resources was reviewed by EPA’s Scientific Advisory Board (SAB) 
and issued in 2011.  A Progress Report detailing EPA’s research approaches and next steps was released 
in late 2012 after a consultation with the SAB.  

This report is the product of one of the research projects conducted as part of EPA’s Study and 
represents the views of EPA.  This report has undergone peer review, which was conducted through the 
Eastern Research Group, Inc. (ERG).  All peer review comments were considered in the report’s 
development.  

EPA is writing a state-of-the-science assessment that integrates a broad view of the existing 
literature, EPA peer-reviewed research, including this report, and information gathered through 
stakeholder engagement efforts to answer the fundamental research questions posed for each stage of 
the hydraulic fracturing water cycle: 

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

• Chemical Mixing.  What are the possible impacts of surface spills on or near well pads of hydraulic 
fracturing fluids on drinking water resources? 

• Well Construction/Formation Stimulation.  What are possible impacts of the injection and 
fracturing process on drinking water resources? 

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

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

The state-of-the-science assessment is not a human health or exposure assessment, nor is it 
designed to evaluate policy options or best management practices.  As a Highly Influential Scientific 
Assessment, the draft assessment report will undergo public comment and a meaningful and timely 
peer review by EPA’s Science Advisory Board to ensure all information is high quality. 
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Executive Summary 
In December 2009, Congress urged the US 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 has already occurred.  This report describes the retrospective case study conducted 
in northeastern Pennsylvania, in Bradford and Susquehanna counties.   

Approximately 37% of the population of Pennsylvania, or 4.5 million people, obtain water from 
ground water wells, with private wells being abundant in both Bradford and Susquehanna counties.  In 
recent years, northeastern Pennsylvania has experienced some of the most intensive gas drilling activity 
in the U.S., as reflected by the high density of gas wells currently dotting the landscape in this part of the 
state.  Bradford County alone reportedly had over 2000 permitted unconventional gas wells in early 
2013, more than any other county in Pennsylvania.  The significant increase in gas drilling activity in 
northeastern Pennsylvania has led to increasing concerns regarding potential impacts on homeowner 
wells.  The retrospective case study conducted in northeastern Pennsylvania focused on establishing 
whether anomalies in ground water quality or water quality impairments exist in the vicinity of gas wells 
in the study area and, if so, whether such anomalies or water quality impairments may be attributable 
to hydraulic fracturing activities.  The study involved three rounds of water sampling and analyses 
conducted over a span of 1.5 years at 36 homeowner wells, two springs, and two surface water 
locations.  Sampling was conducted primarily in Bradford County, mainly across the southern half of the 
county, while sampling in Susquehanna County was limited to two homeowner locations in Dimock 
Township and one homeowner location in northern Susquehanna County.  Sampling locations were 
selected largely on the basis of homeowner-specific complaints or concerns regarding potential impacts 
on homeowner drinking water wells (e.g., turbidity, effervescing, discoloration, staining, odor, etc.) from 
nearby hydraulic fracturing activities.  With three exceptions, all sampling locations were within 1 mile 
of a well pad where hydraulic fracturing had occurred.  In total, approximately 150 unconventional gas 
wells were located within 1 mile of the sampling locations in Bradford County, and approximately 30 
unconventional gas wells were located within 1 mile of the sampling locations in Susquehanna County.  

A multiple-lines-of-evidence approach was used in evaluating the data from the study and 
establishing potential cause and effect relationships.  The results of the study indicate that despite 
analyses for a broad suite of inorganic and organic constituents/compounds potentially linked to 
hydraulic fracturing activities, no evidence of impacts on ground water other than stray gas was 
indicated.  The presence of trace amounts of trimethylbenzenes at two homeowner locations and 
toluene at trace concentrations at another homeowner location are attributed to other anthropogenic 
sources due to the absence of corroborating lines of evidence implicating hydraulic fracturing activities 
as the source.  The presence of total dissolved solids (TDS), chloride, sodium, barium, strontium, and 
combined radium-226 and radium-228 in several homeowner wells at concentrations above those more 
commonly found in the study area is attributed to localized natural background conditions known to 
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occur  in  the  study  area  in  certain  valley  settings.    The  source  of  high  sulfate  concentrations 
(>1,000 milligrams per liter [mg/L]) measured in one homeowner well is unclear, although geochemical 
modeling  suggests  the  sulfate  is  in  equilibrium  with  gypsum.    High  sulfate  concentrations  are  not 
expected  to originate  from hydraulic  fracturing activities,  since concentrations of  sulfate  in  fracturing 
fluids and in Marcellus Shale wastewaters (e.g., flowback and produced waters) are generally less than 
100 mg/L.  A nearby pond (not used as a drinking water source) sampled to determine potential links to 
the elevated sulfate concentrations  in  the homeowner well  indicated  the pond was not  the source of 
the sulfate.  The pond did have elevated levels of chloride and total dissolved solids that may be due to 
past fluid releases that occurred on an adjacent well pad where hydraulic fracturing had taken place. 

The recent highly accelerated pace of gas exploration and production in the study area has coincided 
with an increase in the number of reported incidents of stray gas migration.  There is evidence, based on 
operator and Pennsylvania Department of Environmental Protection  (PA DEP) data and data from this 
study,  that  stray gas migration associated with  the  increased gas development activities  in  the  study 
area  (with hydraulic fracturing as a component)  is a problem.   This evidence comes from pre‐drill and 
post‐drill gas data that show changes in gas concentrations and/or methane‐to‐ethane ratios before and 
after gas drilling, and also from gas isotope data (including isotope reversal differences) that appear to 
indicate  gas  in  some  homeowner  wells  is  consistent  with  gas  originating  from  deeper  formations, 
including  the  Middle  Devonian  where  the  Marcellus  Shale  is  located.    The  problem  of  stray  gas, 
however, would not be unique to current hydraulic fracturing activities and has been an issue with past 
oil and gas exploration in Pennsylvania since long before the advent of modern‐day hydraulic fracturing.  
Oil  and  gas  exploration  in  northeastern  Pennsylvania  has  shown  that,  in  the  study  area,  gas  is 
encountered at almost all depths down to the Marcellus Shale.   Thus,  incidents of stray gas migration 
are not necessarily surprising.   

Nevertheless,  the potential  impact of  stray  gas migration,  regardless of depth of origin,  can be  a 
concern.    In addition to posing an explosion risk, the sudden  influx of methane  into a well may cause 
suspension of well sediments and dislodging of naturally occurring mineral deposits (precipitates) on the 
surfaces of  the well and wellbore, resulting  in  increased  turbidity and discoloration of  the well water.  
The  increased  presence  of  methane  in  wells,  if  sustained,  may  also  promote  stronger  reducing 
conditions,  potentially  leading  to  reductive  dissolution  of  iron  and  manganese  and  the  possible 
liberation  of  naturally  occurring  contaminants  such  as  arsenic  potentially  associated  with  iron  and 
manganese.  Arsenic concentrations measured in this study, however, were consistently below the MCL 
of 10 µg/L and generally less than 5 µg/L indicating arsenic mobilization was not a significant issue.   

One homeowner well located in a river valley setting in Bradford County was of particular interest in 
this  study because hydraulic  fracturing was  conducted at a nearby gas well during  the  course of  the 
study following the first round of sampling.   Stream and river valleys  in the study area are believed to 
exhibit  a higher  natural  fracture density,  resulting  in  a potentially  greater  abundance of preferential 
pathways  for  the  flow of  natural  gas  from depth  to  the  surface.    It  has been hypothesized  that  the 
similarity  in  geochemistry  of  ground  water  in  these  settings  with  fluid  geochemistry  in  deeper 
formations  is  evidence  of  a  pre‐existing  network  of  cross‐formational  pathways  that  has  enhanced 
hydraulic connectivity to the deeper formations.  As such, this type of setting may be more vulnerable to 
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impacts  from  hydraulic  fracturing  of  the Marcellus  Shale.    Based  on  the multiple‐lines‐of‐evidence 
approach employed in this study, pre‐ and post‐hydraulic fracturing data, coupled with pre‐drill operator 
data  from  the homeowner  location, did not  show  evidence of  impacts  from Marcellus  Shale‐derived 
brine or gas.   

There  is  no  definitive  evidence  from  this  study  that  gas  in  any  homeowner  wells  is  specifically 
originating from the Marcellus Shale, although it cannot be excluded as a possibility.  Stray gas appears 
to be primarily, if not entirely, originating from shallower formations above the Marcellus Shale, and is 
likely linked to well integrity issues.  Evaluation of methane and ethane isotope data (δ13CCH4, δ2HCH4, and 
δ13CC2H6) and methane‐to‐ethane ratios indicate gas detected at elevated concentrations in homeowner 
wells is generally thermogenic in origin; however, the evaluation proved inconclusive in determining the 
specific  source of  the  thermogenic  gas  in homeowner wells.    This  is  largely due  to  the  range of  gas 
isotopic signatures and isotope reversal differences that appear to be characteristic of given formations 
and  the  significant  overlap  that  apparently  occurs  with  respect  to  isotope  signatures  and  isotope 
reversal differences amongst the different formations.  It is also important to note that even if gas in a 
homeowner well could be shown to be originating from the Marcellus Shale, it would still be unknown 
whether the gas were originating from the hydraulic fracturing (stimulation) process itself or from other 
sources such as potential  leaks  in  the gas well system  (e.g.,  inadequate cementing, casing  joint  leaks, 
etc).    The  study  did  not  establish whether  stray  gas migration  associated  with  hydraulic  fracturing 
activities in the study area is a widespread systemic problem, as implied by some researchers, or a well‐
specific problem associated with only a limited number of wells.   
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Introduction 
Recent advances in drilling technologies (horizontal drilling) and well stimulation (hydraulic 

fracturing) have resulted in large-scale development of vast, 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, large areas 
with very little or no previous oil and gas development also are now being developed.  As a result, there 
are rising concerns over potential impacts on human health and the environment, especially with regard 
to potential effects on drinking water sources.  Environmental concerns include the potential for 
contamination of shallow ground water by stray gases (methane), formation waters (brines), and 
fracturing chemicals associated with unconventional gas development.  

In response to these public concerns, in December 2009 Congress urged EPA to study the 
relationship between hydraulic fracturing and drinking water.  The study was to be conducted using a 
credible approach that relied on the best available science as well as independent sources of 
information and through a transparent, peer-reviewed process that would ensure the validity and 
accuracy of the data.  EPA was also charged with consulting other federal agencies and appropriate state 
and interstate regulatory agencies in carrying out the study (US EPA, 2010).  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: 

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

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

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

• 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? 
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• Wastewater treatment and waste disposal:  What are the potential impacts of inadequate 
treatment of hydraulic fracturing wastewater on drinking water resources? 

Before 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 investigate 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 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.  EPA’s plan for the retrospective case studies was to make a determination on 
the presence and extent of drinking water resource contamination and 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 could be associated with drinking water 
contamination (US EPA, 2011b). 

In 2011, EPA began conducting investigations at the five selected retrospective case study locations 
in Washington County, Pennsylvania (southwestern Pennsylvania); Bradford and Susquehanna Counties, 
Pennsylvania (northeastern Pennsylvania); Wise County, Texas; Las Animas and Huerfano counties, 
Colorado (Raton Basin); and Dunn County, North Dakota (Killdeer).  This report presents the findings of 
the retrospective study conducted in Bradford and Susquehanna counties in northeastern Pennsylvania 
(Figure 1).  Hydraulic fracturing in Bradford and Susquehanna counties focuses on recovering natural gas 
from the Marcellus Shale, a prodigious reservoir of natural gas in the Appalachian Basin.  

The Commonwealth of Pennsylvania relies heavily on ground water as a drinking water source and 
has historically been second only to Michigan in size of population served by private wells (Swistock et 
al., 2009).  Ground water wells supply drinking water to approximately 37% of Pennsylvania’s 
population, or 4.5 million people (PA DEP, 2012), with private wells being abundant in both Bradford 
and Susquehanna counties.  In recent years, northeastern Pennsylvania has seen some of the most 
intensive gas drilling activity in the U.S., as reflected by the high density of gas wells currently dotting 
the landscape in this part of the country.  Bradford County alone reportedly had over 2,000 permitted 
unconventional gas wells in early 2013 (http://www.bradfordcountypa.org).  The significant increase in 
gas drilling activity (Figure 2) in Bradford and Susquehanna counties has led to increasing concerns 
regarding potential impacts on homeowner wells. 

 

http://www.bradfordcountypa.org/
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Figure 1.  Location map of study area in northeastern Pennsylvania. 
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Figure 2. Active permitted gas wells in Bradford County from July 2008 to April 2013 (Source: bradfordcountypa.org accessed March 20, 

2014).  Note.  More than 99% of gas wells are unconventional gas wells. 
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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 provides the results of the retrospective case study and describes general water quality, 
geochemistry, and isotopic parameters of shallow ground water in Bradford County and Susquehanna 
County, Pennsylvania.  Water quality results are used to evaluate the potential impacts on shallow 
ground water drinking water resources, if any, from various land use activities, including but not limited 
to shale-gas drilling and production.  The evaluation of potential impacts included consideration of the 
chemicals commonly used in hydraulic fracturing, analyses of dissolved gases and their isotopic 
compositions, deep brine geochemistry in relation to shallow ground water geochemistry, historical 
ground water quality in Bradford and Susquehanna counties, and time-dependent geochemical trends.  
Potential causes of water quality impairment, if any, that were considered include: industrial/ 
commercial land use; historical land use (e.g., farming and mining); current drilling processes and 
practices; historical drilling practices; and naturally occurring sources of contamination.  

This report presents analytical data for water samples from 42 locations representing domestic wells, 
springs, and surface water bodies that were sampled at least once during three rounds spanning a 
period of 19 months (October/November 2011, April/May 2012, and May 2013).  Although the study 
was conducted in both Bradford and Susquehanna counties, the majority of sampling was conducted in 
Bradford County.  Sampling locations were selected primarily on the basis of individual homeowner 
complaints/concerns regarding potential impacts on homeowner well water from nearby hydraulic 
fracturing activities (e.g., increased turbidity, effervescing, staining, odors, etc.).  Sampling in Bradford 
County was conducted mainly across the southern half of the county (see Figure 3), while sampling in 
Susquehanna County was conducted in the Dimock area and at one location in northern Susquehanna 
County near the New York State border (see Figure 4).  

The water samples were analyzed for over 225 constituents, including organic compounds, nutrients, 
major ions, metals and trace elements, radioactivity, dissolved gases, and selected isotopes.  Ground 
water quality data and summary statistics are presented for sampled constituents.  In addition to 
chemical data collected specifically for this study, the report includes analysis of historical data from the 
US Geological Survey (USGS) National Water Information System (NWIS) database (USGS, 2013), the 
USGS National Uranium Resource Evaluation (NURE) database (USGS, 2012c), and other sources of 
water quality data for northeastern Pennsylvania. 
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Figure 3. Case study sample location map, Bradford County, Pennsylvania, showing study sampling locations relative to 

locations of oil and gas wells.  No conventional gas wells are reported for area of Bradford County shown. 
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Figure 4. Case study sample location map, Susquehanna County, Pennsylvania, showing study 

sampling locations relative to locations of oil and gas wells. 
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The retrospective case study sites differ with respect to geologic and hydrologic characteristics; 
however, generally similar research approaches were followed at the case study locations to assess 
potential drinking water impacts.  As described in 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: literature review of background geology and hydrology; selection of sampling 
locations and the development of a site-specific quality assurance project plan (QAPP); sampling and 
analysis of water wells, springs, 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.   
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Study Area Background 
Geology 

The study area is part of the Glaciated Low Plateau Section of the Appalachians Plateau Province (PA 
DCNR, n.d.).  The Glaciated Low Plateau Section is described as a diversified topography consisting of 
rounding hills and broad to narrow valleys modified by glacial erosion and deposition reflecting the 
interplay between bedrock of various types, mainly sandstones and siltstones, and glacial erosion and 
deposition.  More erosion-resistant rocks form the hills, while less erosion-resistant rocks occur in the 
valleys.  Glacial deposits, mainly glacial till or sand and gravel, occur primarily in the valley bottoms and 
margins (PA DCNR, n.d.).  

Maps of the geologic formations in Bradford and Susquehanna counties are shown in Figures 5 and 6.  
The geology of the study area has been extensively described (Williams et al., 1998; Carter and Harper, 
2002; Taylor, 1984; Milici and Swezey, 2006).  The study area is underlain by unconsolidated deposits of 
glacial and post-glacial origin and nearly flat-lying sedimentary bedrock.  The surficial cover comprises 
glacial and post-glacial deposits (till, stratified drift, alluvium, and swamp deposits) and tends to be 
thickest in the valleys.  The glacial sediments and Quaternary alluvium found in the valleys along rivers 
and major streams form extensive unconfined or confined aquifers (Williams et al., 1998).  The bedrock 
consists primarily of shale, siltstone, and sandstone of Devonian to Pennsylvanian age.  A generalized 
geologic cross section of the bedrock sequence beneath the study area is provided in Figure 7.  The 
Devonian bedrock includes the Lock Haven and Catskill formations, both of which are important sources 
of drinking water in the study area.  According to Williams et al. (1998), lacustrine deposits of silt, clay, 
and very fine sand form areally extensive confining units that can exceed 100 feet in thickness in the 
major valleys.  These lacustrine deposits are less extensive in the upland valleys.  The Marcellus Shale, 
also known as the Marcellus Formation, is a Middle Devonian-age shale (about 390 million years), with a 
black color, low density, and high organic carbon content.  It occurs in the subsurface beneath much of 
Ohio, West Virginia, Pennsylvania, and New York, as well as smaller areas of Maryland, Kentucky, 
Tennessee, and Virginia.  In Bradford and Susquehanna counties, the Marcellus Shale lies 4,000 to 8,000 
feet below the surface and ranges in thickness from 150 to 300 feet.  The Marcellus Shale is part of a 
transgressive sedimentary package formed by the deposition of terrestrial and marine material in a 
shallow, inland sea.  It is underlain by the sandstones and siltstones of the Onondaga Formation and 
overlain by laminated shales, siltstones, and fine-grained sandstones of the Mahantango Formation.  

Both lithostratigraphy and sequence stratigraphy have been used to define the bedrock stratigraphic 
units in northeastern Pennsylvania.  Definition using lithostratigraphy implies a more homogeneous and 
simplified stratigraphy (and character of the rock units), whereas sequence stratigraphy identifies the 
heterogeneity in the stratigraphic units that "more faithfully records the variations in rock types and 
structure" (Woodrow and Fletcher, 2002).  At the exposure at Wayalusing Rocks, in southeastern 
Bradford County along the Susquehanna River, Elick (2002) describes interfingered marine and non-
marine continental facies at the lower part of the Catskill Formation and the top of the Lock Haven 
Formation.  Numerous interbedded units of silty mudrock, platy shale, shaley siltstone, and medium-
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Figure 5. Panel map showing geology, land use, location of oil and gas wells, and Marcellus Shale wells in 

Bradford County, Pennsylvania. (Source:  Land Use, USGS National Land Cover Database (1992, 2006); 
Municipalities, PASDA.) 
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Figure 6. Panel map showing geology, land use, location of oil and gas wells, and Marcellus Shale wells in Susquehanna County, 

Pennsylvania. (Source:  Land Use, USGS National Land Cover Database (1992, 2006); Municipalities, PASDA.) 
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Figure 7. Generalized geologic cross-section of study area in Bradford and Susquehanna Counties, Pennsylvania.  

Unconsolidated glacial and post-glacial sediments shown are thickest in valley settings and are generally thin or 
absent in upland settings. (Data sources:  Baldassare et al., 2014; Taylor, 1984; USGS: 
http://mrdata.usgs.gov/geology). 

http://mrdata.usgs.gov/geology
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grained sandstone occur at this outcrop.  Although this particular exposure is at a topographic high 
above the adjoining valley, it illustrates the complexity that occurs in portions of these formations.  The 
Lock Haven Formation in the study area is described by Baldassare et al. (2014) as consisting of 
interbedded thick, multicolored, primarily marine, silty, micaceous mudrocks and fine- to coarse-
grained, thin- to thick-bedded siltstones, sandstone, and conglomerates, while the Catskill Formation is 
described as consisting of red, gray, or mottled red and green, mixed continental, fluvial-deltaic, and 
marginal-marine strata.  Strata older than the Lock Haven in the study area, as described by Baldassare 
et al. (2014), include the Upper Devonian Brallier Formation consisting of interbedded siltstones and 
shales, with some rare, fine-grained sandstones and shales of the Upper Devonian Harrell Formation 
(Genesee of New York), with basal black shales of the Burket Member (Geneseo of New York).  The 
numerous sequences and variations in lithology illustrate that the bedrock overlying the Marcellus Shale 
cannot be considered as a massive and monolithic unit.  The lithology, stratigraphy, and structural 
geology of the bedrock (and its thickness) have an impact on the potential migration of ground water 
and/or gas through the bedrock.  The thicknesses (and depths) of each formation can vary laterally.  
Structural traps can be due to anticlines or faulting (in association with a specific lithology), while 
fractures can potentially form preferential flow paths for fluids.  

Within the Marcellus Shale, natural gas occurs within the pore spaces and vertical fractures, or joints, 
of the shale and is adsorbed onto mineral grains and organic material.  In order to recover gas in the 
study area most efficiently, the horizontal legs (laterals) of gas wells are generally oriented north-
northwest or south-southeast (see Figure 8), perpendicular to a naturally occurring, older (J1) joint set 
and parallel to a less well developed naturally occurring, younger (J2) joint set.  Well stimulation via 
hydraulic fracturing is outward from the horizontal well perpendicular to the J2 fractures so that the J2 
fractures are intersected and drained as the stimulated fractures move outward (Engelder et al., 2009). 

Hydrogeology 
Surface water in the study area is part of the Upper Susquehanna River basin.  The main branches of 

the Susquehanna River flow south, while the smaller tributaries are constrained by the northeast-
southwest orientation of the Appalachian Mountains.  Summer storms produce about half of the 
average precipitation of approximately 40 inches per year (SRBC 2006), while the remainder of the 
precipitation, and much of the ground water recharge, occurs during winter and the spring melt (PA 
DEP, 2012).  Williams et al. (1998) estimate an average recharge rate from precipitation in the valleys of 
approximately 1.8 inches per year.  These resources provide water for domestic use, municipal water, 
manufacturing, irrigation, and hydraulic fracturing.  

The ground water flow regime in the study area has been extensively described by Williams et al. 
(1998).  The glaciated valleys are classified into two major zones: (1) zones of unrestricted ground water 
flow containing water of the calcium carbonate type, and (2) zones of restricted ground water flow 
containing water of the sodium chloride type.  Williams et al. (1998) state that unrestricted ground 
water flow occurs in the unconfined and confined stratified-drift aquifers and in many of the till and 
shallow bedrock systems, whereas restricted flow occurs in the bedrock of the major valleys and, in  
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Figure 8. Map showing north-northwest and south-southeast orientation of gas well laterals in Towanda area of Bradford County as of 

February 2012 (Data source:  Chesapeake Energy 2/12/2012).  Note.  Some gas wells shown were drilled but not yet fractured 
as of 2/12/2012.  Also shown are EPA sampling locations within area of map that were sampled in this study. 
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some areas, in the overlying till and confined stratified-drift aquifers.  Stratified drift aquifers (confined 
and unconfined) and the Lock Haven and Catskill bedrock formations serve as primary ground water 
drinking sources in the study area, with till also occasionally being tapped as a drinking water source in 
some locations (Williams et al., 1998).  The confined aquifers in the study area are composed of sand 
and gravel deposits of glacial, ice-contact origin and are typically buried by pro-glacial lake deposits; the 
unconfined aquifers are composed of sand and gravel deposited by glacial outwash or melt-waters.  
Depth to ground water (potentiometric surface) varies throughout the study area, ranging from 1 foot to 
300 feet for the wells sampled in this study.  Wells completed in stratified-drift aquifers generally have 
specific capacities an order of magnitude greater than those completed in the till or bedrock.  The 
median specific capacity in confined stratified-drift aquifers is about 11 gallons per minute per foot 
(gal/min ft) of drawdown, and in unconfined stratified-drift aquifers is about 24 gal/min ft (Williams et 
al., 1998).  Most wells in the Catskill Formation have higher yields than those in the Lock Haven 
Formation due to the generally more coarse grained properties of the Catskill Formation.  

The primary ground water type found in the study area is calcium bicarbonate (Ca-HCO3) water with 
sodium bicarbonate (Na-HCO3) and sodium chloride (Na-Cl) type water being found to a lesser extent 
(Williams et al., 1998; Molofsky et al., 2013).  According to Williams et al. (1998), sodium chloride type 
water, which tends to occur in zones of more restricted flow, generally contains higher levels of total 
dissolved solids (TDS) and higher concentrations of dissolved barium (Ba), dissolved sodium (Na), and 
dissolved chloride (Cl).  Naturally occurring iron (Fe) and manganese (Mn) concentrations in ground 
water in the study area frequently exceed the secondary maximum contaminant levels (MCLs) of 
0.3 milligrams per liter (mg/L) and 0.05 mg/L, respectively (Williams et al., 1998).  The natural presence 
of these constituents at often elevated concentrations relative to applicable secondary and primary 
MCLs complicates their use as indicators/tracers of potential impacts in the study area.  In their 
evaluation of ground water in Bradford, Tioga, and Potter counties in northeastern Pennsylvania, 
Williams et al. (1998) identified 44 wells with Na-Cl type water almost all of which are located in stream 
and river valleys.  According to Williams et al (1998), 23 of these wells were completed in the Lock 
Haven formation, 15 in the Catskill formation, four in the confined stratified drift, and two in the till.  

Oil and Gas Production 
Oil and gas exploration and production are not new to northeastern Pennsylvania and began as early 

as the 1860s.  However, as of 2002, much of the region remained unexplored or underexplored, as 
evidenced by the sparse presence of both dry holes and established oil and gas fields (Carter and 
Harper, 2002).  The limited exploration in this part of Pennsylvania was at least partially attributable to 
adherence to the carbon-ratio theory, which predicted the absence of hydrocarbons in northeastern 
Pennsylvania due to the low percentage of fixed carbon present in coals in the area (Carter and 
Harper, 2002).  Zampogna et al. (2012) describe the history of oil and gas activities in northeastern 
Pennsylvania (Bradford, Susquehanna, and Wyoming counties), identifying 33 oil or gas wells in Bradford 
County and 11 in Susquehanna County from the 1860s to the 1980s.  Historical oil and gas production in 
northeastern Pennsylvania was essentially limited to Devonian strata, with the Lock Haven Formation 
producing oil and gas, and the Oriskany Sandstone below the Marcellus Formation producing gas only.  
In Bradford County in the 1990s, there were 11 wells producing gas in three gas fields in the Oriskany 
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Sandstone (Carter and Harper, 2002).  The use of hydraulic fracturing to enhance the extraction of oil 
and gas from subsurface formations began in the early 1950s, with hydraulic fracturing being limited to 
vertical well systems.  However, with the advent of horizontal directional drilling and improved hydraulic 
fracturing techniques, as well as the increased price of gas, the extraction of gas from low-permeability 
(unconventional) deposits such as the Marcellus Shale became economically viable.  The advances in 
hydraulic fracturing and horizontal directional drilling technologies have made the Marcellus Shale one 
of the most important natural gas resources in the United States, with the capacity to possibly produce 
several hundred trillion cubic feet of gas (Milici and Swezey, 2006; Engelder et al., 2009).  The sudden 
economic viability of gas production from the Marcellus Shale resulted in a significant acceleration in 
drilling activities and production in the region after 2008.  In July of 2008, for example, there were fewer 
than 50 actively permitted natural gas wells in Bradford County, whereas by April 2013 there were 
reportedly over 2,000 permitted gas wells in the county (http://www.bradfordcountypa.org).  The 
locations of oil and gas wells in the two counties, as well as gas wells specific to the Marcellus Shale, are 
shown in Figures 5 and 6.  

Land Use  
According to Bradford County’s 2004 Comprehensive Plan, “Residents today still enjoy a 

predominantly rural landscape of forested hills and mountains, agricultural valleys, and small towns and 
villages at rural cross roads.”  Historically, timber production was a major industry, and agriculture was 
and remains a major industry, with Bradford County being one of the leading agricultural counties in 
Pennsylvania.  The largest population centers and industrial areas in the county are located along the 
Susquehanna River (Bradford County Office of Community Planning and Grants, 2010).  In recent years, 
the county has become a center of natural gas production, and in the first half of 2012 was the leading 
natural gas producing county in Pennsylvania, accounting for 26% of the state’s natural gas production 
(Marcellus Drilling News 2012). 

Susquehanna County is largely undeveloped, with agricultural and forested land predominating 
(Michael Baker, Inc., 2012).  Dairy farming is a major industry in the county, and livestock production 
accounts for 94% of the value of the county’s agricultural products (City Data, 2013).  In the first half of 
2012, Susquehanna was the second largest natural gas producing county in Pennsylvania, accounting for 
21% of the state’s natural gas production (Marcellus Drilling News, 2012).  

Maps comparing land use in Bradford and Susquehanna counties in 1992 and 2006, based on data 
from the National Land Cover Database (NLCD), are provided in Figures 9 and 10.  Tables 1a and 1b, also 
based on the NLCD, present data on land use in the counties in 1992 and 2006.  The NLCD is based on 
30-meter-resolution data from the Landsat satellite (USGS, 2012a).  The 2006 dataset was the most 
recent land use information available. 

Although the data for land use in the two years (1992 and 1996) are not comparable due to changes 
in input data and mapping methodologies (Multi-Resolution Land Characteristics Consortium, 2013), the 
NLCD data indicate that, in both years, forest cover was the largest land use in the counties, followed by 
cultivated land, and that these two land use categories accounted for an overwhelming majority of the  

http://www.bradfordcountypa.org/
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Figure 9. Bradford County, Pennsylvania – land use in 1992 and 2006 (Source.  USGS National Land Cover Database [1992, 2006]).  Buffer 

areas around the sampling locations of this study were used for the analysis of land use and environmental record searches (see 
Appendix C). 
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Figure 10. Susquehanna County, Pennsylvania – land use in 1992 and 2006 (Source:  USGS National Land Cover Database [1992, 2006]).  

Buffer areas around the sampling locations of this study were used for the analysis of land use and environmental record searches 
(see Appendix C). 
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Table 1a. Land use in Bradford County in 1992 and 2006. 

 
1992 2006 

Land Use Square Miles % of Total Square Miles % of Total 
Deciduous Forest 523 45% 417 36% 
Pasture/Hay 369 32% 278 24% 
Mixed Forest 103 9% 172 15% 
Evergreen Forest 85 7% 66 6% 
Row/Cultivated Crops 62 5% 135 12% 
Open Water 12 1% 11 1% 
Other 12 1% 86 7% 
Total 1,164 100% 1,164 100% 
Note.  Totals may not sum exactly due to rounding.  Data source.  U.S. Department of Agriculture, 2012 

 

Table 1b. Land use in Susquehanna County in 1992 and 2006. 

 
1992 2006 

Land Use Square Miles % of Total Square Miles % of Total 
Deciduous Forest 436 52% 341 41% 
Pasture/Hay 176 21% 136 16% 
Mixed Forest  107 13% 140 17% 
Evergreen Forest 65 8% 55 7% 
Row/Cultivated Crops 32 4% 99 12% 
Open Water  11 1% 10 1% 
Other 9 1% 54 7% 
Total 835 100% 835 100% 
Note.  Totals may not sum exactly due to rounding.  Data source:  U.S. Department of Agriculture, 2012 

 

land use in the counties.  The data also indicate land use patterns did not significantly change between 
1992 and 2006.  Additional land use analysis, with particular focus on the areas adjacent to the sampling 
points of this study, is presented in Appendix C. 

Table 2 provides an estimate of the areas affected by natural gas development in Bradford and 
Susquehanna counties.  The website of the Pennsylvania Department of Environmental Protection (PA 
DEP) provided the number of permitted well pads in each of the counties as of May 19, 2014. (PA DEP, 
2014a).  Most wells at these pads are “unconventional,” meaning that they were stimulated by hydraulic 
fracturing (PA DEP, 2014b)1.  A USGS study of the landscape impacts of natural gas extraction in 
Pennsylvania provided the estimate of the area disturbed (i.e., affected) by well pads associated with 
the extraction of shale gas through hydraulic fracturing (USGS, 2012b).  In both counties, less than 1% of 
the county land area is potentially affected by gas development. 

                                                            
1 The online database from which these data were drawn provides an option for selecting records relating to 

unconventional wells only or all wells. Selecting either option results in identical lists that include only 
unconventional wells. 
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Table 2. Area potentially affected by gas development in Bradford and Susquehanna 
Counties. 

  County  
Item Bradford Susquehanna 

Number of Well Pads (1) 644 414 
Affected Acres per Well Pad (2), (i) 10.1 
Affected Area in Square Miles (ii) 10.2 6.6 
Total Area of County in Square Miles (3) 1,147 823 
Percentage of County Area Potentially Affected by Well Pads 0.9% 0.8% 
Sources: 
(1)  PA DEP (2014a) 
(2)  US Geological Survey (2012b) 
(3)  US Census Bureau (2012)  
 
Notes: 
(i)  Original source in hectares, converted to acres (2.471 acres per hectare). 
(ii) 640 acres per square mile. 

 

Potential Contaminant Sources 
In order to help determine whether hydraulic fracturing was the cause or one of the causes of 

potential impacts on water quality assessed in this study, a consistent and rigorous approach was 
adopted for evaluating potential contaminant sources using causal assessment.  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. 

An exhaustive list of candidate causes, i.e., hypothesized causes of environmental impairment that 
are sufficiently credible to be analyzed (EPA, 2000a), was developed for the Bradford and Susquehanna 
county areas of this retrospective case study.  Each environmental stressor was evaluated by examining 
potential causes and effects.  Candidate causes included all potential sources that could stress the 
environment and thereby 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 there are potential sources of contamination unrelated to drilling and 
hydraulic fracturing activities, a detailed background assessment was conducted as described below.  
The background assessment is presented in detail in Appendix C.  

Detailed background assessments included searches of the following databases: 

• Environmental records search:  Environmental record searches were performed by 
Environmental Data Resources, Inc. (EDR).  EDR’s service includes searching publicly available 
databases and also providing data from their own proprietary databases.  
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• Well inventory:  Existing oil and gas well inventories were prepared on the same search areas 
used for the EDR reports using PA DEP’s oil and gas well database. 

• State record summary:  PA DEP’s Environment Facility Application Compliance Tracking System 
(eFACTS; http://www.ahs.dep.pa.gov/eFACTSWeb/criteria_site.aspx) was used to find up-to-date 
well records for the study areas.  This database provides information on inspection and pollution 
prevention visits, including lists 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. 

The issues concerning ground water in Bradford County and Susquehanna County include complaints 
about changes in water quality believed by homeowners to be associated with gas drilling (e.g., 
turbidity, effervescing, discoloration, staining, odor, etc.).  Although numerous gas wells have been 
recently drilled and continue to be drilled in these areas, no specific gas well was targeted as a potential 
candidate cause at the initiation of the study, since changes in water quality could also be due to 
historical land use, historical drilling practices, and naturally occurring sources.  

Williams et al. (1998) have identified sewage, animal wastes, chemical fertilizers, industrial chemicals 
and wastes, and petroleum products as sources of contamination to ground water locally in the study 
area.  Battelle (2013) concluded the main causes of historical (pre-2007) water quality impairments in 
Bradford and Susquehanna counties have been agriculture and road runoff, with additional 
contributions from habitation modification, septic systems, non-point sources, point sources, and 
resource extraction from coal and non-coal mineral mining.  They state that agricultural runoff can 
include insecticides, herbicides, fungicides, fertilizers, metals, and other constituents (dissolved solids, 
bromide, selenium), and road runoff can include chloride, sodium, and bromide.  

 

  

http://www.ahs.dep.pa.gov/eFACTSWeb/criteria_site.aspx
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Study Methods 
This section describes the methods used in this study for the collection of water samples, sample 

analysis, quality assurance/quality control (QA/QC), data reduction, and data analysis.  A more detailed 
description of the sampling methods, analytical methods, and QA/QC is provided in the Quality 
Assurance Project Plan (QAPP) (EPA 2013) [http://www2.epa.gov/sites/production/files/documents/
bradford-review-casestudy.pdf].  The analytical methods and field measurements employed in the study 
are discussed in Sections 2.2 and 2.4, respectively, of the QAPP.  A list of the analytes, parameters, and 
sample results are provided in Appendix B.  Water analyses were conducted for over 225 analytes 
covering a large range of organic and inorganic constituents, including gasoline-range organics (GRO), 
diesel-range organics (DRO), volatile organic compounds (VOCs), semi-volatile organic compounds 
(SVOCs), glycol ethers (diethylene, triethylene, and tetraethylene glycol), low-molecular-weight acids 
(lactate, formate, acetate, proprionate, isobutyrate, and butyrate), dissolved gases (methane, ethane, 
propane, n-butane), major and trace cations and anions, dissolved organic carbon (DOC), dissolved 
inorganic carbon (DIC), stable isotopes (δ13CCH4, δ2HCH4, δ13CC2H6, δ13CDIC, δ18OH2O, δ2HH20, and 87Sr/86Sr), 
and radioactivity (radium-226, radium-228, gross alpha activity, and gross beta activity).  Field 
parameters measured included temperature, specific conductance, pH, dissolved oxygen, oxidation-
reduction potential (ORP), alkalinity, turbidity, ferrous iron, and hydrogen sulfide.  These analyses cover 
a broad spectrum of compounds and indicators that are potentially linked to hydraulic fracturing 
activities and/or that aid in providing a conceptual framework for evaluating potential impacts.  Of the 
analyses noted above, those that are considered critical analyses supporting the primary objective of the 
project—i.e., to determine whether drinking water (ground water) resources in the selected areas of 
Bradford and Susquehanna counties have been impacted by hydraulic fracturing activities—include 
GRO, DRO, VOCs (ethanol, isopropyl alcohol, tert-butyl alcohol, naphthalene, benzene, toluene, 
ethylbenzene, and xylenes), SVOCs, dissolved gases (methane, ethane, propane, n-butane), major 
cations (Ca, Mg, Na, K),  major anions (Cl, SO4), and trace elements (As, Se, Sr, Ba).  

Sampling Locations 
Three rounds of sampling were conducted as part of this study at a total of 36 homeowner wells, two 

springs, one pond, and one stream in northeastern Pennsylvania.  Samples were collected from 33 
homeowner wells and two springs in the first round; 22 homeowner wells, one spring, the stream, and 
the pond in the second round; and 21 homeowner wells and one spring in the third round.  An iterative 
approach was employed in the sampling program whereby the results from a preceding sampling event 
were used to refine the focus of subsequent sampling events.  Most homeowners who had come 
forward to lodge complaints or express concerns regarding impacts of nearby hydraulic fracturing 
activities on their well water were accommodated in the first round of sampling.  The second and third 
sampling rounds generally focused on those locations that in the first round of sampling were observed 
to exhibit more elevated concentrations of one or more constituents of interest possibly linked to 
hydraulic fracturing activities (e.g., methane, chloride, sodium, TDS, barium, radium, bromide, 
strontium, manganese, iron, etc.).  

http://www2.epa.gov/sites/production/files/documents/bradford-review-casestudy.pdf
http://www2.epa.gov/sites/production/files/documents/bradford-review-casestudy.pdf
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Most sampling locations in the study were in Bradford County; the exceptions were three 
homeowner locations (four wells) in Susquehanna County, which were sampled in the first round only 
(see Figures 3 and 4).  With three exceptions, sampling locations were within a 1-mile radius of a well 
pad where hydraulic fracturing (stimulation) had occurred.  With three exceptions, one or more 
fractured laterals were present areally within 3,000 feet of each of the sampling locations.  In total, 
approximately 150 unconventional gas wells were within a 1-mile radius of the sampling locations in 
Bradford County, and approximately 30 unconventional gas wells were within a 1-mile radius of the 
sampling locations in Susquehanna County (see Appendix C), of which most, had been fractured at the 
time of sampling.  The large number of gas wells present within a 1-mile radius of the sampling locations 
is attributable to the often multiple well pads present within a 1-mile radius of homeowner wells, as 
well as the multiple wells that are generally completed on a given well pad.  The two springs sampled in 
the study had originally served as drinking water sources for homeowners but were eventually replaced 
by drilled drinking water wells.  The pond sampled in the study was located immediately adjacent to and 
downhill of a well pad (Vannoy pad) where fluid releases were reported to have occurred in 2009 (see 
Appendices C and D).  The primary focus of the pond sampling was to determine whether links, if any, 
existed between potential pond impacts and potential impacts on the nearby homeowner well.  The 
stream sampled in the study was close to a homeowner well observed to exhibit more elevated levels of 
barium, TDS, and combined radium-226 and radium-228.  As in the case of the pond, the stream was 
sampled to establish links, if any, between potential stream impacts and potential well impacts.  

The completion depths of homeowner wells sampled in the study were, in most cases, uncertain and 
were based primarily on homeowner knowledge of their wells.  Well depths could not be determined in 
the field due to the homeowner pumps in the wells posing an obstruction to the use of well depth 
measuring devices.  Temporary removal of homeowner pumps from the wells to allow for depth 
measurements was not feasible, since it would have required specialized equipment and services, may 
have caused a significant interruption in the availability of water to the homeowner, and could have 
posed significant liability concerns.  A search of state records, including a visit to state offices, yielded 
only limited information on the construction and depth of the homeowner wells that were sampled.  

Although the first round of sampling was conducted in both Bradford County and Susquehanna 
County, sampling in the two subsequent rounds was limited to Bradford County.  This is due to EPA 
Region 3 becoming actively involved in evaluating drinking water quality in Susquehanna County 
(Dimock) in early 2012, soon after completion of the first round of sampling in this study.  Three of four 
homeowner wells sampled in this study in Susquehanna County were located in Dimock; therefore, in 
order to avoid redundancy in sampling efforts by Region 3 and EPA’s Office of Research and 
Development (ORD), ORD ceased further involvement in Dimock.  The fourth homeowner well sampled 
in Susquehanna County was not located in Dimock but was also not sampled in rounds 2 and 3 because 
of liability concerns associated with very high turbidity generated in the well during purging.  As will be 
addressed later in the report, there is no basis for linking the high turbidity in this homeowner well to 
activities on the nearest well pads with hydraulically fractured wells since these pads (as well as 
associated fractured laterals) were areally more than two miles from the homeowner well at the time of 
sampling.  
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Some locations in the study were sampled once, some were sampled twice, and some were sampled 
in all three rounds.  In addition to the second and third sampling rounds generally focusing on those 
locations that in the first round of sampling were observed to exhibit more elevated concentrations of 
one or more constituents of interest possibly linked to hydraulic fracturing activities, other reasons for 
sampling some locations only once included potential liability issues, accessibility issues, and 
homeowner well functionality problems.  Also, most of the locations sampled only once in this study had 
been previously sampled by others (e.g., by PA DEP or by operators) so that data from past sampling 
events could be compared with data from this study to evaluate the need for additional sampling.  
Table 3 lists the wells and springs sampled during each round in this study.  Also shown in Table 3 are 
presumed well depths (based on homeowner knowledge) and the formation into which the homeowner 
wells are likely completed.  

Table 3. Wells, springs, and surface waters sampled in this study. 

Sample Id 
Rounds 

Sampled 
Presumed Well 

Depth  (ft) Water Type Likely Formation of Completion 
NEPAGW01 1,2,3 206 Na-HCO3 Lock Haven 
NEPAGW02 1,2,3 245 Na-HCO3 Lock Haven 
NEPAGW03 1,2,3 178 Ca-SO4 Lock Haven 
NEPAGW04 1,2 37 Na-Cl Lock Haven 
NEPAGW05 1 280 Ca-HCO3 Catskill /Lock Haven 
NEPAGW06 1,2,3 119 Ca-HCO3 Catskill/Lock Haven 
NEPAGW07 1 unknown Ca-HCO3 Catskill/Lock Haven 
NEPAGW08 1,2,3 260 Na-Cl Stratified Drift or Lock Haven 
NEPAGW09 1,2,3 150 Ca-HCO3 Lock Haven 
NEPAGW10 1,2,3 175 Ca-HCO3 Catskill/Lock Haven 
NEPAGW11 1,2,3 250 Na-HCO3 Lock Haven 
NEPAGW12 1,3 440 Ca-HCO3 Lock Haven 
NEPAGW13 1,2 200 Ca-HCO3 Catskill/Lock Haven 
NEPAGW14 1,2,3 340 Ca-HCO3 Catskill/Lock Haven 
NEPAGW15 1,2,3 220 Ca-HCO3 Catskill/Lock Haven 
NEPAGW16 1,2,3 86 Na-HCO3  Stratified Drift 
NEPAGW17 1,2 100 Na-Cl  Stratified Drift 
NEPAGW18 1,2 203 Ca-HCO3 Catskill/Lock Haven 
NEPAGW19 1 142 Ca-HCO3 Catskill/Lock Haven 
NEPAGW20 1,2 160 Ca-HCO3 Catskill/Lock Haven 
NEPAGW21 1 unknown Ca-HCO3 Stratified Drift or Catskill 
NEPAGW22 1 unknown * Stratified Drift or Catskill 
NEPAGW23 1 120 Ca-HCO3 Stratified Drift or Catskill 
NEPAGW24 1 unknown Ca-HCO3 Stratified Drift or Lock Haven 
NEPAGW25 1 unknown Na-HCO3 Catskill/Lock Haven 
NEPAGW26 1,2,3 unknown Ca-HCO3 Catskill/Lock Haven 
NEPAGW27 1,2,3 220 Na-HCO3 Catskill/Lock Haven 
NEPAGW28 1,3 225 Ca-HCO3 Lock Haven 
NEPAGW29 1,2,3 unknown Ca-HCO3 Lock Haven 
NEPAGW30 1 390 Ca-HCO3 Lock Haven 
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Table 3. Wells, springs, and surface waters sampled in this study. 

Sample Id 
Rounds 

Sampled 
Presumed Well 

Depth  (ft) Water Type Likely Formation of Completion 
NEPAGW31 1 300 Ca-HCO3 Catskill/Lock Haven 
NEPAGW32 1,2,3 179 Ca-HCO3 Catskill/Lock Haven 
NEPAGW33 1,2,3 115 Na-HCO3 Catskill/Lock Haven 
NEPAGW36 2,3 unknown Ca-HCO3 Lock Haven 
NEPAGW37 3 200-240 Ca-HCO3 Catskill/Lock Haven 
NEPAGW38 3 130 Ca-HCO3 Catskill/Lock Haven 
NEPASW01 1,2,3 spring Ca-HCO3  
NEPASW02 1 spring Ca-HCO3  
NEPASW03 2 pond   
NEPASW04 2 pond   
NEPASW05 2 stream   
NEPASW06 2 stream   
*ion balance >15%; **based on Aq·QA criteria  

 

Water Collection from Homeowner Wells  
The methods for collecting samples from wells, springs, and surface waters are described in the 

QAPP (EPA, 2013).  In the case of wells, samples were collected either from a homeowner tap located 
upstream of any home water treatment systems, where applicable, or directly from the well in cases 
where a separate submersible pump (Proactive Monsoon) was used.  Where possible, samples were also 
collected upstream of pressure tanks.  For wells that could be accessed directly, depth to ground water 
(potentiometric surface) was measured and recorded using a Solinst Model 101 electronic water level 
indicator or a Ravensgate 200U sonic water level measuring device.  The existing homeowner well 
pump, where possible, was used to purge the well and subsequently sample the well.  In cases where a 
homeowner pump was not present, a separate submersible pump (Proactive Monsoon) was introduced 
into the well to allow for sample collection.  The rate of purging was determined by measuring the 
volume of water collected after a unit of time into a large metered pail or equivalent container.  During 
purging, water level measurements were recorded regularly to monitor drawdown in the well.  If 
drawdown was initially observed to be substantial, purge rates were decreased accordingly to minimize 
drawdown while still ensuring an adequate purge rate.  In general, wells were purged for at least one 
hour prior to sample collection at rates of up to 10 gallons (≈38 liters) per minute.  Following completion 
of well purging, a brass adaptor with attached polyethylene tubing was connected to the homeowner 
tap.  In cases where simultaneous split sampling was conducted with the operator, a Y-shaped brass 
adaptor was employed instead, allowing for the attachment of two separate lines of polyethylene 
tubing.  Water flow at a rate of 1 to 2 liters per minute was then directed through a flow-through cell 
attached to a YSI 556 multi-parameter probe unit.  Sample collection commenced once stabilization of 
geochemical parameters occurred (pH, temperature, conductivity, dissolved oxygen [DO], and, if 
possible, ORP).  Unfiltered samples for the analyses of dissolved gases, VOCs, SVOCs, DRO, GRO, glycol 
ethers, low-molecular-weight acids, total metals, gross alpha activity, gross beta activity, Ra-226, 
Ra-228, δ13CCH4, δ13CC2H6, and δ2HCH4 were collected first.  Next, a high-capacity filter (0.45-micron pore 
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size Millipore brand) was attached to the end of the tubing and a series of filtered samples were 
collected for dissolved metals, anions, nutrients, DIC, δ13CDIC, δ18OH2O, δ2HH20, and 87Sr/86Sr analyses.  
Prior to filling sample bottles, at least 100 milliliters (mL) of ground water was passed through the filter 
to waste.  Sample preservation and holding time requirements for each sample type are described in 
Table A1 (Appendix A).  All samples were placed on ice in a cooler following collection and kept on ice 
until arrival at the designated analytical laboratory.  Smaller plastic bottles were placed in sealed plastic 
bags; glass bottles and vials were wrapped in bubble wrap; and large plastic bottles (with the exception 
of samples to be analyzed for δ13CCH4, δ13CC2H6, and δ2HCH4) were placed in the cooler in an upright 
position.  Sample bottles for δ13CCH4, δ13CC2H6, and δ2HCH4 analyses were placed in an inverted position in 
coolers and maintained in the inverted position throughout shipment to the designated analytical 
laboratory.  Coolers were taped shut, affixed with a custody seal, and shipped to designated analytical 
laboratories, generally within 24 hours to 48 hours of collection, depending on sample holding time 
requirements.  

Sampling at Springs and Surface Water Locations 
The two springs sampled in the study were either sampled directly at their location or from a 

homeowner tap connected to the spring.  If sampled at their location, a peristaltic pump (Pegasus Pump 
Company Alexis®) or bladder pump (QED Sample Pro) was used, as appropriate.  The bladder pump was 
employed for collection of VOC and GRO samples to minimize loss by volatilization; otherwise, the 
peristaltic pump was used.  Samples from the pond and stream were similarly collected employing a 
peristaltic pump (Pegasus Pump Company Alexis®) or bladder pump (QED Sample Pro), as appropriate, 
for the type of sample being collected.  Samples obtained directly from springs, and surface water 
samples obtained from the pond and stream, were collected by extracting water from beneath the 
surface using dedicated polyethylene tubing affixed to a long aluminum pole and connected to a 
peristaltic pump or bladder pump, as appropriate. (Samples collected from springs via a homeowner tap 
were collected by the method used for domestic well sampling.)  Sampling of surface waters and springs 
was, in all cases, performed to minimize any capture of sediment.  Samples obtained directly from 
springs, and samples collected from the pond and stream for analysis of dissolved metals, stable 
isotopes (except isotopes of methane and ethane), anions, nutrients, and inorganic/organic carbon, 
were collected using a peristaltic pump and filtered in-line using a high-capacity (0.45 micron) capsule 
filter.  YSI readings were recorded prior to sampling by inserting the probe unit directly into the surface 
water body and allowing readings to stabilize, or by directing surface water through the peristaltic pump 
and the YSI flow cell until stabilization of readings had occurred.  

Water Analysis 

Field Parameters 
Temperature, specific conductance, pH, ORP, and dissolved oxygen were continuously monitored 

during the latter stages of well purging using a YSI 556 multi-parameter probe and flow-through cell 
assembly.  YSI electrodes were calibrated each morning prior to sampling.  Performance checks were 
conducted in the morning following calibration, at midday when possible, and at the end of each day.  
NIST-traceable buffer solutions (4.00, 7.00, and/or 10.01) were used for pH calibration, and YSI 5580 
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Confidence Solution was used for continuing performance checks.  YSI ORP standard was used for 
calibration of ORP measurements and a conductivity standard (Oakton) was used for calibration of 
specific conductance measurements.  Table A27 (Appendix A) provides the results of the performance 
checks for these parameters.  Performance check criteria were consistently met without exception for 
these parameters during all three rounds of sampling.  Dissolved oxygen sensors were calibrated with 
water-saturated air according to manufacturer recommendations each morning and checked with zero-
oxygen solutions to ensure good performance at low oxygen levels.  Prior to field deployment, the 
electrode assembly and meter were checked to confirm good working order.  

Following stabilization of parameters, an approximately 500-mL unfiltered sample was collected and 
immediately analyzed for field determinations of turbidity, dissolved sulfide, ferrous iron, and alkalinity.  
Turbidity measurements (EPA Method 180.1) were conducted using a HACH 2100Q Portable 
Turbidimeter, which was calibrated with a HACH 2100Q StablCal Calibration Set consisting of 
20 nephelometric unit (NTU), 100 NTU, and 800 NTU standards, and a 10 NTU calibration verification 
standard.  Iron concentrations were determined using the 1,10-phenanthroline colorimetric method 
(HACH DR/890 colorimeter, Standard Method 3500-FeB for Wastewater).  Dissolved sulfide 
measurements were made using the methylene blue colorimetric method (HACH DR/890 colorimeter, 
Standard Method 4500-S2-D for Wastewater).  Alkalinity measurements were made by titrating ground 
water with 1.6N sulfuric acid (H2SO4) to the bromcresol green-methyl red endpoint using a HACH Model 
AL-DT Digital Titrator (EPA Method 310.1).  

The HACH DR/890 colorimeter (for ferrous iron and sulfide) and the HACH 2100Q Portable 
Turbidimeter (for turbidity) were inspected prior to going into the field.  The ferrous iron accuracy was 
checked by making triplicate measurements of a 1-mg Fe/L standard solution (HACH Iron Standard 
solution, using Ferrover® pillows); the results were between 0.90 - 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% H2S gas (balance N2); the 
results of spectrophotometric measurements were within 20% of expected  concentrations.  Turbidity 
was checked following calibration against the 10 NTU StablCal Calibration Set verification standard 
supplied by HACH.  Titrators used for alkalinity measurements were checked using a 100-mg/L standard 
prepared from sodium bicarbonate (NaHCO3).  In the field, ferrous iron and sulfide blanks (distilled 
water) were measured at the beginning and end of each day to ensure the HACH DR/890 colorimeter 
remained in working order and was not returning false positives.  The turbidimeter was checked against 
the 20 NTU, 100 NTU, 800 NTU, and/or 10 NTU turbidity calibration standards at the end of each day to 
ensure it remained in working order.  Performance checks of the HACH DR/890 colorimeter and HACH 
2100Q Portable Turbidimeter were consistently met throughout the study.  

Analytical Methods for Ground Water and Surface Water 
Over 2,000 water samples were collected and analyzed.  The laboratories that performed the 

analyses in each sampling round, and the methods used, are described in Appendix A (Table A1).  
Anions, nutrients, DIC, and DOC samples from all three sampling events (rounds 1, 2, and 3) were 
analyzed in-house (GWERD General Parameters Lab, Ada, Oklahoma).  Quantitative analyses of the 
major anions bromide (Br-), chloride (Cl-), fluoride (F-), and sulfate (SO4

2-) were performed by capillary 
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ion electrophoresis (EPA Method 6500) with a Waters Quanta 4000 Capillary Ion Analyzer.  Nutrients 
(NO3 + NO2, NH3) were measured by flow injection analysis (EPA Method 350.1 and 353.1) on a Lachat 
QuickChem 8000 Series flow injection analyzer.  The concentration of carbon in DIC and DOC in aqueous 
samples was determined by acidification and combustion followed by infrared detection (EPA Method 
9060A) on a Shimadzu TOC-VCPH Analyzer.  

Samples for dissolved gases, low-molecular-weight acids, and stable isotopes of water (δ2HH2O, 
δ18OH2O) were analyzed by Shaw Environmental for rounds 1 and 2 and by CB&I for round 3.  Dissolved 
gases were measured by gas chromatography (Agilent Micro 3000 gas chromatograph) using a 
modification of the method described by Kampbell and Vandegrift (1998).  Samples for gas analysis were 
collected by submerging sample vials in a continuously overflowing bucket filled with water pumped 
from the sampling location.  The concentrations of low-molecular-weight acids were determined using 
high-performance liquid chromatography (Dionex Ics-3000).  Hydrogen and oxygen isotope ratios for 
aqueous samples collected during round 1 were determined by isotope ratio mass spectrometry 
(Finnigan TC/EA, Finnigan Delta Plus XP IRMS); cavity ring-down spectrometry was used to measure 
isotope ratios in samples collected during rounds 2 and 3 (Picarro L2120i CRDS).  The oxygen and 
hydrogen isotope ratio values are reported in terms of permil  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, 2, and 3 was 
completed by EPA Region 8 Laboratory.  DRO and GRO were determined 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 analyzed by Shaw Environmental for samples collected during rounds 1 and 2 using 
automated headspace GC/MS (EPA Methods 5021A and 8260C; Agilent 6890/5973 Quadrupole GC/MS).  
In round 3, the samples were analyzed for VOCs by the Southwest Research Institute using purge-and-
trap GC/MS (EPA Method 8260B; Agilent 6890N GC/MS).  

Glycols (2-butoxyethanol, diethylene glycol, triethylene glycol, and tetraethylene glycol) were 
measured by EPA Region 3 Laboratory for samples collected during all three rounds.  The samples were 
analyzed by high-performance liquid chromatography (HPLC) coupled with positive electrospray 
ionization (ESI+) tandem mass spectrometry (MS/MS; Waters HPLC/MS/MS with a Waters Atlantis dC18 
3µm, 2.1 x 150mm column) (Schumacher and Zintek, 2014).  

Major cation and trace metals were determined for 0.45 µm filtered (dissolved metals) and 
unfiltered (total metals) samples by Shaw Environmental in round 1.  Major cations were analyzed using 
inductively coupled plasma–optical emission spectroscopy (ICP–OES; EPA Methods 200.7; Optima 3300 
DV ICP-OES).  Trace metals were determined by inductively coupled plasma–mass spectroscopy (ICP–
MS; EPA Method 6020A; Thermo X Series II 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) in round 2.  The samples were prepared and analyzed 
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following CLP methodology (Method ISM01.3).  Total and dissolved metal analyses for samples collected 
during round 3 were conducted by the Southwest Research Institute in accordance with EPA Methods 
6020A (ICP–MS) and 200.7 (ICP–OES).  Unfiltered samples were digested prior to analysis (EPA Method 
200.7).  

In all sampling rounds, selected samples were submitted to Isotech Laboratories, Inc., for analysis of 
stable isotope ratios of DIC (δ13CDIC), methane (δ13CCH4, δ2HCH4), and where applicable, ethane (δ13CC2H6).  
The δ13CDIC 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 (δ13CCH4, δ2HCH4, 
δ13CC2H6) isotope ratios.  The carbon isotope ratio values are reported in terms of permil  notation (‰) 
with respect to the Vienna Pee Dee Belemnite (VPDB) standard.  The hydrogen isotope ratio value 
(δ2HCH4) is reported in terms of permil  notation (‰) with respect to the Vienna Standard Mean Ocean 
Water (VSMOW) standard. 

Strontium isotopes (87Sr/86Sr) and rubidium (Rb) and strontium (Sr) concentrations in filtered samples 
were measured by the USGS for samples collected during all sampling events (rounds 1, 2, and 3).  High-
precision (2σ = +0.00002) strontium isotope ratio results were obtained using thermal ionization mass 
spectrometry (TIMS; Finngan Mat 262) using methods described in Peterman et al. (2012).  Gross alpha 
and gross beta activity concentrations were determined by ALS Environmental using a gas proportional 
counter following EPA Method 900.0.  Isotopes of radium were also determined by ALS Environmental 
using EPA Methods 903.1 and 904.0. 

QA/QC 
Field QC samples included trip blanks, field blanks, equipment blanks, duplicate samples, and field 

samples with adequate volumes for preparation of matrix spike samples in the laboratory.  Field QC 
sample types, summarized in Appendix A (Table A2), were collected, preserved, and analyzed using 
identical methodologies as used for the ground water and surface water samples collected in the field.  
Appendix A presents detailed QA practices and the results for QC samples, including discussions of chain 
of custody, holding times, blank results, field duplicate results, laboratory QA narratives, QAPP additions 
and deviations, field QA/QC, application of data qualifiers, tentatively identified compounds (TICs), 
audits of data quality (ADQ), and the laboratory and field Technical System Audits (TSA).  All reported 
data met project requirements unless otherwise indicated by application of data qualifiers.  In rare 
cases, data not meeting project requirements were rejected as unusable and not reported (see 
Appendix A). 

Data Handling and Analysis 
For each sampling location in this study, geochemical parameters and the water quality data for 

major ions and other selected inorganic ions collected over the multiple sampling events were averaged.  
This approach ensures that more frequently sampled locations are given equivalent weight in the overall 
data analysis (Battelle, 2013); however, a shortcoming of this method is that potential temporal 
variability in concentration data at a single location is not captured.  This issue is addressed in the study 
by evaluating location-specific, time-dependent concentration trends at selected well locations for 
selected analytes of interest.  For parameters of interest, summary statistics were calculated (mean, 
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median, standard deviation, minimum and maximum values, and 25th, 75th, and 90th percentile values).  
Non-detect values for parameters, where applicable, were set at half the minimum detection limit; 
summary statistics determined for parameters that showed mixed results, both greater than the 
quantitation limit (QL) and less than the QL, were generally determined only when more than 50% of the 
data were above the censoring (QL) level (US EPA, 2000b).  Samples from the two springs sampled as 
part of this study were combined in the analyses with ground water samples collected from the 
homeowner wells.  

Historical water quality data from the study area were collected online from the USGS National 
Water Information System (NWIS) database (USGS, 2013) and the USGS National Uranium Resource 
Evaluation (NURE) database (USGS, 2012c).  Data from these sources were considered based upon 
various evaluation criteria, such as: (1) did the organization that collected the data have a quality system 
in place; (2) were the data collected under an approved QAPP or other similar planning document; (3) 
were the analytical methods used comparable to those used for the primary data; (4) did the analytical 
laboratories have demonstrated competency (such as through accreditation) for the analysis they 
performed; (5) were the data accuracy and precision control limits similar to the primary data; (6) were 
the secondary data source MDLs and QLs comparable to those associated with the primary data, or at 
least adequate to allow for comparisons; and (7) were sampling methods comparable to those used for 
the primary water quality data collected for this study?  In general, the necessary metadata to fully 
evaluate secondary data by these criteria were unavailable for these secondary water quality data 
sources; thus, the secondary data are used with the understanding that they are of an indeterminable 
quality relative to the requirements specified for this study (see QAPP; US EPA, 2013).  As with the data 
collected in this study, historical data from locations with multiple sampling events were averaged and 
summary statistics were calculated.  The EPA STORET (Storage and Retrieval) data warehouse was not 
used as a source of historical water quality data in this study because these data may have included 
environmental impact monitoring data that would potentially skew background concentration data.  
Also, the majority, if not all, of the Bradford County data evaluated by Williams et al. (1998) in their 
study of ground water quality in Bradford, Tioga, and Potter counties appear to be data common to the 
NWIS database, thus precluding the need to evaluate their data separately in this study.  

The software package AqQA (version 1.1.1) was used to evaluate internal consistency of water 
compositions by calculating cation/anion balances and by comparing measured and calculated electrical 
conductivity values.  Ion balances were calculated by comparing the summed milliequivalents of major 
cations (calcium, magnesium, sodium, and potassium), major anions (chloride, sulfate, fluoride, 
bicarbonate), and minor cations and anions (Sr, Ba, Li, Mn, Fe, and F) using the equation: 

Charge Balance (%) = |(Σcat-Σan)/(Σcat+Σan)*100| 

Bicarbonate concentrations used in the ion balance determinations were calculated (in AqQA) from 
field-measured alkalinity values.  The calculated charge balance error over the three sampling rounds 
ranged from 0.01 to 15.6% (see Appendix A); 86% of the samples collected for this study had a charge 
balance error <5%.  Only samples with a charge balance ≤15% were used for water-type analysis and to 
construct geochemical plots such as Piper, Durov, or Schoeller diagrams.  
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Summary statistics for historical data were determined on a countywide basis (Bradford County only) 
for comparison with the data collected in this study.  For the historical datasets, as for the samples from 
this study, only samples with a charge balance error ≤15% were used for water-type analysis and for 
constructing geochemical plots.  Again, the historical data from locations with multiple sampling events 
were averaged and summary statistics were determined.  Charge balance criteria were not used to 
screen historical data for use in summary statistic calculations or for plotting box-and-whisker diagrams.  
Various issues relating to data quality and applicability of historical data have been previously discussed 
(Battelle, 2013; US EPA, 2013), including comparability of analytical methods, comparability of analytes, 
unknown sample collection methods, and unavailable laboratory QC data and data quality-related 
qualifiers.  While recognizing these limitations, historic data are used as the best points of reference 
available to compare with the water quality data collected in this study. 

All statistical evaluations except post-hoc tests were performed using EPA’s ProUCL program, 
version 5.0.  Post-hoc tests were performed, where applicable, using Statistica, version 12.  Since 
comparisons of either two or three datasets were required, a one-way Analysis of Variance (ANOVA), a 
parametric procedure, and the nonparametric one-way ANOVA (Kruskal-Wallis Test), the nonparametric 
equivalent, were selected as the most appropriate statistical test procedures.  A preliminary review of 
the data was performed to determine the statistical distributions of the data using ProUCL’s Goodness 
of Fit tests.  This was done to determine the most appropriate group-wise comparison tests—parametric 
or nonparametric.  One of the assumptions underlying parametric statistical procedures is that the data 
are normally distributed or can be transformed to a normally distributed form.  Post-hoc tests were 
performed in cases where analyte-specific significant differences were indicated among three datasets.  
The post-hoc tests were conducted using parametric Scheffe multiple comparison tests and Kruskal-
Wallis nonparametric multiple comparison tests.  A p-value <0.05 was, in all cases, 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 
were not incorporated (e.g., Bonferroni or Šidák correction factors) and the traditional significance 
threshold of 0.05 was applied for the data comparisons. 
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Historic Water Quality Data 
Major Ion Chemistry 

Ground water quality in the study area is variable and can range from good to poor depending on 
location and depth.  Many natural exceedances of EPA secondary MCLs and occasionally primary MCLs 
are known to occur in private wells (Williams et al., 1998; Boyer et al., 2011).  Boyer et al. (2011) state 
that more than 40% of private water wells in Pennsylvania fail to meet federal drinking water standards.  
Naturally occurring constituents frequently exceeding EPA secondary MCLs in the study area include 
chloride, TDS, iron, and manganese (Williams et al., 1998).  Williams et al. (1998), in their evaluation of 
over 200 wells in Bradford, Tioga, and Potter counties in northeastern Pennsylvania, indicate about 50% 
of the wells exceeded secondary MCLs for iron and manganese.  Naturally occurring constituents 
occasionally exceeding EPA primary MCLs in the study area include barium, combined radium-226 and 
radium-228, and arsenic.  According to Williams et al. (1998), higher concentrations of these 
constituents tend to be associated with the sodium chloride (Na-Cl) type ground water often found in 
valleys in the study area in zones of more restricted ground water flow.  

The USGS NWIS and NURE databases provide historical ground water quality data pre-dating 
modern-day hydraulic fracturing activities in the study area (i.e., pre-2007).  Summary statistics for 
Bradford County from the NWIS and NURE databases for parameters and constituents of interest in this 
study are presented in Table 4.  Summary statistics were prepared for Bradford County only, since the 
majority of sampling was conducted in Bradford County and three of the four wells sampled in 
Susquehanna County were located in the western half of the county, within 15 miles of the Bradford 
County line (see Figure 4).  The pre-2007 NWIS dataset used in this study consists of 129 ground water 
sampling locations in Bradford County and spans the period from 1935 to 2006.  Water quality data in 
the NWIS database include major cations, anions, general parameters (e.g., pH, specific conductance, 
and alkalinity), some trace element data, and very limited entries for organic compounds and radiogenic 
constituents.  Data of particular interest to this study (e.g., chloride) were not necessarily collected at all 
129 locations, as reflected in the information presented in Table 4.  The NURE database provides water 
quality data for 164 well locations in Bradford County, spanning the very short period from October 6 to 
October 23, 1977.  Summary statistics for major cations (sodium, potassium, calcium, magnesium), 
major anions (sulfate, chloride), and other constituents (iron, manganese, arsenic, TDS, etc.) from the 
two datasets are compared in Table 4 to data collected from the 38 ground water sampling  locations in 
this study.  Sampling locations associated with the datasets are provided in Figure 11.  

Williams (2010), in a study of well logs for the neighboring counties of Chemung, Tioga, and Broome 
in New York (to the immediate north of Bradford and Susquehanna counties), states that the base of 
freshwater in upland areas tends to be about 800 feet below ground surface, whereas in valley settings, 
the base of freshwater is only about 200 feet below ground surface.  At depths greater than 200 feet in 
the valley settings, ground water in the Upper Devonian bedrock and in a few areas in the glacial drift 
tends to be salty.  Based on well data reported by Williams et al. (1998) for Bradford County and  
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Table 4. Ground water data from this study compared to 1977 NURE and pre-2007 NWIS data. 

Parameter Fraction Units Study 

Earliest 
Sample 

Date 

Latest 
Sample 

Date 

Count of 
Sample 

Locations 

Count of 
Total 

Samples Mean 
Std. 
Dev. Minimum 25th 

Median 
50th 75th 90th Maximum 

NDs / 
n* 

Alkalinity Total mg/L NWIS < 2007 8/8/35 5/28/03 122 127 157 65.2 20 110 153 203 247 350 0/122 
Alkalinity Total mg/L This Study 10/25/11 5/15/13 38 80 166 76 22 123 152 215 255 380 0/38 

Arsenic Total µg/l NWIS < 2007 7/21/81 6/15/06 96 100 30.1 104 2.00 2.00 2.50 2.50 24.5 500 78/96 
Arsenic Total µg/l This Study 10/25/11 5/15/13 28 45 2.04 2.26 0.06 0.41 1.05 2.85 5.18 9.0 1/28 
Arsenic Dissolved µg/l This Study 10/25/11 5/15/13 28 45 1.50 1.73 0.06 0.20 0.71 2.45 3.90 5.75 3/28 

Barium Recoverable µg/l NWIS < 2007 8/2/83 4/29/86 62 62 2151 12573 5.00 30.0 50.0 275 990 98000 34/62 
Barium Total µg/l This Study 10/25/11 5/15/13 38 80 707 1176 10.1 151 269 632 1722 5280 0/38 
Barium Dissolved µg/l This Study 10/25/11 5/15/13 38 80 680 1154 9.67 148 238 511 1656 5065 0/38 

Calcium Dissolved mg/L NWIS < 2007 8/8/35 7/27/82 60 61 49.9 38.0 2.90 27.5 42.0 62.1 86.1 235 0/60 
Calcium Dissolved mg/L This Study 10/25/11 5/15/13 38 80 44.2 54.6 9.21 26.0 34.9 47.0 57.8 357 0/38 

Chloride Dissolved mg/L NURE 1977 10/6/77 10/23/77 164 164 14.1 23.7 -0.10 5.30 8.05 12.7 25.3 228 1/164 
Chloride Dissolved mg/L NWIS < 2007 8/8/35 4/29/86 116 121 89.4 417 0.50 4.00 10.0 30.0 150 4275 1/116 
Chloride Dissolved mg/L This Study 10/25/11 5/15/13 38 80 47.5 114 0.77 3.65 8.59 23.0 82.5 510 0/38 

Iron Recoverable µg/l NWIS < 2007 7/21/81 4/29/86 72 75 1658 6731 10.0 118 335 995 2330 56400 5/72 
Iron Total µg/l This Study 10/25/11 5/15/13 38 80 811 1920 11.0 57.9 272 505 1628 10700 4/38 
Iron Dissolved µg/l NWIS < 2007 8/8/35 5/28/03 50 51 1256 2927 10.0 92.5 310 940 2490 15900 0/50 
Iron Dissolved µg/l This Study 10/25/11 5/15/13 38 80 204 572 10.0 37.1 48.7 162 353 3533 15/38 

Magnesium Dissolved mg/L NWIS < 2007 8/8/35 7/27/82 60 61 12.4 9.32 0.60 5.45 10.3 16.0 24.3 46.0 0/60 
Magnesium Dissolved mg/L This Study 10/25/11 5/15/13 38 80 10.4 20.4 2.01 4.19 6.08 8.83 14.6 130 0/38 

Manganese Recoverable µg/l NWIS < 2007 7/21/81 4/29/86 71 74 263 878 5.00 25.0 80.0 220 530 7370 19/71 
Manganese Total µg/l This Study 10/25/11 5/15/13 38 80 305 642 4.62 15.4 45.4 165 990 2740 4/38 
Manganese Dissolved µg/l NURE 1977 10/6/77 10/23/77 161 161 149 117 38.6 85.5 110 154 289 796 0/161 
Manganese Dissolved µg/l NWIS < 2007 1/16/75 5/28/03 37 38 274 557 10.0 30.0 90.0 250 440 2600 0/37 
Manganese Dissolved µg/l This Study 10/25/11 5/15/13 38 80 230 505 4.74 7.0 27.8 159 739 2615 7/38 

pH None std units NURE 1977 10/6/77 10/23/77 164 164 7.29 0.58 6.0 7.0 7.3 7.6 7.9 9.1 0/164 
pH None std units NWIS < 2007 3/9/70 12/13/06 54 530 7.43 0.64 5.2 7.1 7.4 7.7 8.1 9.1 0/54 
pH None std units This Study 10/25/11 5/15/13 38 80 7.46 0.60 5.9 7.1 7.5 7.9 8.1 8.6 0/38 

Potassium Dissolved mg/L NWIS < 2007 8/9/35 7/27/82 45 46 3.28 3.52 0.90 2.00 3.00 3.00 4.00 25.0 0/45 
Potassium Dissolved mg/L This Study 10/25/11 5/15/13 38 80 1.67 0.90 0.59 1.02 1.43 1.95 3.18 4.00 0/38 

Sodium Dissolved mg/L NURE 1977 10/6/77 10/23/77 163 163 17.5 21.3 1.18 6.58 9.06 18.36 42.8 145 0/163 
Sodium Dissolved mg/L NWIS < 2007 8/9/35 7/27/82 45 46 89.1 300 4.00 11.0 22.0 43.0 131 2000 0/45 
Sodium Dissolved mg/L This Study 10/25/11 5/15/13 38 80 48.8 70.9 2.04 13.0 23.2 47.5 104 291 0/38 
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Table 4. Ground water data from this study compared to 1977 NURE and pre-2007 NWIS data. 

Parameter Fraction Units Study 

Earliest 
Sample 

Date 

Latest 
Sample 

Date 

Count of 
Sample 

Locations 

Count of 
Total 

Samples Mean 
Std. 
Dev. Minimum 25th 

Median 
50th 75th 90th Maximum 

NDs / 
n* 

Specific 
Conductance 

None µS/cm NURE 1977 10/6/77 10/23/77 164 164 318 208 5.00 210 280 372 468 1580 0/164 

Specific 
conductance 

None µS/cm NWIS < 2007 1/16/75 12/13/06 58 58 634 1022 2.90 331 417 591 738 6000 0/58 

Specific 
conductance 

None µS/cm This Study 10/25/11 5/15/13 38 80 526 511 90.0 304 348 517 896 2521 0/38 

Strontium Recoverable µg/l NWIS < 2007 8/2/83 4/29/86 62 62 1778 10252 5.00 82.5 160 400 807 80000 4/62 
Strontium Total µg/l This Study 10/25/11 5/15/13 38 80 1591 2264 30.0 339 837 1767 3038 10867 0/38 
Strontium Dissolved µg/l This Study 10/25/11 5/15/13 38 80 1584 2238 30.0 332 819 1768 3033 10717 0/38 

Sulfate Dissolved mg/L NWIS < 2007 8/8/35 4/29/86 121 125 26.9 32.1 1.00 10.0 20.0 30.0 50.0 250 2/121 
Sulfate Dissolved mg/L This Study 10/25/11 5/15/13 38 80 43.9 198 0.03 7.30 11.3 14.7 22.9 1230 3/38 

Total 
dissolved 
solids 

Dissolved mg/L NWIS 8/8/35 4/29/86 121 170 361 666 64.0 176 231 344 538 7067 1/121 

Total 
dissolved 
solids** 

Dissolved mg/L This Study 10/25/11 5/15/13 38 80 342 332 58.5 198 227 336 582 1639 0/38 

* NDs / n = non-detects per total number of locations sampled; ** Calculated from specific conductivity measurements. 
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Figure 11.  NURE  (1977)  and NWIS  historical  (pre‐2007)  ground water  sampling  locations  in  Bradford  County  relative  to 
ground water sampling locations in this study. 
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neighboring Tioga and Potter Counties to the west, median concentrations of TDS, barium, and chloride 
in restricted flow zones with Na-Cl type ground water are 830 mg/L, 2.0 mg/L, and 349 mg/L, 
respectively.  The authors state that only wells completed in the unconfined stratified drift and the 
Catskill Formation have median iron and manganese concentrations lower than EPA secondary MCLs of 
0.3 mg/L and 0.05 mg/L, respectively.  

A good example of the poor quality ground water that can occur naturally in the study area is 
reflected in the composition of natural spring water found at Salt Spring State Park, in Susquehanna 
County (Figure 4).  Data reported by Warner et al. (2012) for spring water collected from the park show 
chloride concentrations of 4,014 mg/L, TDS concentrations of 7,067 mg/L, barium concentrations of 
84.4 mg/L, and combined radium-226 + radium-228 concentrations of 27.7 pCi/L.  The concentrations of 
barium and combined radium-226 + radium-228 in the spring water far exceed the primary drinking 
water MCLs of 2.0 mg/L and 5 pCi/L, respectively.  A similar example of poor quality ground water is 
reported in the NWIS database for a valley location in east-central Bradford County.  The pre-2007 data 
reported for this well location indicated chloride concentrations of 4,275 mg/L, TDS concentrations of 
7,067 mg/L, and recoverable barium concentrations of 98.0 mg/L.  Warner et al. (2012) have suggested 
that the naturally occurring Na-Cl or Na-Ca-Cl type waters, such as those found at Salt Spring State Park 
and the NWIS valley location in Bradford County, reflect a mixing of shallow, modern water with water 
from deeper Appalachian formations.  According to Llewellyn (2014), the spring water from Salt Spring 
State Park represents Appalachian Basin brine that has migrated vertically over geologic time to mix 
with locally-recharged ground water at a concentration of approximately 2 percent.  

One of the most important indicators of potential impacts from hydraulic fracturing activities in 
northeastern Pennsylvania is chloride, which can be found at concentrations greater than 40,000 mg/L 
in flowback water and produced water from the Marcellus Shale (Hayes, 2009; Haluszczak et al., 2013).  
Chloride is a key indicator of potential impacts on ground water not only because of its high 
concentration in Marcellus Shale wastewaters but also because of its highly conservative nature 
(i.e., limited physical, chemical, and biological attenuation in the subsurface).  As such, any impact 
associated with hydraulic fracturing-derived water (e.g., flowback or produced water) should, at a 
minimum, manifest itself as an increase in chloride concentrations in impacted ground water in the 
study area.  Assuming a chloride concentration of at least 20,000 mg/L in flowback or produced waters 
from the Marcellus Shale, mixing at a volume-to-volume ratio of only 1%, for example, would still yield a 
chloride concentration of at least 200 mg/L, while mixing at a volume-to-volume ratio of 0.1% would still 
yield a concentration of at least 20 mg/L.  It is reasonable to assume that locations in this study showing 
chloride concentrations near or below the median pre-2007 concentrations shown in Table 4 (10.0 mg/L 
for the NWIS dataset and 8.05 mg/L for the NURE dataset) are locations not likely being impacted by 
flowback or produced waters associated with hydraulic fracturing activities, at least within the 
timeframe of this study.  Locations showing chloride concentrations above these median concentrations 
require further consideration, although high naturally occurring chloride concentrations 
(e.g., >100 mg/L) are not uncommon in the study area.  This is evidenced by the 90th percentile 
concentration of 150 mg/L for the 116 samples in the Bradford County NWIS dataset for which chloride 
concentrations are reported (Table 4).  Williams et al. (1998) report a median chloride concentration of 
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350 mg/L for 22 well locations completed in restricted flow zones with Na-Cl type water in their three-
county study area of northeastern Pennsylvania (Bradford, Tioga, and Potter counties). 

Gas  
Methane occurs naturally in the strata underlying northeastern Pennsylvania at almost all depths 

down to the Marcellus Shale, often at significant concentrations (Baldassare et al., 2014; Carter and 
Harper, 2002; Williams 2010).  Gas shows (i.e., evidence of gas) during drilling in the Upper Devonian 
formations (e.g., Lock Haven and Catskill formations) have been regularly observed over the many years 
preceding modern-day hydraulic fracturing activities (Carter and Harper, 2002; Baldassare et al., 2014).  
Williams (2010) states the frequency of gas zones generally increases with depth in the Upper Devonian, 
with pockets of gas locally also present above the base of the freshwater.  Baldassare et al. (2014) 
provide evidence of gas presence in the Middle and Upper Devonian formations above the Marcellus 
Shale based on analyses of mud log samples collected during drilling of 234 gas wells in a five-county 
area of northeastern Pennsylvania including Bradford and Susquehanna Counties.  

At Salt Spring State Park in Susquehanna County (Figure 4), flammable gas bubbling up from a spring 
was observed by European settlers in the early 1800s (Inners and Fleeger, 2002).  A natural gas well was 
drilled to a depth of 2,000 feet approximately 800 feet away from the salt spring in 1901-1902.  
Although the well was ultimately abandoned and plugged, a volume of natural gas sufficient for a single 
household migrated around the plug for over 20 years thereafter (Inners and Fleeger, 2002).  A relatively 
recent spring water sample collected from Salt Spring State Park showed a methane concentration of 
26.0 mg/L (Warner et al., 2012).  Methane and ethane isotope data for spring water collected in the 
park indicate a predominantly thermogenic signature with origins from depths above the Marcellus 
Formation (Molofsky et al., 2013).  Another well known (but more distant) naturally occurring 
thermogenic gas seep is the Eternal Flame in Chestnut Ridge Park, New York north of the study area.  
This natural gas seep reportedly emits approximately 1 kilogram of methane per day and contains 
approximately 35% (by volume) ethane and propane (Etiope et al., 2013).  

Although no pre-2007 gas data could be found for Bradford County, limited background gas data 
have been reported from neighboring counties and states where the Marcellus Shale is found.  Breen et 
al. (2007) reported numerous well locations in Tioga County (abutting Bradford County to the west), 
particularly in the Tioga River valley and along its tributaries, where methane concentrations exceeded 
25 mg/L.  In a study by White and Mathes (2006) in neighboring West Virginia, methane was detected in 
131 of 170 wells sampled between 1997 and 2005, with concentrations greater than 28 mg/L observed 
in 13 of these wells.  The highest methane concentration detected in their study was 68.5 mg/L.  Vidic et 
al. (2013) report background methane concentrations in domestic wells as high as 45 mg/L for 239 sites 
to the north of the study area, in neighboring New York State.  Molofsky et al. (2011, 2013) state that 
background methane is ubiquitous in ground water in northeastern Pennsylvania, with higher 
concentrations observed in valleys than in upland areas.  They report that of 1,701 post-2006 pre-drill 
samples evaluated in Susquehanna County, 78% exhibited detectable levels of methane and 3.4% 
exhibited methane concentrations greater than 7 mg/L.  Weston Solutions (2012) report that 1,187 
samples of 3,773 post-2006 pre-drill samples collected in Bradford County (31.4%) showed detectable 
levels of methane, with 7.9% of the samples exhibiting methane concentrations greater than 3 mg/L, 
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5.0% exhibiting concentrations greater than 7 mg/L, and 1.75% exhibiting concentrations greater than 
20 mg/L.  A suggested explanation for the significant presence of natural gas in wells in northeastern 
Pennsylvania is isostatic rebound following glacial retreat that could have re-opened ancient tectonic 
fracture systems (Brantley et al., 2013).  This, according to the authors, could have resulted in enhanced 
permeability allowing for gas and fluid migration to be more prevalent than in settings located beyond 
the front of glacial advance. 

The occurrence of methane in homeowner wells has been a contentious issue in northeastern 
Pennsylvania (Osborn et al., 2011; Molofsky et al., 2013; Baldasarre et al., 2014).  According to 
Baldassare et al. (2014), PA DEP investigated 17 statewide stray gas incidents in 2009, 35 in 2010, and 37 
in 2011, with a majority of these incidents occurring in the northeastern counties of the state.  Osborn 
et al. (2011) and Jackson et al. (2013a) have suggested a relationship exists between thermogenic 
methane concentrations in ground water and proximity to active gas wells in northeastern Pennsylvania.  
Their claims are based largely on gas isotope data and methane-to-ethane ratios obtained from water 
wells in active and inactive drilling areas.  They claim gas sampled near gas wells tends to be less 
fractionated (i.e., more 13C-enriched) with a lower methane-to-ethane ratio than gas from inactive 
areas, consistent with thermogenic gas originating from deeper formations where the Marcellus Shale is 
found.  The claim of increased methane concentrations in proximity to active drilling sites is disputed by 
others (Schon, 2011; Saba and Orzechowski, 2011; Molofsky et al., 2013; Boyer et al., 2011).  Molofsky 
et al. (2013), for example, argue that methane concentrations in the study area are best correlated to 
topographic and hydrogeologic features, rather than shale-gas extraction; however, this is disputed by 
Jackson et al. (2013a).  Nevertheless, a substantial number of Notices of Violations (NOVs) related to 
stray gas migration have been levied against oil and gas operators by PA DEP in Bradford and 
Susquehanna counties over the past several years (see Appendix C and Appendix D).  Vidic et al. (2013) 
estimate that up to 3.4% (219 of 6,466) of gas wells in Pennsylvania were cited by PA DEP for issues 
related to gas migration, based on data available between 2008 and March 2013.  Vidic et al. (2013) 
further state that the most common cause of stray gas migration is a faulty seal (i.e., inadequate 
cementing) in the annular space around well casings.  Ingraffea et al. (2014) claim that 9.18% of 
unconventional wells completed in northeastern Pennsylvania since 2009 (2714 wells) have shown a loss 
of integrity (i.e. cement and/or casing impairment) with unconventional wells having a four-fold higher 
risk of impairment compared to conventional wells.  The authors state cement integrity problems can 
arise from hydrostatic imbalances caused by inappropriate cement density, inadequately cleaned bore 
holes, premature gelation of the cement, excessive fluid loss in the cement, high permeability in the 
cement slurry, cement shrinkage, radial cracking due to pressure fluctuations in the casings, poor 
interfacial bonding, and normal deterioration with age.  Ingraffea et al. (2014) state that casing 
problems may arise from failed casing joints, casing collapse, and corrosion.  Baldassare et al. (2014) 
state that both ineffective cement bonds and casing thread leaks can be sources of stray gas.  Molofsky 
et al. (2013) acknowledge that instances of stray gas migration resulting from accumulation of gas 
pressures within and around the sides of the annular spaces of gas well casing have occurred in 
Pennsylvania, Ohio, and New York, but dispute that stray gas migration is a systemic problem as implied 
by some researchers (Osborn et al., 2011; Jackson et al., 2013a).  
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Whether the hydraulic fracturing (stimulation) process itself might be responsible for stray gas is also 
a contentious issue.  The probability of stray gas migrating upward from induced fractures in the 
Marcellus Shale as a result of the hydraulic fracturing (stimulation) process itself is claimed to be low 
given the reported limited vertical extent of induced fractures (Davies et al., 2012; Fisher and Warpinski, 
2012) and the relatively low reported permeability of the Mahantango Formation (of the Hamilton 
Group) that lies immediately above the Marcellus Shale (Flewelling and Sharma, 2014; Molofsky et al., 
2013).  Davies et al. (2012) report that the maximum height of an upward propagating hydraulic fracture 
from several thousand fracturing operations in the Marcellus Shale and other shale plays is 588 meters 
(1,929 feet), with the maximum height in the Marcellus Shale being reported at 536 meters (1,758 feet).  
This maximum height of 1,758 feet far exceeds the maximum thickness of the Marcellus Shale 
(< 400 feet) in Pennsylvania (Pennsylvania State University n.d.), indicating that vertical fractures in the 
Marcellus Shale may not necessarily be confined to the Marcellus and may potentially extend into 
overlying formations.  Molofsky et al. (2013) state that the over-pressured Mahantango Formation (of 
the Hamilton Group) in Susquehanna County—consisting of laminated shale, siltstone, and fine-grained 
sandstone—overlying the Marcellus Shale acts as a “restrictive barrier” to the upward movement of 
deep formation fluids and methane from the Marcellus Shale.  Flewelling and Sharma (2014) argue that 
vertical permeabilities are dominated by the least permeable layer and that the stratigraphy above black 
shales is typically dominated by layers of other shales, siltstones, and mudstones.  Many of these layers 
have inherently low permeability, which is further reduced by high effective stress at depth, 
cementation, and partial saturation.  Warner et al. (2012), however, state that some shallower ground 
water systems in northeastern Pennsylvania have geochemical signatures similar to produced water 
from the Marcellus Shale, thereby providing evidence of a pre-existing network of cross-formational 
pathways that has enhanced hydraulic connectivity to deeper formations.  This is supported by the work 
of others (Llewellyn, 2014; Lautz et al., 2014).  Baldassare et al. (2014) evaluated three-dimensional 
seismic data for Marcellus Shale gas wells, and report that high-angle reverse faults and deep-seated 
thrust faults cut the Tully Limestone above the Marcellus Shale and that these faults provide evidence of 
geologic pathways for post-metagenic thermogenic gases to mix with shallow, early thermogenic gases.  
They suggest that thrust faults may possibly propagate to the surface and cite evidence of two such 
thrust faults in Bradford County exposed at or near the surface in Towanda (Bridge Street fault) and 
Wysox (Wysox fault).  Myers (2012) claims, through interpretative modeling, that advective transport 
could require up to tens of thousands of years to move contaminants to the surface but that fracturing 
the shale could reduce that transport time to tens or hundreds of years.  This has been strongly disputed 
by others (Saiers and Barth, 2012; Cohen et al., 2013). 

Baldassare et al. (2014) have compiled an extensive gas isotope dataset from mud log gas samples 
collected during the completion of 234 gas wells in a five-county area of northeastern Pennsylvania 
(Tioga, Bradford, Susquehanna, Sullivan, and Wyoming counties).  Mean and median values from their 
study, including standard deviations for δ13C of methane (δ13CCH4 or δ13C1), δ2H of methane (δ2HCH4 or 
δCD1), and δ13C of ethane (δ13CC2H6 or δ13C2), for more than 1,400 samples collected from the Marcellus 
Shale and over 500 samples collected from formations above the Marcellus Shale are presented in 
Table 5.  The data in Table 5 are also presented by depth of collection from 0 to more than 5,000 feet  
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Table 5. Mud log gas sample data from 234 gas wells drilled in five-county region of northeastern PA, including Bradford and Susquehanna 
counties (from Baldassare et al. 2014). 

Formation or Depth 

Mean 
δ13CCH4 

(‰) n 

Std Dev 
δ13CCH4 

(‰) 

Mean 
δ13CC2H6 

(‰) n 

Std Dev 
δ13CC2H6 

(‰) 

Mean 
δ2HCH4 

(‰) n 

Std Dev 
δ2HCH4 

(‰) 

Mean δ13CC2H6 − 
Mean δ13CCH4 

(‰) 
Marcellus Shale  -32.37 1592 3.75 -38.48 1569 3.15 -162.34 1502 5.69 -6.11 
Hamilton Group  -33.33 254 3.44 -37.82 245 3.42 -167.88 214 10.54 -4.49 
Tully Limestone  -34.10 51 5.30 -38.28 42 2.91 -173.82 33 20.78 -4.18 
Geneseo Shale  -34.59 38 3.33 -38.29 37 2.84 -180.42 24 22.18 -3.70 
Brallier Formation  -37.19 101 4.27 -38.58 87 2.98 -208.08 65 33.86 -1.39 
Catskill/Lock Haven  -42.12 238 6.29 -40.25 215 2.77 -229.00 129 35.78 1.87 
>5000 ft bgs  -32.46 1844 3.84 -38.30 1811 3.21 -163.41 1706 8.54 -5.84 
4000 - 5000 ft bgs  -35.94 143 3.56 -39.19 132 2.69 -180.28 95 29.93 -3.25 
2000 - 5000 ft bgs  -37.97 269 4.85 -39.60 240 2.69 -195.80 163 36.55 -1.63 
1000 - 3000 ft bgs  -41.60 157 5.66 -40.13 139 2.54 -228.91 93 33.93 1.47 
0 - 2000 ft bgs  -41.93 161 6.76 -40.38 144 2.58 -226.60 98 37.02 1.55 
0 - 1000 ft bgs  -43.53 71 6.84 -40.95 63 2.56 -226.88 40 39.85 2.58 
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deep—as reported by Baldassare et al. (2014).  The authors report that thermogenic gases are 
predominant in the regional Neogene and Upper Devonian rocks that comprise the upper 1,000 feet of 
their study area, with average δ13CCH4, δ13CC2H6, and δ2HCH4 values of -43.53‰, -40.95‰, and -232.50‰, 
respectively.  The isotopic signatures are in contrast to observed average isotopic signatures for 
Marcellus Shale gas, which were more positive (i.e., less fractionated) with values of -32.37‰, -38.48‰, 
and -162.34‰ for δ13CCH4, δ13CC2H6, and δ2HCH4, respectively.  The data presented in Table 5 show not 
only the variation in isotopic signatures amongst the different formations in the study area but, based 
on standard deviation values, also reveal the variation in isotopic signatures within the different 
formations, including the Marcellus Shale.  The standard deviation data shown in Table 5 indicate 
methane and ethane isotopic signatures from the Marcellus Shale may not necessarily be unique and 
that gas from formations above the Marcellus Shale could exhibit signatures similar to that of the 
Marcellus Shale.  

Molofsky et al. (2013) have suggested that the magnitude of isotope reversals (δ13CC2H6 - δ13CCH4) 

characteristic of gases from deeper formations such as the Marcellus Shale could possibly be used as a 
means to differentiate gases from different formations, including the Marcellus Shale.  The topic of 
isotope reversal in deep basin gases in the study area has been extensively addressed by Burruss and 
Laughrey (2010).  Consistent with the pattern of isotope reversal, gas from the Marcellus Shale appears 
to be generally characterized by an ethane (C2H6) fraction that is more fractionated than the methane 
(CH4) fraction (i.e., δ13CCH4  >  δ13CC2H6).  The magnitude of this isotope reversal appears to show some 
consistency in Marcellus Shale gas within the study area.  Molofsky et al. (2013) have reported isotope 
reversal differences of -5‰ to -7‰ from Marcellus Shale gas wells in the Dimock area of Susquehanna 
County.  Isotope data provided by PA DEP from production casings and tubing from a Marcellus Shale 
gas well pad location in central Bradford County show isotope reversal differences ranging from -6.66‰ 
to -6.97‰ (Table 6).  The mean isotope reversal difference calculated from the difference of overall 
δ13CCH4 and δ13CC2H6 means reported by Baldassare et al. (2014) for the Marcellus Shale in their five-
county study in northeast Pennsylvania is -6.11‰ (Table 5).  In contrast, the mean calculated isotope 
reversal difference for mud gas samples from the Middle Devonian Hamilton Group above the Marcellus 
Shale based on the Baldassare et al. (2014) data is -4.49‰ (Table 5).  For formations above the Hamilton 
Group, isotope reversal differences were less, ranging from -4.18‰ to +1.87‰ (Table 6).  Thus, it would 
appear that isotope reversal differences could potentially aid in differentiating between Marcellus Shale 
gas and gas originating from formations above the Marcellus Shale.  

Baldassare et al. (2014) also compiled gas isotope data for 67 pre-drill private wells sampled in their 
five-county study in northeastern Pennsylvania, including Bradford and Susquehanna counties.  The 
highest (most positive) δ13CCH4 value measured was -34.47‰ for a sample collected in Tioga County.  The 
calculated means and median δ13CCH4 values for their five-county dataset were -45.33‰ and -43.19‰, 
respectively, while the calculated mean and median δ2HCH4 values were -212.1‰ and -212.3‰, 
respectively.  Sufficient ethane was available for analysis in 13 of the 67 wells sampled, and the data 
indicated respective mean and median δ13CC2H6 values of -35.03‰ and -34.60‰.  The differences in 
mean and median isotope values between the gases from the 67 private wells and the Marcellus Shale  
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Table 6. Gas isotope data from PA DEP and Molofsky et al. (2013) for gas wells in study area. 

Marcellus Gas Wells in Study Area Location Date Source 
δ13CCH4 

(‰) 

δ13CC2H6 
(‰) 

δ2HCH4 
(‰) 

δ13CC2H6 - 
δ13CCH4 

(‰) 
Strom 2H / Production Casing Monroe Township, Bradford Co. 8/14/2010 PA DEP -31.96 -38.93 -158.6 -6.97 
Strom 2H / Production Tubing Monroe Township, Bradford Co. 8/14/2010 PA DEP -32.44 -39.11 -158.9 -6.67 
Strom 1H / Production Casing Monroe Township, Bradford Co. 8/14/2010 PA DEP -32.15 -39.05 -158.4 -6.90 
Strom 1H / Production Tubing Monroe Township, Bradford Co. 8/14/2010 PA DEP -32.60 -39.26 -157.7 -6.66 
Vannoy 2H / Production Casing Granville Township, Bradford Co. 12/10/2010 PA DEP -37.25 − -163.2 − 
Vargson Production Casing Granville Township, Bradford Co. 12/10/2010 PA DEP -36.94 − -163.5 − 

Gas Well 1: 4-1/2" Production Casing Dimock Township, Susquehanna Co. 1/7/2009 PA DEP* -29.91 -35.92 -161.1 -6.01 
Gas Well 2H: 5-1/2" Production Casing Dimock Township, Susquehanna Co. 11/4/2011 Operator* -29.7 -35.6 -160 -5.9 
Gas Well 4H: 5-1/2" Production Casing Dimock Township, Susquehanna Co. 11/4/2011 Operator* -29.0 -35.2 -160 -6.2 
Gas Well 1V: 4-1/2" Production Casing Dimock Township, Susquehanna Co. 11/4/2011 Operator* -28.7 -35.3 -157 -6.6 
Gas Well 5H: 5-1/2" Production Casing Dimock Township, Susquehanna Co. 11/4/2011 Operator* -29.5 -35.3 -161 -5.8 
*  As reported by Molofsky et al. (2013)       
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gas indicate that the gas from the private wells is, on average, considerably more fractionated (i.e., more 
δ13C-depleted) than Marcellus Shale gas.  Also of significance is that none of the 13 gas samples with 
sufficient ethane present for isotopic analysis was observed to exhibit any isotope reversal.  

The specific origin of the methane is of little relevance to homeowners who believe their wells have 
been impacted by stray gas.  Methane, regardless of its source, can accumulate to cause an explosive 
environment in which an ignition source or even a well pump can trigger an explosion (Mathes and 
White, 2006).  This was documented in an incident that occurred in Bainbridge Township, Geauga 
County, Ohio, in December 2007, where gas from a gas well migrated to a nearby residence, causing an 
explosion in the basement of the home.  The cause of the stray gas, which originated from a 
hydraulically fractured gas well completed to a depth of 3,926 feet, was identified as inadequate 
cementing of the production casing in combination with the prolonged shutting-in of the annular space 
following hydraulic fracturing (Ohio Department of Natural Resources 2008).  Subsequent remedial 
action involving the addition (squeezing) of more cement into the annular space of the well reportedly 
eliminated the source of the gas (Groundwater Protection Council, 2012).  Reported incidents of stray 
gas migration specific to Bradford and Susquehanna counties—as previously noted—are provided in 
Appendices C and D.  However, it is important to note that stray gas migration from oil and gas 
exploration activities is not a new phenomenon and has been an on-going issue in northeastern 
Pennsylvania for many years preceding modern-day hydraulic fracturing.  Harrison (1983, 1985), for 
example, discussed the problem of stray gas migration associated with historical oil and gas drilling 
activities in northeastern Pennsylvania and proposed possible mechanisms for the occurrence of the 
stray gas.  One mechanism postulated was lateral migration of gas through highly permeable strata into 
the open (non-cemented) annuli of gas wells followed by upward movement of the gas into shallower 
zones.  This may be the same type of problem affecting current oil and gas exploration in the Marcellus 
Formation (Appendix D; Groundwater Protection Council, 2012), regardless of whether or not hydraulic 
fracturing (stimulation) is employed.   
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Water Quality Data from This Study 
Geochemical Parameters 

Water temperature, specific conductance, pH, dissolved oxygen, and ORP were measured in the field 
prior to collection of all samples.  The temperatures of water collected from wells and springs over the 
three rounds of sampling ranged from 9.22⁰C to 15.8⁰C, with a median temperature of 11.0⁰C. pH 
measurements ranged from 5.85 at spring location NEPASW02 to 8.72 at homeowner well location 
NEPAGW11, with a median value of 7.47.  Dissolved oxygen concentrations ranged from 0.02 mg/L at 
NEPAGW01 to 8.8 mg/L at NEPAGW14, with a median value for the three rounds of 0.28 mg/L.  The low 
median value for dissolved oxygen indicates samples from more than half of the sampling locations 
were likely in an anoxic or significantly reduced state reflecting conditions more conducive to the 
reductive dissolution of iron and manganese.  Ferrous (reduced) iron was detected at or above 
0.03 mg/L at 19 of the 38 well and spring locations, with a maximum concentration of 0.95 mg/L 
detected in NEPAGW03 in the third round of sampling.  Sulfide concentrations were detected at or 
above 0.02 mg/L at 14 of the 38 well and spring sampling locations, with a measured high concentration 
of 0.80 mg/L at homeowner well location NEPAGW31.  Alkalinity ranged from 22.0 mg/L (as CaCO3) at 
spring location NEPASW02 to 382 mg/L (as CaCO3) at homeowner well location NEPAGW03, with a 
median value of 152 mg/L.  Similarly, total dissolved solids (calculated from specific conductance 
measurements) ranged from a low of 58.5 mg/L at spring location NEPASW02 to a high of 1,673 mg/L at 
homeowner well NEPAGW03, with an overall median concentration of 227 mg/L.  All median 
concentrations/values reported above are derived from averaged data for those locations sampled in 
more than one round.  

Turbidity in samples collected over the three rounds ranged from <1.0 nephelometric unit (NTU) to 
78 NTU, with a median value of 1.7 NTU.  This excludes the results for two well locations (NEPAGW24 
and NEPAGW31) sampled in the first round only that exhibited turbidity values greater than 800 NTU.  
Excessive turbidity in one well  (>800 NTU in NEPAGW31) is attributed to the well having been in disuse 
for an extended period of time coupled with difficulty in controlling water flow rates during sampling 
with the existing homeowner well pump assembly.  Excessive turbidity in the other well (NEPAGW24) 
may have been due to the well being stressed far beyond its normal use due to the approximately one 
hour of pre-sampling purge time applied to all wells in the study.  No significant turbidity was observed 
in this well when purging began; however, as purging proceeded, turbidity gradually increased until 
becoming excessive (more than 800 NTU).  Both homeowner wells exhibiting excessive turbidity were 
coincidentally also wells sampled in this study located more than 1 mile from a well pad where hydraulic 
fracturing had occurred at the time of sampling.  In fact, both homeowner wells were located more than 
2 miles from the nearest well pad with fractured wells and areally more than 2 miles from the nearest 
fractured lateral at the time of sampling.  It is conceivable that the turbidity in these homeowner wells 
may have been influenced by activities at one or more nearer well pads where drilling only had occurred 
at the time of sampling.  A well pad where drilling only had occurred was within approximately 2500 feet 
of NEPAGW31—although drilling at the well pad had been completed more than six months prior to the  
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sampling event in this study.  In the case of NEPAGW24, a well pad with drilled but not yet fractured 
wells at the time of sampling was approximately 6200 feet to the west. [Note:  Neither NEPAGW24 nor 
NEPAGW31 were sampled after the first round due primarily to liability concerns.  In the case of 
NEPAGW24, although the turbidity problem arising from the sampling event eventually resolved itself 
the following day, there was concern that future sampling rounds at this location—using the 
methodology employed in this study—might cause a similar and potentially more sustained turbidity 
problem.  In the case of NEPAGW31, the homeowner pump seized up during purging raising concerns of 
potential damage to the homeowner pump in future sampling events at this location.]   

The calculated charge balance error for water samples collected during the three sampling rounds in 
this study ranged from 0.01% to 15.6%, with 86% of samples showing a charge balance of <5%.  Only 
one sample (NEPAGW22), with a charge balance error of 15.6%, did not meet the 15% criteria required 
for inclusion in water typing and development of Piper, Durov, and Schoeller diagrams.  The Piper 
diagram in Figure 12 shows the variation in ground water chemistry of samples collected in the study 
with respect to major ion distribution.  A majority of ground water samples are observed to plot to the 
left within the diamond as Ca-HCO3 type water.  However, seven samples (NEPAGW01, NEPAGW02, 
NEPAGW11, NEPAGW16, NEPAGW25, NEPAGW27, and NEPAGW33) plot as Na-HCO3 type water, three 
samples (NEPAGW04, NEPAGW08, and NEPAGW17) plot as Na-Cl type water, and one sample 
(NEPAGW03) distinctly plots as Ca-SO4 type water.  The Durov diagram in Figure 13 shows the 
correlation of the cation-anion distribution with sample pH and TDS indicating that Na-Cl and Na-HCO3 
type water samples generally exhibit more elevated pH values and TDS concentrations than other 
samples in the study.  Figure 14 shows the frequency distribution of water types for wells and springs 
sampled in this study.  Also shown in Figure 14 are associated frequencies of methane detections 
greater than 1 mg/L per water type.  The data indicate Na-HCO3 and Na-Cl type waters exhibited the 
greatest frequency of methane detections greater than 1 mg/L in this study.  

Inorganics  

Iron and Manganese 
Box-and-whisker plots presented in Figure 15 show the dissolved iron distribution in this study 

relative to that of the NWIS dataset, and the dissolved manganese distribution relative to both the NWIS 
and NURE datasets. (Iron data are not available in the NURE database.)  The plots in Figure 15 and data 
presented in Table 4 show that the median, mean, 25th, and 75th percentile dissolved iron and 
manganese concentrations from this study are less than those of the NWIS dataset.  However, the plots 
also indicate the mean and maximum dissolved manganese concentrations from this study and the 
NWIS dataset are higher than those of the NURE dataset.  

Goodness of fit testing at the 0.05 significance level indicates the dissolved iron data from this study 
is not normally, log-normally, or gamma-normally distributed.  Nonparametric (Kruskal-Wallis) analysis 
of variance conducted on the dissolved iron NWIS dataset and the dataset from this study indicate 
significant differences between the two datasets, with a calculated p-value of 6.75E-06 (Appendix F).   
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Figure 12. Piper diagram showing water-type distribution for homeowner wells and springs sampled in this study. (Data 

for NEPAGW22 not included due to ion balance not meeting ≤15% criteria.) 
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Figure 13. Durov diagram showing the generally higher pH and TDS levels associated with Na-Cl and Na-HCO3 type waters 

sampled from homeowner locations in this study. 
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Figure 14. Breakdown of water types from this study (based on AqQA criteria) and percentage of methane detections >1mg/L per water type. 

(8 of 10 locations with Na-HCO3 or Na-Cl type water exhibited methane concentrations >1 mg/L.) 
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Figure 15. Box and whisker plots showing the dissolved iron and manganese distribution (5th, 25th, 

median, 75th, and 95th percentiles) for wells and springs sampled in this study relative to 
pre-2007 NWIS and NURE 1977 ground water data.  Small open squares on plots represent 
mean values. (No NURE data available for dissolved Fe; Data for NEPAGW24 and 
NEPAGW31 are not shown due to excessive turbidity [>800 NTU] measured in samples; 
Data for locations sampled in more than one round are averaged.) 

 

The p-value of <0.05 is reflective of the dissolved iron data from this study representing a population of 
samples with significantly lower dissolved iron concentrations than the population represented by the 
NWIS dataset. 

Goodness of fit testing at the 0.05 significance level for dissolved manganese for the three datasets 
indicate the dissolved manganese data from this study and the NWIS dataset are log-normally 
distributed, while the NURE dataset is not normally, log-normally, or gamma-normally distributed.  
Nonparametric (Kruskal-Wallis) analysis indicated significant differences amongst the three datasets for 
dissolved manganese (Appendix F).  A subsequent post-hoc Kruskal-Wallis nonparametric multiple 
comparison analysis indicated a significant difference between the NURE dataset and the data from this 
study but not between the NURE dataset and the NWIS dataset.  A post-hoc parametric (Scheffe) 
multiple comparison analysis on the data from this study and the NWIS dataset—since these datasets 
are both log-normally distributed—also indicated a significant difference (Appendix F).  The results 



Retrospective Case Study in Northeastern Pennsylvania 

 50 

indicate the dissolved manganese data from this study represent a population of samples with 
significantly lower dissolved manganese concentrations than the populations represented by the NURE 
and NWIS datasets. 

Box-and-whisker plots in Figure 16 compare dissolved iron and manganese concentrations with total 
concentrations of these metals in this study.  Figure 16 also shows the distribution of turbidity in this 
study since turbidity can have a significant influence on measured concentrations of total metals.  
Figure 16 and Table 4 show, as might be expected, that median total concentrations of iron and 
manganese are higher than median dissolved concentrations, although more so for iron than for 
manganese.  Figures 16 further shows that many locations sampled in this study exceeded the 
secondary MCLs for manganese (50 µg/L) and total iron (300 µg/L).  Total iron MCL exceedances—as 
inferred from Figure 16—appear to be primarily linked to turbidity in wells whereas manganese 
exceedances appear to be largely independent of turbidity.  

 

 
Figure 16. Box and whisker plots comparing dissolved iron and manganese distributions with total 

iron and manganese distributions for this study (5th, 25th, median, 75th, and 95th 
percentiles).  Also shown is a plot of turbidity from this study. (Data for NEPAGW24 and 
NEPAGW31 not shown due to excessive turbidity [>800 NTU] measured in samples.  Data 
for locations sampled in more than one round are averaged.) 
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Chloride, Sodium, TDS, and Bromide 
Concentrations of chloride, a key indicator of potential impacts, were measured above 15 mg/L at 14 

of the 38 ground water sampling locations in this study, above 25 mg/L at 9 locations, above 50 mg/L at 
6 locations, and above 100 mg/L at 4 locations.  The highest average chloride concentration detected 
was 509.8 mg/L at NEPAGW17.  Summary statistics for chloride concentrations in this study relative to 
the NWIS and NURE pre-2007 datasets are provided in Table 4 and are presented graphically in 
Figure 17 using box-and-whisker plots.  The data indicate the median, mean, and maximum chloride 
concentrations for this study are below those of the NWIS dataset but higher than those of the NURE 
dataset.  

Goodness of fit testing at the 0.05 significance level for dissolved chloride for the three datasets 
indicate the chloride data from this study are log-normally distributed, while the NURE and NWIS 
datasets are not normally, log-normally, or gamma-normally distributed.  Nonparametric (Kruskal-
Wallis) analysis of variance conducted on the three datasets for chloride (Appendix F) indicated no 
significant differences amongst the three datasets (p-values >0.05).  A histogram comparing the chloride 
data from this study with those of the NWIS and NURE datasets is presented in Figure 18.  Nineteen of 
116 samples (16.4%) from the NWIS dataset and 7 of 164 samples (4.3%) from the NURE dataset 
exhibited chloride concentrations >100 mg/L, compared to the 4 of 38 samples (10.5%) from this study.  
The pre-2007 NWIS dataset, in particular, confirms that elevated chloride concentrations >100 mg/L are 
not uncommon in the study area.  

Time trend data presented in Figure 19 for locations with chloride concentrations greater than 
8 mg/L indicate that chloride concentrations generally remain relatively constant over the 1.5-year span 
of the study.  This observation would be more consistent with aquifer equilibrium conditions than a 
transient chloride plume migration scenario, where an increasing or decreasing concentration trend 
would be more likely.  One exception is NEPAGW08, where chloride concentrations were observed to 
increase 31% over the course of three sampling rounds, from 335 mg/L to 440 mg/L.  However, an 
earlier pre-drill sample collected by the operator at this location on April 29, 2011, approximately 
six months prior to commencement of this study, showed a chloride concentration of 413 mg/L—thus 
bringing into question the presence of an actual increasing concentration trend.  The observed increases 
over the three rounds of sampling in this study may well be within the margin of variability for high TDS 
Na-Cl type waters in valley settings in the study area.  The average lithium to chloride (Li/Cl) ratios of 
less than 0.002 and boron to chloride (B/Cl) ratios of less than 0.001 observed at NEPAGW08 would  not 
be consistent with impacts from Marcellus Shale flowback or produced water (Warner et al., 2014). 

A comparison of the summary statistics for dissolved sodium from this study to the NWIS and NURE 
pre-2007 datasets is provided in Table 4 and presented graphically in Figure 17 using box-and-whisker 
plots.  Goodness of fit testing at the 0.05 significance level for the three datasets indicate the dissolved 
sodium from this study and the NWIS dataset are log-normally distributed, while the NURE dataset is 
not normally, log-normally, or gamma-normally distributed (Appendix F).  Nonparametric Kruskal-Wallis 
analysis of variance conducted on the three datasets indicated significant differences amongst the three 
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Figure 17. Box and whisker plots showing chloride, sodium, and specific conductance distribution 

(5th, 25th, median, 75th, and 95th percentiles) and associated data points for ground 
water locations sampled in this study relative to pre-2007 NWIS and NURE 1977 
ground water data. (Data for locations sampled in more than one round are averaged.) 
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Figure 18. Chloride concentration histogram comparing data from ground water locations in this study with pre-2007 NWIS 

and NURE 1977 ground water data. (Data for locations sampled in more than one round are averaged.) 
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Figure 19. Time trends for chloride in homeowner wells from this study with concentrations >8 mg/L 

measured in one or more sampling rounds. Not shown are data for NEPAGW19, 
NEPAGW22, NEPAGW23, and NEPAGW37, which were sampled only once with measured 
concentrations of 24.7 mg/L, 132 mg/L, 18.2 mg/L, and 28.1 mg/L, respectively.  All other 
locations not shown exhibited chloride concentrations <8 mg/L. 
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datasets for dissolved sodium (p-value <0.05).  Subsequent post-hoc nonparametric Kruskal-Wallis 
multiple comparison analysis indicated a significant difference between the NURE dataset and the data 
from this study, but also, between the NURE dataset and the NWIS dataset.  Post-hoc parametric 
Scheffe multiple comparison analysis conducted on the log-transformed data from this study and the 
NWIS dataset—since these two dissolved sodium datasets are log-normally distributed—indicated no 
significant difference between the two datasets (p-value of 0.821).  The results indicate the dissolved 
sodium data from this study represent a population of samples with significantly higher dissolved 
sodium concentrations than the population represented by the NURE dataset, but not the NWIS dataset. 

A comparison of the summary statistics for specific conductance measurements from this study with 
the NWIS and NURE pre-2007 datasets is provided in Table 4 and presented graphically in Figure 17 
using box-and-whisker plots.  Goodness of fit testing at the 0.05 significance level for specific 
conductance indicated none of the three datasets was normally, log-normally, or gamma-normally 
distributed.  Nonparametric Kruskal-Wallis analysis of variance conducted on the three datasets 
indicated significant differences amongst the three datasets (p-value <0.05).  Subsequent post-hoc 
nonparametric Kruskal-Wallis multiple comparison tests indicated significant differences between the 
NURE dataset and the data from this study, but also, between the NURE dataset and the NWIS dataset 
(Appendix F).  No significant difference was indicated between the NWIS dataset and the data from this 
study (p-value of 0.977).  A histogram comparing specific conductance data from this study with the 
NWIS and NURE datasets are shown in Figure 20. 

Time trend data for TDS (Figure 21) for the same locations shown in Figure 19 for chloride indicate 
TDS concentrations remained relatively constant over the three sampling rounds, with the possible 
exception, again, of NEPAGW08.  Increased TDS concentrations (calculated from specific conductance 
values) were measured at NEPAGW08 with each sampling round in this study with estimated 
concentrations ranging from 956 mg/L in the first round to 1126 mg/L in the third round.  In contrast to 
the chloride data, pre-drill TDS data reported by the operator for April 29, 2011 indicated a lower value 
of 842 mg/L at this location than measured in the three rounds of sampling conducted in this study, thus 
perhaps more strongly suggesting evidence of a potential impact at this well location.  However, the 
operator pre-drill sodium, barium, and specific conductance data, relative to the sodium, barium, and 
specific conductance data from this study, also showed a pattern similar to that of chloride.  That is, the 
operator reported pre-drill concentrations/values for sodium, barium, and specific conductance were 
higher than concentrations/values measured in the first two rounds of sampling in this study.  This 
suggests a discrepancy in TDS measurement/calculation methodologies between the operator and this 
study as apparently reflected in specific conductance and TDS values reported for split samples collected 
at NEPAGW08 during the first round of sampling.  Specific conductivity and TDS values for this study in 
the first round of sampling were measured at 1471 µS/cm and 956 mg/L, respectively, while operator 
reported data for their split sample were 1270 µS/cm and 726 mg/L, respectively (Weston Solutions, 
2012).  The operator specific conductance and TDS values of 1270 µS/cm and 726 mg/L for their split 
sample were also lower than their reported pre-drill (April 29, 2011) values of 1780 µS/cm and  
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Figure 20. Specific conductance histogram comparing data from ground water locations in this study with pre-2007 NWIS 

and NURE 1977 ground water data. (Data for locations sampled in more than one round are averaged.) 
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Figure 21. Time trends for total dissolved solids (TDS) in homeowner wells shown in Figure 19 over the 

course of this study. (TDS values are calculated from specific conductance values measured 
in the field.) 
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842 mg/L.  Appendix A (Table A-27) of this report indicates that performance checks conducted in this 
study for specific conductance at the beginning of the day, mid-day, and at the end of the day on 
October 27, 2011—when split samples were collected from NEPAGW08—consistently met performance 
check criteria.  

Bromide, another potential indicator of hydraulic fracturing activity impacts, was detected above 
method quantitation limits (0.13 – 0.17 mg/L) at only three of the 38 ground water locations sampled in 
this study and at none of the surface water locations.  These three ground water locations (NEPAGW04, 
NEPAGW08, and NEPAGW17) were also the only locations in the study that exhibited Na-Cl type water.  
Bromide concentrations in these three wells ranged from 1.88 mg/L in NEPAGW04 to 4.70 mg/L in 
NEPAGW17.  The NWIS database provides no data for bromide while the NURE database provides data 
for total bromine only (based on neutron activation analysis); however, Davis et al. (1998) report that 
total bromine concentrations in ground water (as measured by neutron activation analysis) can 
essentially be considered equivalent to bromide concentrations—since virtually all bromine in ground 
water can be expected to exist as the monovalent anion (i.e. bromide).  A theoretical mixing curve with 
one end member based on the median chloride and bromine (bromide) concentrations from the 
Bradford County NURE dataset and the other end member based on the median chloride and bromide 
concentrations for Marcellus Shale flowback water from Haluszczak et al. (2013) is provided in Figure 22.  
The three samples fall near the mixing curve but, as can be observed, so does the naturally occurring 
spring water from Salt Spring State Park.  This indicates—consistent with the findings of Llewellyn (2014) 
and Lautz et al. (2014)—that use of Cl/Br ratio data to evaluate potential impacts on ground water has 
limitations in this particular study area since it cannot alone be used to distinguish between naturally 
occurring water and potentially impacted water.  

Barium and Strontium 
Hayes (2009) reports median barium and strontium concentrations of 686 mg/L and 1080 mg/L, 

respectively, for 5-day flowback water from 19 Marcellus Shale gas wells in Pennsylvania and West 
Virginia.  This compares to median recoverable barium and strontium concentrations of 0.050 mg/L and 
0.160 mg/L, respectively, reported for 62 Bradford County ground water locations in the NWIS database 
(see Table 4).  Barbot et al. (2013) report mean barium and strontium concentrations of 2,224 mg/L and 
1,695 mg/L, respectively for over 150 Marcellus Shale produced water samples in Pennsylvania.  This 
compares to calculated mean recoverable barium and strontium concentrations for the Bradford County 
NWIS dataset of 2.15 mg/L and 1.78 mg/L, respectively (Table 4).  Figure 23 shows box-and-whisker 
plots comparing the distribution of barium (total and dissolved) and strontium (total and dissolved) from 
this study with the distribution of recoverable barium and strontium from the NWIS dataset. (The NWIS 
database does not contain dissolved or total barium and strontium data for Bradford County.)  The plots 
(and Table 4) indicate the 25th percentile, median, and 75th percentile dissolved and total barium and 
strontium concentrations from this study are higher than those for recoverable barium and recoverable 
strontium concentrations from the NWIS dataset.  In contrast, the mean dissolved and total barium and 
strontium concentrations from this study are lower than those of the NWIS dataset, although for 
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Figure 22. Theoretical mixing curve with end members based on NURE (1977) and Haluszczak et al. (2013) flowback median Cl and Br 

concentrations.  Bradford County NURE Cl and Br medians are 8.05 mg/L (n=164) and 0.0231 mg/L (n=112), respectively. (NURE 
Br data are for bromine analyzed by neutron activation analysis.)  Sample locations shown from this study are only those with 
bromide concentrations detected above the quantitation limit. 
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Figure 23. Box and whisker plots comparing total and dissolved barium and strontium distributions 

(5th, 25th, median, 75th, and 95th percentiles) from this study with recoverable barium and 
strontium distributions from the pre-2007 NWIS dataset for Bradford County. (Note:  No 
dissolved or total barium or strontium data are reported in the NWIS database; Data for 
locations sampled in more than one round are averaged.) 
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strontium, only slightly lower.  The contrasting differences between the medians and means for the 
datasets are attributed to very high strontium and barium concentrations reported at two Bradford 
County locations in the NWIS dataset.  

Goodness of fit testing at the 0.05 significance level for recoverable barium from the NWIS dataset 
and total barium from this study indicate data from this study are log normally distributed, while the 
data from the NWIS dataset are not normally, log-normally, or gamma-normally distributed.  
Nonparametric Kruskal-Wallis analysis of variance conducted on the data from this study and the NWIS 
dataset indicated a significant difference (p-value of 5.53E-04) between the datasets (Appendix F).  The 
results indicate the total barium data from locations sampled in this study represent a population of 
samples with significantly higher total barium concentrations than that of the recoverable barium 
sample population represented by the NWIS dataset.  

Since Na-Cl and Na-HCO3 water types in this study were generally observed to exhibit the higher 
barium and strontium concentrations relative to the other water types, and since there was a larger 
proportion of Na-Cl and Na-HCO3 water types in this study (10/38) than in the NWIS dataset (12/62), it 
was possible that uneven representation of these water types in the two datasets could have accounted 
for the observed difference.  To test this possibility, barium concentrations in only the Na-Cl and 
Na-HCO3 water types for the two datasets were compared.  Goodness of fit testing at the 0.05 
significance level for recoverable barium from Na-Cl and Na-HCO3 water types in the NWIS dataset and 
total barium from Na-Cl and Na-HCO3 water types in this study indicated the log-transformed data from 
both reduced datasets were normally distributed.  Subsequent parametric analysis of variance returned 
a p-value of 0.358 (Appendix F), indicating no significant difference between the datasets when 
evaluated on the basis of the two water types.  

Goodness of fit testing at the 0.05 significance level for recoverable strontium from the NWIS dataset 
and total strontium from this study indicated both the log-transformed NWIS dataset and the log-
transformed data from this study are normally distributed.  Parametric analysis of variance on the log-
transformed data indicated significant differences (p-value of 7.32E-06) between the two datasets.  The 
results indicate the total strontium data from this study represent a population of samples with 
significantly higher total strontium concentrations than that of the recoverable strontium sample 
population represented by the NWIS dataset.  

As in the case of barium, Na-Cl and Na-HCO3 water types in this study were observed to exhibit 
generally higher strontium concentrations than the other water types, and it was possible that uneven 
representation of these water types in the two datasets could have accounted for the observed 
difference.  To test this possibility, strontium concentrations in only the Na-Cl and Na-HCO3 water types 
for the two datasets were compared.  Goodness of fit testing at the 0.05 significance level for 
recoverable strontium from Na-Cl and Na-HCO3 water types in the NWIS dataset and total strontium 
from Na-Cl and Na-HCO3 water types in this study indicated the log-transformed data from both reduced 
datasets were normally distributed.  Subsequent parametric analysis of variance on the log-transformed 
data returned a p-value of 0.063 indicating no significant difference at the 0.05 significance level 
(Appendix F).  
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Increases in strontium and barium concentrations in ground water impacted by hydraulic fracturing 
fluids (e.g., flowback or produced waters) should coincide with increases in chloride, sodium, and TDS 
concentrations, since strontium and barium concentrations tend to be positively correlated with salinity 
in Marcellus wastewaters (Vengosh et al., 2014).  There is no basis for barium and strontium 
preferentially reaching a homeowner well relative to more mobile constituents such as chloride and 
sodium which are also present at much higher concentrations in hydraulic fracturing wastewaters.  As 
noted earlier, statistical analyses did not indicate any significant differences between the data from this 
study and the NWIS dataset with respect to chloride, sodium, and specific conductance.  The very high 
concentrations of barium and strontium that can occur naturally in the study area are evidenced in 
Table 7 which shows data from a domestic well in a valley setting located within 1500 ft of NEPAGW08 
(see Appendix E, Figure E-2) with reported pre-2007 barium and strontium concentrations of 98.0 mg/L 
and 80.0 mg/L, respectively and spring water from Salt Spring State Park exhibiting barium and 
strontium concentrations of 84.4 mg/L and 48.5 mg/L, respectively.  These concentrations are much 
higher than any barium and strontium concentrations detected in this study.  Dissolved barium and 
strontium concentrations in ground water in the study area are likely controlled by minerals including 
barite (CaSO4) and celestite [SrSO4] (Williams et al., 1998).  

Radionuclides 
Concentrations of radionuclides, including radium-226 and radium-228, can be high in Marcellus 

wastewaters and have been reported as high as 6,540 pCi/L for combined radium-226 and radium-228 
in Marcellus Shale flowback water (Haluszczak et al., 2013).  Barbot et al. (2013) report mean 
radium-226 and radium-228 concentrations for 46 Marcellus Shale-produced water samples in 
Pennsylvania of 623 pCi/L and 120 pCi/L, respectively with a maximum reported radium-226 
concentration of 9,280 pCi/L and maximum reported radium-228 concentration of 1,360 pCi/L.  Water 
samples collected in this study were analyzed for radium-226, radium-228, gross alpha activity, and 
gross beta activity in the second and third rounds of sampling.  The results indicated radium-226, 
radium-228, gross alpha activity, and/or gross beta activity were detected above reporting limits at 7 of 
the 27 locations sampled for these parameters.  The highest radium-226 and radium-228 concentrations 
were detected at NEPAGW04 at concentrations of 4.40 ± 1.3 pCi/L and 2.88 ± 0.73 pCi/L, respectively 
(combined = 7.28 pCi/L).  For comparison, the combined radium-226 and radium-228 concentration in 
spring water from Salt Spring State Park (Table 7) has been measured at 27.7 pCi/L (Warner et al., 2012).  
Williams et al. (1998) reported radium-226 and radium-228 concentrations of 17 pCi/L and 13 pCi/L 
(combined = 30 pCi/L) measured in a domestic well sampled in neighboring Tioga County in 1986.  The 
highest gross alpha activity in this study was also measured at NEPAGW04 at a concentration of 6.1 ± 
2.2 pCi/L, while the highest gross beta activity was detected at NEPAGW17 at a concentration of 7.4 ± 
2.8 pCi/L.  Barbot et al. (2013) report mean gross alpha and gross beta concentrations for 32 Marcellus 
Shale-produced water samples from northeastern Pennsylvania of 1,509 pCi/L and 43,415 pCi/L, 
respectively. 
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Table 7. Valley locations with Na-Cl type water from this study compared to nearby valley locations from NWIS database exhibiting Na-Cl type 
water. 

 TDS 
(mg/L) 

Cl 
(mg/L) 

Br  
(mg/L)  

Cl/Br  
(w/w)  

Na 
(mg/L) 

Sr 
(mg/L) 

Ba 
(mg/L) 

Li 
(mg/L) 

B 
(mg/L) 

226Ra + 228Ra 
(pCi/L) 

NEPAGW08  1037 383 2.20 174 286 1.90 1.62 0.440 0.319 <2.00 
 USGS-414451076182001*  
(1,464 ft from NEPAGW08) 7067 4275 − − 2255 80.0 98.0 − − − 

NEPAGW17  1259 510 4.70 108 289 5.74 5.03 0.444 0.242 6.38 
 USGS-414330076280501*  
(7,885 ft from NEPAGW17) 580 168 − − 210 − − − − − 

NEPAGW04  1013 362 1.88 192 227 8.46 5.06 0.557 0.257 7.28 
Williams et al. (1998) 
identified Na-Cl wells in 
Bradford Co. 
[median/mean] 

803/1555 
(n=9) 

348/714 
(n=10) − − 249/431 

(n=10) 
1.10/12.6 

(n=8) 
1.32/15.0 

(n=7) − − − 

Salt Spring State Park 
(Warner et al. 2012) 6418 4014 37.9 106 1800 48.5 84.4 4.34 − 27.7 

* For sample location, see Figure E-2, Appendix E.  Values are averaged for locations sampled more than once.   
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The results from this study indicate primary MCLs were exceeded at two locations—NEPAGW04 and 
NEPAGW17—where combined radium-226 and radium-228 exceeded the primary MCL of 5 pCi/L (see 
Table 7).  As in the case of Salt Spring State Park, both of these wells are located in valley settings 
characterized by Na-Cl type water and high TDS.  Also, as in the case of strontium and barium, radium 
concentrations are known to correlate positively with salinity in ground water in the study area 
(Williams et al., 1998).  Spring water collected at Salt Spring State Park (Table 7), for example, show 
chloride and sodium concentrations of 4,014 mg/L and 1,800 mg/L, respectively while the well in 
neighboring Tioga County with the combined radium-226 and radium-228 concentration of 30 pCi/L 
showed dissolved chloride and sodium concentrations of 4,600 mg/L and 2,500 mg/L, respectively 
(Williams et al., 1998).  The highest radium-226 concentration detected in a non-Na-Cl type water in this 
study was 2.70 ± 0.89 pCi/L at NEPAGW26 which exhibits Ca-HCO3 type water.  Radium-226 was also 
detected above reporting limits at NEPAGW16 (high of 1.31 ± 0.50 pCi/L) and at NEPAGW33 (high of 
2.07 ± 0.66 pCi/L), both of which exhibit Na-HCO3type water.  Radium-228 was not detected at any non-
Na-Cl well locations.  

Strontium  Isotopes  
Strontium (Sr) isotope analyses were also conducted on all samples collected in the study. 87Sr/86Sr 

ratios fall within a unique range in Marcellus Shale flowback and produced water and thus can be 
sensitive indicators of potential impacts (Chapman et al., 2012).  Chapman et al. (2012) indicate mixing 
of as little as 1% Marcellus Shale-produced water with a receiving water would result in a 87Sr/86Sr 
signature dominated by the produced water. 87Sr/86Sr ratios for Marcellus Shale-produced water are 
reported to fall between 0.71000 and 0.71212, in contrast to the higher 87Sr/86Sr ratios associated with 
water produced from formations above the Marcellus Shale (Warner et al., 2012).  Samples from four 
homeowner wells (NEPAGW01, NEPAGW02, NEPAGW03, and NEPAGW08) and one spring (NEPASW01) 
in the study exhibited 87Sr/86Sr ratios between 0.71000 and 0.71212 (see Figure 24).  Each of the 
samples, with the exception of spring sample NEPASW01, also exhibited Sr/Ca ratios above 0.03, which 
Warner et al. (2012) have indicated is also characteristic of Marcellus Shale-produced water.  Chapman 
et al. (2012) reported on five Marcellus Shale-produced waters from Bradford County indicating each 
exhibited Sr/Ca ratios above 0.1.  However, Warner et al. (2012) also show that background shallow 
ground water in northeastern Pennsylvania (designated in their study as Type D water) at locations far 
removed from hydraulic fracturing activities can, in certain settings (e.g., valley settings), also exhibit the 
same low 87Sr/86Sr ratios with Sr/Ca ratios above 0.03.  Data reported by Warner et al. (2012) for spring 
water collected from Salt Spring State Park, for example, indicated a 87Sr/86Sr ratio of 0.71115 (Figure 24) 
and Sr/Ca ratio of 0.13.  Thus, the usefulness of 87Sr/86Sr ratios for evaluating potential impacts on 
ground water in this particular study area appears to be somewhat limited.  However, as will be noted in 
a later section of this report, 87Sr/86Sr ratios were used as a potential line of evidence for evaluating 
possible impacts to the homeowner pond investigated in this study.  There was no observed discernible 
relationship between low 87Sr/86Sr ratios and water type.  Two of the wells with 87Sr/86Sr <0.71212 and 
Sr/Ca >0.03 exhibited Na-HCO3 type water (NEPAGW01, NEPAGW02), one well exhibited Ca-SO4 type 
water (NEPAGW03), and one well exhibited Na-Cl type water (NEPAGW08).  
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Figure 24. Strontium isotope data versus strontium concentrations for locations sampled in this study.  Data for locations sampled in 

more than one round are averaged. (Salt Spring State Park data from Warner et al., 2012) 
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Evaluation of Homeowner Wells with Na-Cl Type Water 
The homeowner wells in this study with Na-Cl type water (NEPAGW04, NEPAGW08, and NEPAGW17) 

were each located in stream/river valleys, consistent with the observations of Williams et al. (1998) for 
locations where Na-Cl type ground water tends to be found in the study area.  Chloride and TDS 
concentrations in the three wells (NEPAGW04, NEPAGW08, and NEPAGW17) were measured at greater 
than 300 mg/L and 1,000 mg/L, respectively.  A plot of NWIS locations exhibiting Na-Cl-type water, as 
well as the naturally occurring spring water from Salt Spring State Park, on the Piper diagram in 
Figure 25 shows the overlap with the three Na-Cl-type water locations identified in this study.  This is 
consistent with the Na-Cl type waters observed at the three homeowner locations (NEPAGW04, 
NEPAGW08, and NEPAGW17) not being anomalous for the study area.  Comparison of the cation-anion 
distribution of the Na-Cl water locations in this study with Na-Cl-type water locations from the NWIS 
dataset, and the spring water from Salt Spring State Park, in the Shoeller diagram in Figure 26, also do 
not provide any indication that the geochemistry in wells NEPAGW04, NEPAGW08, and NEPAGW17 is 
anomalous for the study area.  

At homeowner well locations NEPAGW04 and NEPAGW17, barium and combined radium-226 and 
radium-228 concentrations exceeded EPA’s primary MCL drinking water criteria of 2.0 mg/L and 5 pCi/L, 
respectively.  At homeowner well location NEPAGW08, the mean barium concentration was just below 
the MCL of 2.0 mg/L, while combined radium-226 and radium-228 concentrations were significantly 
below the MCL.  These three wells also exhibited more elevated methane concentrations (ranging from 
14.8 mg/L to 27.6 mg/L) relative to most other sampling locations in this study, as well as reducing 
conditions as indicated by low ORP values, low DO concentrations, and detectable ferrous iron and/or 
hydrogen sulfide concentrations.  Table 7 provides data for two pre-2007 NWIS database sampling 
locations with elevated TDS and chloride concentrations that are located in proximity to NEPAGW08 and 
NEPAGW17. (The locations of these two wells are shown in Appendix E, Figure E-2.)  Also shown in 
Table 7 are data for Na-Cl type ground water locations in Bradford County as reported by Williams et al. 
(1998) and data for Salt Spring State Park as reported by Warner et al. (2012).  As noted earlier, it has 
been hypothesized that stream valleys represent zones of weakness, or increased bedrock fracturing, 
that allowed glacial and weathering processes to down cut preferentially into the bedrock (Breen et al., 
2007).  The increased fracture density in the stream valleys could thus result in a greater abundance of 
preferential pathways for the flow of natural gas from depth to the surface.  Warner et al. (2012) have 
speculated that some shallow ground water systems near valley centers in northeastern Pennsylvania 
with geochemical signatures similar to produced water from the Marcellus Formation (Cl  >20 mg/L, 
Cl/Br <1000, Cl/Na >0.2) are indicative of a pre-existing network of cross-formational pathways that has 
enhanced hydraulic connectivity to deeper formations.  The three homeowner wells in Bradford County 
with Na-Cl type water in this study (NEPAGW04, NEPAGW08, and NEPAGW17) exhibit these 
geochemical signatures with respect to Cl, Cl/Br, and Cl/Na.  Cl/Br ratios in the three wells ranged from 
105 to 182, Cl/Na ratios from 1.38 to 1.71, and chloride concentrations from 335 mg/L to 525 mg/L.  The 
lower Cl/Br ratios relative to the Cl/Br ratios of >1000 (generally characteristic of road salt [halite] 
impacts) are consistent with the Na-Cl in the three homeowner wells having originated from highly 
 



Retrospective Case Study in Northeastern Pennsylvania 
 

 67 

 
Figure 25. Piper diagram showing overlap of ground water locations with Na-Cl type water from this study with ground water locations with 

Na-Cl type water from the pre-2007 NWIS dataset for Bradford County.  Data is also shown for natural spring water collected at 
Salt Spring State Park in Susquehanna County (Warner et al., 2012). 
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Figure 26. Schoeller diagram showing the chemical composition of ground water locations sampled in this study relative to pre-2007 NWIS 

locations exhibiting Na-Cl type water and spring water from Salt Spring State Park in Susquehanna County (Warner et al., 2012). 
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evaporated seawater beyond the point of halite precipitation, as has been postulated for formation 
brines in Pennsylvania, including those originating from the Marcellus Formation (Haluszczak et al., 
2013).  For comparison, the median Cl/Br ratio of flowback water reported by Haluszczak et al. (2013) 
for Marcellus Formation gas wells in the Dimock area of Susquehanna County was 125.2 and the Cl/Br 
ratio for the naturally occurring spring water at Salt Spring State Park (Susquehanna County) is 106 
(Warner et. al., 2012).  The low Cl/Br ratio (<1000) as observed in the naturally occurring spring water at 
Salt Spring State Park indicate Cl/Br ratios need to be used with caution as potential indicators of 
hydraulic fracturing impacts in the study area as supported by the findings of others (Llewellyn, 2014; 
Lautz et al., 2014).  

In the case of NEPAGW17, hydraulic fracturing had been conducted on a well pad within 
approximately 4,000 feet of the homeowner well about 20 months prior to the first round of sampling, 
and three gas wells had also been drilled (but not yet fractured) on another pad located within 
approximately 3,500 feet of the homeowner well 14 to 16 months prior to the first round of sampling 
(see Figure 27).  Although the elevated concentrations of barium, chloride, TDS, and radium in 
NEPAGW17 could suggest an impact, gas isotope data and methane-to-ethane ratio data from this well 
are not consistent with that of Marcellus Shale gas, as will be addressed later in this report.  This is of 
significance because if a pathway for hydraulic fracturing fluids and produced water to the homeowner 
well had, in fact, been created as a result of the hydraulic fracturing (stimulation) process, then this 
pathway would likely also have readily allowed for the migration of methane from the Marcellus Shale 
into the homeowner well.  

Another homeowner well sampled in the study (NEPAGW16) is located within 300 feet of 
NEPAGW17 (see Figure 27) and, according to the homeowner, differs in depth by only 14 feet (100 ft 
depth for NEPAGW17 versus 86 ft depth for NEPAGW16).  However, data obtained from these two wells 
show significant differences in water chemistry.  NEPAGW16 exhibits significantly lower TDS and 
chloride concentrations and no primary MCL exceedances for barium and combined radium.  In 
addition, NEPAGW16 plots as a Na-HCO3 type water rather than a Na-Cl type water (see Figure 12).  If 
the depths of the two wells reported by the homeowner are correct, this would appear to attest to the 
significant differences in water quality than can occur over short increments of distance and depth 
within the study area.  It is possible that NEPAGW17, with its reported greater depth, accesses shallow 
saline waters to a greater extent in this valley setting than does NEPAGW16.  Both locations showed 
significant differences on the two occasions they were sampled.  As noted earlier, homeowner reported 
well depths could not be verified in this study.  

Gas wells on well pads located within 1 mile of homeowner locations NEPAGW04 and NEPAGW08 
had only been drilled but not yet hydraulically fractured when the first round of sampling was conducted 
in fall 2011.  Thus, the saline conditions observed in these two wells cannot be attributed to the 
hydraulic fracturing (stimulation) process.  Operator data collected from NEPAGW08 prior to initiation of 
drilling on the nearby well pad indicated that ground water in this homeowner well was already in a 
saline condition—thus also precluding drilling as the cause of saline conditions at this particular well 
location (see Figure 28).  Pre-drill data was not available for NEPAGW04.  



Retrospective Case Study in Northeastern Pennsylvania 

 70 

 
Figure 27. Location of Bradford County homeowner well NEPAGW17 where reported gas intrusion occurred on August 4, 2010.  Data show PA 

DEP gas isotope signatures for surface casings and production tubings on well pads near homeowner wells NEPAGW17 and 
NEPAGW16 relative to signatures observed in homeowner wells.  Data also show differences in water chemistry between the two 
homeowner wells reportedly completed at similar depths (85 ft vs 100 ft) and located only a few hundred feet from one another.  
Drill/fracture dates from Chesapeake Energy (2/12/2012). 
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Figure 28. Bradford County homeowner well located in valley setting with pre- and post-hydraulic fracturing data.  Pre-drill operator data show 

already elevated concentrations of methane and inorganic parameters at this location.  Post-drill and post-fracturing data (this 
study) show CH4/C2H6 ratios >1800 and δ13CCH4 values <-48.0‰ inconsistent with Marcellus Shale gas characteristics.  Samples 
collected on 10/27/2011 in this study and by operator are split samples.  Drill/fracture dates from Chesapeake Energy (2/12/2012). 
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Approximately two months after the first round of sampling, hydraulic fracturing (stimulation) was 
conducted on a well pad located approximately 4,000 feet from homeowner well NEPAGW08 
(Figure 28).  The lateral from this gas well passes within a surface radius of approximately 1,200 feet 
from the homeowner well.  NEPAGW08, with a homeowner-reported depth of 260 feet, would thus 
appear to serve as a well-specific case study for pre- and post-hydraulic fracturing effects on ground 
water in this river valley location.  Data collected from NEPAGW08 over the three rounds of sampling do 
appear to show a potentially increasing trend with respect to concentrations of some selected inorganic 
constituents following hydraulic fracturing (see Figure 28).  However, when this location was sampled by 
the operator in April 2011 (i.e., approximately six months prior to the first round of sampling in this 
study), chloride,  sodium, and barium concentrations were measured at concentrations between those 
observed in the second and third rounds of this study (see Figure 28).  As noted earlier, this calls into 
question the presence of actual increasing trends at this location and suggests the data may fall within 
the range of variability for high TDS waters in the study area.  Warner et al. (2014) report that lithium to 
chloride (Li/Cl) ratios <0.002 and boron to chloride (B/Cl) ratios <0.001—as observed for samples 
collected from NEPAGW08 in the second and third rounds of this study (see data table in Figure 28)—
would be inconsistent with impacts from Marcellus Shale flowback or produced water.  As discussed in a 
subsequent section of this report, methane isotope signatures (δ13CCH4) and methane-to-ethane ratios 
for this homeowner well (as in the case of NEPAGW17) are also not consistent with a pathway for 
migration of Marcellus Shale gas and fluids to the well having been created.  

Evaluation of Homeowner Well with Ca-SO4 Type Water 
One homeowner well (NEPAGW03) was observed to exhibit a seemingly anomalous high sulfate 

concentration (>1,200 mg/L) and correspondingly high TDS concentration (average 1639 mg/L).  The 
sulfate concentration measured in this well is significantly higher than the maximum sulfate 
concentration of 250 mg/L reported in the NWIS dataset for 121 ground water locations sampled in 
Bradford County (Table 4).  This well is not located in a stream valley, nor does it exhibit Na-Cl-type 
water or elevated methane concentrations.  The well exhibits Ca-SO4 type water and is located within a 
few hundred feet of a well pad (Vannoy) where one or more fluid releases, including 420 gallons of 
hydrochloric acid, reportedly occurred in spring 2009 (see Appendices C and D).  Geochemical 
equilibrium modeling indicates the water from the homeowner well is at or near saturation with respect 
to gypsum (CaSO4).  The relatively consistent concentrations of sulfate (1,200 mg/L, 1,260 mg/L, and 
1,230 mg/L) measured in the three rounds of sampling conducted at the homeowner well over the 
1.5-year span of the study (Figure 29) appear to be more consistent with a mineral dissolution/ 
equilibrium scenario in the subsurface rather than a transient plume migration scenario.  Ground water 
contamination associated with hydraulic fracturing activities would be more likely to exhibit a variable 
concentration pattern over time, consistent with a shorter-term source release.  Also, high sulfate 
concentrations would normally not be expected to originate from hydraulic fracturing activities.  Hayes 
(2009) reports a median concentration range for sulfate in Marcellus Shale wastewater of only 2.4 to 
106 mg/L.  Haluszczak (2013) report a median sulfate concentration of 59 mg/L in injected fluids for 
seven horizontally fractured wells in different parts of the country and a range in day-14 flowback 
waters of 0.8 to 89 mg/L.  A possible alternative source of sulfate in the well water could be natural 
oxidation of sulfide minerals occurring at depth around the well.  
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NEPAGW03  also  exhibited  the  highest  strontium  concentrations  (mean  =  10.7 mg/L),  the  highest 
alkalinity (mean = 380 mg/L as CaCO3), and the highest average ferrous iron content (mean = 0.68 mg/L) 
of all homeowner wells and springs sampled in this study.  The pH in the well was consistently between 
6.8 and 6.9 over the three sampling rounds.  The chloride concentration in the well (average 19.4 mg/L) 
was above  the median  concentrations  for  this  study and  the NWIS and NURE datasets  (Table 4), but 
below the 90th percentile value for the NURE dataset and below the 75th percentile values for this study 
and the NWIS dataset.   The chloride concentration trend over the three rounds of sampling conducted 
at this location showed a 68% increase in chloride concentrations (14.0 mg/L to 23.5 mg/L) between the 
first  and  second  rounds;  however,  the  concentration measured  in  the  third  round  (20.7 mg/L) was 
between that of the first two rounds (Figure 29).  

Evaluation	of	Pond	Location	on	NEPAGW03	Property	
Samples were  collected at  two  locations  (NEPASW03 and NEPASW04)  from  the homeowner pond 

located approximately 300  feet  from NEPAGW03 during  the  second  round only  to evaluate potential 
links  between  the  pond  and  the  high  sulfate  concentrations measured  at  NEPAGW03.   The  sample 
results revealed low sulfate concentrations (<20 mg/L) but elevated concentrations of chloride (ranging 
from 224 mg/L to 230 mg/L), TDS (ranging from 529 mg/L to 563 mg/L), bromide (estimated range from 
0.61 mg/L  to  0.87 mg/L),  dissolved  strontium  (ranging  from  1.28 mg/L  to  1.30 mg/L),  and  dissolved 
barium  (ranging  from  656 µg/L  to  677 µg/L).   Dissolved  lithium was  also  detected  at  concentrations 
ranging from 14.5 µg/L to 16.1 µg/L.   The very  low alkalinity of the pond samples (≤ 25 mg/L as CaCO3) 
suggests the pond water is not fed by a subsurface source.  Although the pond is not used as a drinking 
water source, the TDS levels in the pond exceed EPA’s secondary drinking water MCL of 500 mg/L, while 
the chloride concentrations are slightly below EPA’s secondary drinking water MCL of 250 mg/L.   The 
chloride,  TDS,  and  bromide  concentrations  detected  in  the  pond  are  higher  than  normally  found  in 
surface waters  in northeastern Pennsylvania  (Battelle, 2013).   For  surface water  locations  sampled  in 
Bradford  and  Susquehanna  counties prior  to 2007, Battelle  (2013)  report mean  and median  chloride 
concentrations  for 309 sampling  locations of 9.65 mg/L and 8.2 mg/L, respectively; mean and median 
TDS concentrations  for 39 sampling  locations of 108 mg/L and 99.6 mg/L, respectively; and mean and 
median bromide concentrations for 203 sampling locations of 0.045 mg/L and 0.013 mg/L, respectively.  
The  chloride  concentrations measured  in  the pond are also approximately 10  times greater  than  the 
chloride concentrations measured in the homeowner well (NEPAGW03).  In addition, the pond samples 
exhibited an average Cl/Br  ratio of 286  (i.e. <1000) which  is  inconsistent with  the pond water having 
been  impacted by road salt  (Warner et al., 2012; Davis et al., 1998).   Historical surface water data for 
barium, strontium, and  lithium are not available  for comparison with  the concentrations measured  in 
the pond.  The presence of the elevated concentrations of chloride, TDS, and bromide in the pond water 
relative  to other  surface waters  in  the  study area as  reported by Battelle  (2013) may  reflect  impacts 
from well pad  fluid  releases  that occurred  in 2009  (Appendices C  and D), or perhaps more  recently.  
Long‐term  leaching of  the well pad,  if  significantly  impacted by past  releases of  liquids and/or  solids, 
could also be a factor.  
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Figure 29. Time trends for selected constituents from this study in homeowner well NEPAGW03 indicating relative consistency over 1.5-year 

time span of study. (pH values ranged from 6.81 to 6.89 in the three rounds of sampling conducted at this location.) 
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The two samples collected from the homeowner pond were also analyzed for strontium isotopes and 
showed 87Sr/86Sr ratios of 0.710026 (for NEPASW03) and 0.710105 and 0.710045 (for NEPASW04 field 
duplicates).  These values fall within the Bradford County Marcellus Shale-produced water range (see 
Figure 24) as reported by Chapman et al. (2012) and may possibly provide a further line of evidence for 
impacts on the pond from well pad releases.  For comparison, 87Sr/86Sr ratios for the other surface 
waters (two stream samples) collected in this study in Bradford County were >0.713300.  These values 
are much higher than the pond 87Sr/86Sr ratios and well outside the Marcellus Shale-produced water 
range as reported by Chapman et al. (2012).  

Organic Compounds 
Several organic compounds were detected in water samples collected during the three rounds of 

sampling.  The results are presented in Table 8. 1,2,4-trimethylbenzene was detected in two of the three 
sampling rounds at one of two springs sampled (NEPASW01).  At this location, 1,2,4-trimethylbenzene 
was detected below the quantitation limit (0.5 µg/L) at an estimated concentration of 0.38 µg/L during 
the first sampling round (October 2011), and at a concentration of 1.6 µg/L during the third sampling 
round (May 2013).  In addition, 1,2,3-trimethylbenzene was detected at a concentration of 1.1 µg/L at 
this location during the third sampling event.  DROs were also detected at this location at concentrations 
above the quantitation limit (20 µg/L) in the first sampling round (23.1 µg/L and 25.1 µg/L for field 
duplicates) while GROs were detected at this location at a concentration of 24.2 µg/L above the 
quantitation limit (20 µg/L) during the third round of sampling (see Table 8).  The samples showing 
detectable levels of 1,2,4-trimethylbenzene, 1,2,3-trimethylbenzene, DROs, and GROs were collected 
from a tap in the homeowner’s basement connected to the spring. 1,2,4-trimethylbenzene, 1,2,3-
trimethylbenzene, DROs, and GROs were not detected in the second round of sampling when samples 
were collected directly from the cistern.  Field measurements indicate the water collected directly from 
the cistern (using a bladder pump) was considerably more oxidized than the samples obtained from the 
tap, suggesting a greater potential for volatilization and/or oxidation of any hydrocarbons possibly 
present.  Although trimethylbenzenes can be constituents of hydraulic fracturing fluids and are included 
on PA DEP’s list of chemicals found in hydraulic fracturing fluids used in Pennsylvania (PA DEP 2010), the 
absence of elevated concentrations of other potential indicators (e.g., chloride, TDS, barium, strontium, 
lithium), in conjunction with 1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene, is inconsistent with 
the trimethylbenzenes (and DROs and GROs) originating from hydraulic fracturing activities.  Spring 
location NEPASW01, in fact, exhibited some of the lowest chloride, strontium, and barium 
concentrations of any samples collected in the study.  Chloride concentrations in the spring were 
measured at <1 mg/L during all three rounds of sampling conducted at the location (average 0.79 mg/L) 
and were significantly below the pre-2007 NURE and NWIS median concentrations of 8.05 mg/L and 
10.0 mg/L, respectively.  In addition, trimethylbenzenes (and GROs and DROs) were not detected in the 
homeowner well located within 100 feet of the spring on the same property (which was also sampled in 
all three rounds); nor were trimethylbenzenes detected in two wells on neighboring properties that 
were located within 600 feet and 900 feet of the spring collectively sampled a total of five times.  In 
addition to being found in gasoline, 1,2,4-trimethylbenzene  is also used in cleaners, pesticides, printing 
inks, and solvents in coatings (EPA 1994).  Off-road motorized vehicles (e.g. ATVs) are used on the 
property and the surface spring is likely more vulnerable than wells to surface spill impacts. 
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1,2,4-trimethylbenzene appears to be quite frequently detected in ground water (USGS 2006).  In an 
analysis of 95 domestic wells between 1996 and 1998 in the Allegheny and Monongahela River Basins of 
Pennsylvania, West Virginia, New York, and Maryland, for example, 1,2,4-trimethylbenzene was 
detected in over 45% of the wells  (Anderson et al., 2000).  EPA has not set a drinking water criterion for 
1,2,4-trimethylbenzene; however, the California Office of Environmental Health Hazard Assessment has 
recommended a health-based action level of 330 µg/L.  No drinking water criterion is available for 
1,2,3-trimethylbenzene.  

Table 8. Organic compounds detected in samples from wells and springs in this study. 

Chemical Well 
Concentration 

 (µg/L) Qualifier Notes 
October/November 2011 

Volatile Organic Compounds    
Toluene NEPAGW13 0.24 J  
1,2,4-trimethylbenzene NEPASW01 0.38 J  

     
Semi-Volatile Organic Compounds    
Bis-(2-ethylhexyl) adipate NEPAGW01 3.06 B  
 NEPAGW02 3.57 B 

Similar concentrations 
detected in laboratory 
blanks; data is 
considered invalid and 
unusable 

 NEPAGW02 DUP 2.76 B 
 NEPAGW03 2.99 B 
 NEPAGW04 3.10 B 
 NEPAGW05 3.47 B 
 NEPAGW06 2.89 B 
 NEPAGW06 DUP 3.92 B 
 NEPAGW07 3.59 B 
 NEPAGW08 3.35 B 
 NEPAGW09 3.54 B 
 NEPAGW10 3.88 B 
 NEPAGW11 3.15 B 
 NEPAGW12 3.39 B 
 NEPAGW13 4.04 B 
 NEPAGW14 2.34 B 
     

Bis-(2-ethylhexyl) 
phthalate 

NEPAGW06 DUP 2.82 B 
Similar concentrations 
detected in laboratory 
blanks; data is 
considered invalid and 
unusable 

 NEPAGW07 1.21 B 
 NEPAGW08 4.10 B 
 NEPAGW18 2.74 B 
 NEPAGW19 1.57 B 
 NEPAGW27 2.45 B 
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Table 8. Organic compounds detected in samples from wells and springs in this study. 

Chemical Well 
Concentration 

 (µg/L) Qualifier Notes 
Diesel Range Organics NEPAGW04 23.4   

 NEPASW01 23.1   
 NEPASW01 DUP 25.1   
     

April/May 2012 
Volatile Organic Compounds    

     
Carbon disulfide NEPAGW02 0.30 J  

     
Chloroform NEPAGW02 5.53   

     
Semi-Volatile Organic Compounds    
Bis-(2-ethylhexyl) 
phthalate 

NEPAGW09 36.7†  Not detected in DRO 
chromatogram; thus 
invalid and unusable 

 NEPASW06 3.02   
     

Diesel Range Organics NEPAGW02 21.1 J-  
 NEPAGW10 28.1 J-  
 NEPAGW14 23.1 J-  
 NEPAGW27 21.1 J-  
 NEPAGW36 21.1 J-  
 NEPASW03 243 J-  
 NEPASW04 273 J-  
 NEPASW04 DUP 267 J-  
 NEPASW05 48.2 J-  
 NEPASW06 46.0 J-  
     

May 2013 
Volatile Organic Compounds    

     
Acetone NEPAGW16 0.33 J  

 NEPAGW37 8.3   
     

1,2,4-trimethylbenzene NEPASW01 1.6   
     

1,2,3-trimethylbenzene NEPASW01 1.1   
 NEPAGW28 DUP 0.17 J  
     

Chloroform NEPAGW029 0.40 J  
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Table 8. Organic compounds detected in samples from wells and springs in this study. 

Chemical Well 
Concentration 

 (µg/L) Qualifier Notes 
Carbon disulfide  NEPAGW08 0.11 J  

 NEPAGW16 0.12 J  
     

Semi-Volatile Organic Compounds   
     

Bis-(2-ethylhexyl) 
phthalate 

NEPAGW01 5.38   

 NEPAGW03 18.3   
 NEPAGW14 5.75 B  
 NEPAGW36 3.82   
     

Diesel Range Organics NEPASW01 27.7 B Detected in field and 
equipment blank; thus 
invalid and unusable 

Gasoline Range Organics NEPASW01 24.2   
 

1,2,3-trimethylbenzene was also detected in the third round of sampling at another homeowner 
location (NEPAGW28) approximately 10 miles from the spring location (NEPASW01).  The 1,2,3-
trimethylbenzene was detected in a duplicate sample from this location below the quantitation limit 
(0.05 µg/L) at an estimated concentration of 0.17 µg/L; however, it was not detected in the primary 
sample collected from this location nor was it detected in the same well in the one other round it was 
sampled (round 1).  As in the case of the 1,2,4-trimethylbenzene detection at spring location 
NEPASW01, the absence of other potential indicators in the homeowner well (e.g., elevated chloride, 
TDS, strontium, barium, lithium concentrations) is not consistent with the 1,2,3-trimethylbenzene 
originating from hydraulic fracturing activities.  Chloride concentrations in this well were approximately 
the same in the two rounds it was sampled at concentrations of 7.31 mg/L in the first round and 
6.92 mg/L in the third round.  These concentrations are also below the pre-2007 NURE and NWIS 
median chloride concentrations for Bradford County (see Table 4).  

During the first sampling round, toluene was detected in the sample from homeowner well 
(NEPAGW13) below the quantitation limit (0.5 µg/L) at an estimated concentration of 0.24 µg/L.  
Toluene was not detected at this location during the second round of sampling, nor was it detected in a 
second well (NEPAGW37) sampled on the same property during the third round. (NEPAGW13 was not 
sampled in the third round because it was no longer operational.)  Toluene was also not detected in the 
wells of two neighboring properties (NEPAGW18, NEPAGW19, NEPAGW20, and NEPAGW38) which were 
collectively sampled a total of six times.  Although toluene can be a component of hydraulic fracturing 
fluids, it can originate from many other sources and is also a common laboratory contaminant.  Because 
toluene is a common laboratory contaminant, EPA’s Guidance for Data Useability in Risk Assessment  
(www.epa.gov/oswer/riskassessment/datause/parta.htm) Appendix VII states that a toluene 
concentration is considered useable only if it is greater than 10 times the method blank concentration 

http://www.epa.gov/oswer/riskassessment/datause/parta.htm
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or, if <10 times the method blank concentration, only when multiple aromatic or fuel hydrocarbons are 
also detected when it is present.  The analyte (toluene) is to be excluded from consideration in all other 
situations.  The absence of other indicators including other fuel hydrocarbons, the inability to detect 
toluene in the well when sampled a second time, and the absence of toluene detections in the five 
nearby wells—one of which was within 100 feet, two of which were located within 400 feet, and two of 
which were located within 700 feet of NEPAGW13—makes it improbable that the toluene originated 
from hydraulic fracturing activities.  

The common laboratory contaminants acetone, carbon disulfide, and chloroform were also reported 
in one or more samples.  Acetone was reported in two samples in the third round of sampling but was 
not detected in any samples in the first and second rounds. (A different analytical laboratory was used in 
the third round.)  The highest acetone concentration (8.3 µg/L) was detected in a sample from a well 
sampled only in the third round (NEPAGW37).  The other trace detection of acetone, estimated at 
0.33 µg/L (below the quantitation limit of 1.0 µg/L), was from a well (NEPAGW16) where acetone was 
not detected in the first or second rounds.  Carbon disulfide was also reported at an estimated 
concentration of 0.12 µg/L (below the quantitation limit of 0.5 µg/L ) in round 3 at NEPAGW16, but was 
not detected at this location during the first two rounds.  Carbon disulfide also was reported in a sample 
from NEPAGW02 at an estimated concentration of 0.30 µg/L (below the quantitation limit) during the 
second round of sampling and in a sample from NEPAGW08 at a concentration of 0.11 µg/L (also below 
the quantitation limit) in the third round of sampling.  Chloroform was detected in a sample from 
NEPAGW02 during the second round at a concentration of 5.53 µg/L and during the third round in a 
sample from NEPAGW29 at a concentration of 0.40 µg/L.  Chloroform, however, was not detected at 
either of these locations during the other two rounds of sampling conducted at each location.  

Bis-(2-ethylhexyl) adipate was reported above the quantitation limit in 16 samples in the first round 
of sampling, but was also detected at similar levels in associated laboratory blanks during this round of 
sampling, thereby rendering the data invalid.  Bis-(2-ethylhexyl) adipate was not reported in any 
samples in the second or third rounds of sampling.  Bis-(2-ethylhexyl) phthalate was detected in many 
samples during all rounds of sampling, although data from the first round is concluded to be invalid due 
to similar levels reported in associated laboratory blanks.  Bis-(2-ethylhexyl) phthalate was reported in 
four field samples, two field blanks, and one equipment blank in the third round and in two field 
samples in the second round.  The highest reported concentration was 36.7 µg/L at NEPAGW09 in the 
second round, which is significantly higher than EPA’s primary drinking water MCL of 6.0 µg/L.  However, 
bis-(2-ethylhexyl) phthalate was not detected in the DRO chromatograms for the second round of 
sampling, indicating its detection, at least in the second round, was due to laboratory contamination.  
Bis-(2-ethylhexyl) phthalate was also detected above the MCL, at 18.3 mg/L, at location NEPAGW03 in 
the third round.  The four locations at which bis-(2-ethylhexyl) phthalate was detected in the third 
round—including NEPAGW03—did not show any bis-(2-ethylhexyl) phthalate detections in the second 
round.  Bis-(2-ethylhexyl) phthalate is a common laboratory contaminant and originates from the use of 
plastic tubing and equipment.  In summary, all detections for bis-(2-ethylhexyl) adipate and 
bis-(2-ethylhexyl) phthalate are concluded to be invalid and unusable.  
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Water Isotopes 
Water (δ2HH2O and δ18OH2O) isotope data were also obtained for samples collected in the study.  As in 

the case of 87Sr/86Sr ratios, Marcellus Shale-produced water also has a characteristic δ2HH2O and δ18OH2O 
isotope signature (Warner et al., 2012; Sharma et al., 2014).  A water isotope signature in water samples 
significantly deviating to the right of the Global Meteoric Water Line (Craig, 1961) shown in Figure 30 
could signify a potential impact.  A majority of the δ2HH2O and δ18OH2O data from the study, however, as 
shown in Figure 30, plot to the left of the Global Meteoric Water Line and close to the Local Meteoric 
Water Line for Pennsylvania as described by Kendall and Coplen (2001).  The only exceptions were the 
data from two samples collected from the homeowner pond, which plot to the right of the Global 
Meteoric Water Line.  Although the signatures for the pond samples could be an additional line of 
evidence for impacts originating from the nearby well pad, the signatures may also be due to 
evaporation of the pond water. δ2HH2O and δ18OH2O (unlike 87Sr/86Sr ratios) are less sensitive indicators of 
impacts, and only a brine fraction of greater than 20% in receiving waters would alter the δ2HH2O and 
δ18OH2O signatures sufficiently to observe a significant change (Warner et al,2012).  

Dissolved Gases 
All ground water and spring water samples collected in the study area were analyzed for dissolved 

methane, ethane, propane, and butane.  Seventeen of the 36 homeowner wells sampled over the 
course of the study exhibited methane concentrations >1 mg/L during at least one sampling round, and 
13 exhibited methane concentrations >5 mg/L during at least one sampling round.  As previously noted, 
Na-Cl and Na-HCO3 type waters exhibited the greatest frequency of methane detections >1mg/L in this 
study (Figure 14).  The highest methane concentration measured over the course of the study 
(56.1 mg/L) was measured in the third round of sampling at NEPAGW01, which exhibits Na-HCO3 type 
water.  

The presence of methane in wells does not, in itself, signify an association with hydraulic fracturing 
activities, since methane occurs naturally in the study area.  However, the presence of methane in wells 
previously methane-free and/or any significant increase in methane concentrations observed relative to 
previous levels could signify an impact.  In addition, a change in isotopic signature of the methane or a 
change in methane-to-ethane ratios could also indicate a potential impact.  Although methane is 
considered nontoxic, its presence in wells can be of potential concern if concentrations are sufficiently 
high to pose an explosion risk.  The influx of methane into wells may also cause suspension of well 
sediments and dislodging of naturally occurring mineral deposits (precipitates) from the surfaces of the 
well and wellbore.  This can lead to increased turbidity and discoloration of the well water 
(Gorody, 2012).  The increased presence of methane in wells, if sustained, could also promote stronger 
reducing conditions, possibly leading to increased iron and manganese dissolution and subsequent 
liberation (dissolution) of naturally occurring contaminants such as arsenic.  Ultimately, the sustained 
presence of methane could possibly also promote sulfate reducing conditions, resulting in the 
production of hydrogen sulfide.  
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Figure 30. Water isotope plots for samples collected in this study during second and third sampling rounds relative to global meteoric water 

line and local meteoric water line.  Only pond water samples plot to right of global meteoric water line. 
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In cases where measured methane concentrations were >1 mg/L, isotope analyses for δ13C of 
methane (δ13CCH4 or δ13C1) relative to the Vienna Pee Dee Belemnite (VPDB) standard and δ2H of 
methane (δ2HCH4 or δCD1) relative to Vienna Standard Mean Ocean Water (VSMOW) standard were 
generally conducted to establish isotopic signatures for the gas.  If sufficient ethane was present in 
samples, then δ13C of ethane (δ13CC2H6 or δ13C2) was also measured to further refine the isotopic 
fingerprint of the gas.  Révész et al. (2010) provide a summary of how stable isotope data can be used to 
distinguish between thermogenic gases and biogenic gases.  Thermogenic methane and ethane derived 
from deeper formations, including where the Marcellus Shale is located, tend to be less isotopically 
fractionated (i.e., more δ13C-enriched) than shallower, microbially produced (biogenic) gases.  In 
addition, thermogenic gases are generally wetter than biogenic gases as they have a much greater 
proportion of higher chain hydrocarbons (i.e., ethane, propane, butane) than biogenic gases. δ13C values 
for methane (δ13CCH4) greater than (i.e., more positive than) about -50‰ and a methane to combined 
ethane, propane, and butane (CH4/C2H6

+) ratio <1,000 are generally indicative of a thermogenic gas. δ13C 
values for ethane (δ13CC2H6) more positive than -45 ‰ and a CH4/C2H6

+ ratio <1,000 also tend to be 
indicative of a thermogenic gas.  Gas isotope signatures can potentially also be used to distinguish 
thermogenic gases originating from different formations, as noted earlier.  Data from mud log gas 
samples collected by Baldassare et al. (2014) for 234 gas well locations in the five-county area of 
northeastern Pennsylvania (including Bradford and Susquehanna Counties) indicate thermogenic 
methane and ethane from deeper formations, where the Marcellus Shale is located, tend to be less 
isotopically fractionated than thermogenic methane and ethane originating from shallower formations 
(see Table 5).  

Methane and Ethane Isotopes  
Gas isotope data for this study are presented in Table 9.  The δ13CCH4, δ2HCH4, δ13CC2H6, and CH4/C2H6

+ 
ratio data for locations with methane concentrations >1 mg/L provided in Table 9 are generally 
consistent with gas of predominantly thermogenic origin.  One exception was NEPAGW11, which 
exhibited δ13C values of -73.52‰ and -73.90‰ in the two rounds that gas isotope data were collected at 
this location.  This location also had one of the highest CH4/C2H6 ratios detected in the study (2,488 in 
round 1).  The gas isotope signature from this location is most consistent with gas of biogenic origin 
(Figure 31, Figure 32a).  The only other δ13CCH4 value < -50‰ observed in the study was -57.5‰ in 
homeowner well NEPAGW31.  This signature is more consistent with a mixture of thermogenic and 
biogenic methane, although the low CH4/C2H6 ratio of 206 is inconsistent with a significant biogenic 
component.  The highest (most positive) δ13CCH4 value measured in the study was at homeowner 
location NEPAGW06, where a value of -27.22‰ was observed in the third round of sampling.  

The mean and median δ13CCH4 values of -40.86‰ and -38.30‰, respectively, for gas samples 
collected from well and springs in this study are higher (more positive) than the mean and median 
δ13CCH4 values of -45.33‰ and -43.19‰, respectively, for gas isotope data reported by Baldassare et al. 
(2014) for 67 private wells sampled in their five-county study in northeastern Pennsylvania [including 
Bradford and Susquehanna Counties] (see Table 10).  The mean and median δ2HCH4 values of -184.6‰  
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Table 9. Locations in this study sampled for gas isotope data where methane concentrations were greater 
than 1 mg/L. 

Sampling 
Location 

 
Sampling 

Round 
CH4 

(mg/L) 
C2H6 

(mg/L) 
CH4 / 
C2H6 

δ13CCH4 

(δ13C1) 

(‰) 

δ2HCH4 

(‰) 

δ13CC2H6 

(δ13C2) 

(‰) 

δ13CDIC 
(‰) 

δ13C2 - 
δ13C1 

(‰) 

NEPAGW01 R2 40.4 0.0184 2196 -39.42 -203.9 * -7.25 − 
 R3 56.1 0.0267 2101 -39.27 -201.0 * -6.30 − 

NEPAGW02 R1 40.7 0.0257 1584 -38.43 -206.7 -32.0 -15.34 6.43 
 R2 39.4 0.0265 1487 -38.26 -204.7 -31.4 -13.86 6.86 
 R3 44.7 0.0267 1674 -38.20 -204.0 -31.3 -14.00 6.90 

NEPAGW04 R2 27.6 0.0165 1673 -38.24 -201.9 * -12.30 − 
NEPAGW06 R2 1.10 0.0176 63 -29.95 -136.2 * -17.66 − 

 R3 0.740 0.0097 76 -27.22 -138.8 * -17.20 − 
NEPAGW08 R2 17.3 0.0065 2682 -49.96 -228.7 * -14.06 − 

 R3 20.0 0.0088 2275 -48.85 -221.1 * -13.40 − 
NEPAGW11 R2 3.06 0.0012 2488 -73.52 -252.8 * -14.14 − 

 R3 2.44 <0.0028 >871 -73.90 -251.0 * -13.50 − 
NEPAGW13 R2 21.7 0.4970 44 -33.01 -166.0 -37.2 -18.36 -4.15 
NEPAGW16 R2 8.19 0.1090 75 -39.41 -170.4 -37.7 -16.26 1.71 

 R2 dup 7.67 0.1040 74 -39.36 -171.5 -37.7 -16.39 1.66 
 R3 7.53 0.0701 107 -40.91 -169.0 -37.3 -15.80 3.61 

NEPAGW17 R2 24.6 0.0291 845 -46.46 -202.3 -38.2 -12.91 8.26 
NEPAGW18 R2 7.90 0.2590 31 -31.82 -168.0 -36.2 -17.48 -4.38 
NEPAGW20 R1 7.55 0.2160 35 -32.32 -165.4 -36.3 -17.78 -3.98 

 R2 18.4 0.4140 44 -33.32 -173.7 -36.4 -17.62 -3.08 
 R2 dup 18.0 0.4010 45 -33.30 -171.0 -37.0 -18.07 -3.66 

NEPAGW31 R1 1.95 0.0095 206 -57.50 -156.3 * -24.38 − 
NEPAGW32 R1 0.729 <0.0028 >260 -27.70 -79.0 * -17.52 − 

 R2 2.42 <0.0028 >864 -38.80 -190.5 * -17.71 − 
 R3 1.23 <0.0028 >439 -32.34 -145.1 * -17.30 − 

NEPAGW33 R2 37.2 0.0616 604 -38.49 -217.5 -28.0 -15.76 10.49 
 R3 41.5 0.0882 471 -38.30 -215.2 -30.6 -14.90 7.70 

NEPAGW37 R3 15.5 0.3840 40 -31.92 -163.3 -37.1 -19.00 -5.18 
NEPAGW38 R3 17.5 0.4280 41 -32.22 -163.9 -37.4 -17.70 -5.18 

 R3 dup 16.9 0.4150 41 -32.19 -162.3 -37.4 -17.80 -5.21 
*  Insufficient ethane (C2H6) present to analyze.      
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Figure 31. Bernard plot showing δ13CCH4 values for homeowner wells sampled in this study with detectable ethane concentrations and 

methane concentrations >1 mg/L relative to available gas well data from study area.  Only one location (NEPAGW11) plots 
distinctly as biogenic gas.  Data for locations sampled in more than one round are averaged.  Dimock Township gas well data 
(collected 11/4/2011) and Salt Spring State Park data (collected 11/10/2010) from Molofsky et al. (2013); Granville Township 
gas well data (collected 12/10/2010) from PA DEP. 
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Figure 32a. Schoell plot showing δ13CCH4 versus δ2HCH4 values for homeowner wells sampled in this study with methane concentrations 

>1 mg/L relative to different formation means and medians, and the one and two standard deviation (1σ and 2σ) range about 
the mean for over 1500 Marcellus Shale mud log gas samples analyzed in northeastern Pennsylvania (Baldasarre et al., 2014).  
Data for locations sampled in more than one round are averaged. (Salt Spring State Park data from Molofsky et al., 2013.) 
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Figure 32b. Schoell plot close-up showing δ13CCH4 versus δ2HCH4 values for homeowner wells from this study within one standard deviation (1σ) 

of the mean δ13CCH4 and δ2HCH4 values reported by Baldasarre et al. (2014) for mud log gas samples collected from the Marcellus 
Shale. (* PA DEP data; ** Molofsky et al. (2013) data). 
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Table 10. Gas isotope data from homeowner wells in this study compared to data for private wells sampled in five-county region of northeastern 
Pennsylvania (Tioga, Bradford, Susquehanna, Wyoming, and Sullivan) reported by Baldassare et al. (2014). 

 Parameter n 
mean 

‰ 
min 
‰ 

25th 
‰ 

median 
‰ 

75th 
‰ 

90th 
‰ 

max 
‰ 

Baldassare et al. (2014)  δ13CCH4 67 -45.33 -67.17 -46.91 -43.19 -40.22 -38.08 -34.47 
This Study  δ13CCH4 16 -40.86 -73.71 -43.18 -38.30 -32.96 -32.03 -28.59 
Baldassare et al. (2014)  δ2HCH4 67 -212.1 -263.9 -222.6 -212.3 -197.5 -190.3 -162.5 
This Study  δ2HCH4 16 -184.6 -251.9 -203.8 -170.3 -163.2 -145.4 -137.5 
Baldassare et al. (2014)  δ13CC2H6 13 -35.03 -42.4 -37.7 -34.6 -32.7 -31.7 -27.0 
This Study  δ13CC2H6 9 -35.67 -38.2 -37.4 -37.1 -36.2 — -29.3 
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and -170.3‰, respectively, for this study are also more positive than the mean and median δ2HCH4 
values of -212.1‰ and -212.3‰, respectively, for the Baldassare et al. (2014) private well study.  In 
contrast, the mean δ13CC2H6 value for this study was very similar to that of the Baldassare et al. (2014) 
study (-35.03‰ and -35.67‰, respectively), while the median δ13CC2H6 value of -37.1‰ was considerably 
more negative than the value of -34.6‰ for the Baldassare et al. (2014) study (Table 10).  In general, the 
data indicate methane in gas samples from homeowner wells in this study was less fractionated than 
methane from private wells in the Baldassare et al. (2014) study, whereas ethane was more 
fractionated.  This could indicate a greater contribution of gases from deeper formations (e.g. Middle 
Devonian strata) in homeowner wells in this study relative to homeowner wells in the Baldassare et al. 
(2014) study.  

Inorganic Carbon Isotopes  
Samples were also analyzed for δ13C of DIC (δ13CDIC) to further aid in interpretation of gas data.  DIC in 

ground water can originate from processes such as decaying organic matter, carbonate rock dissolution, 
silicate mineral weathering, and microbial sulfate reduction (Warner et al., 2013; Sharma et al., 2014).  
Production of carbon dioxide (CO2) associated with microbial methane production (methanogenesis) 
from the degradation of organic compounds would tend to result in the enrichment of δ13C of DIC (and 
therefore more positive δ13CDIC values) as well as increased alkalinity (Jackson et al., 2013a; Baldassare et 
al., 2014).  A system dominated by DIC production from microbial methanogenesis would be expected 
to yield positive δ13CDIC values (e.g.,  > +10‰).  

δ13CDIC data provided in Table 9 for the locations where methane concentrations exceeded 1 mg/L 
indicate δ13CDIC values were less than -12‰ at all sampling locations, with the exception of homeowner 
location NEPAGW01.  The negative values are not only inconsistent with a significant contribution from 
microbial methanogenesis, but would also appear to be inconsistent with the DIC originating directly 
from deeper formations like the Marcellus Shale.  Sharma et al. (2014) report δ13CDIC values greater than 
+21‰ in produced water from three Marcellus Shale gas wells in Greene County, in southwestern 
Pennsylvania.  The somewhat less negative δ13CDIC values of -7.25‰ and -6.30‰ measured in 
homeowner well NEPAGW01 (for the two rounds δ13CDIC data were collected from this location), along 
with the relatively high average CH4/C2H6 ratio (>2000) observed for this location, may indicate a more 
significant contribution from microbial methanogenesis.  

Homeowner Well Dissolved Gas Scenarios 
Multiple rounds of pre-drill methane data were generally not available for homeowner locations in 

the study area, making it challenging to evaluate potential gas impacts in the study.  In addition, 
although operator gas isotope data for individual gas wells of interest in Bradford County were 
requested, this information was not provided at the time this report was being prepared.  This limited 
the ability to evaluate potential links, if any, between gas in homeowner wells and gas originating from 
the Marcellus Shale.  Nevertheless, several notable dissolved gas scenarios/evaluations in the study are 
listed below and discussed in the ensuing sections.   
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Scenario 1:  Homeowner wells located in valley settings in the study area that exhibit Na-Cl type 
water with methane concentrations >10 mg/L. 

Scenario 2: Homeowner well in a valley setting for which pre- and post-hydraulic fracturing data 
were collected during the course of this study.  

Scenario 3: Homeowner well where three rounds of pre-gas drilling data were available and where 
methane and ethane concentrations increased significantly following initiation of 
hydraulic fracturing activities.  

Scenario 4: Homeowner wells exhibiting the highest methane concentrations observed in the study 
(up to 56.1 mg/L).  

Scenario 5: Location where evacuation of home was required due to gas build-up. 

Scenario 6: Homeowner location where discoloration of well water appeared to coincide with entry 
of methane gas into the homeowner well. 

Scenario 1:  Valley wells with Na-Cl type water and elevated methane levels 
The three homeowner wells (NEPAGW04, NEPAGW08, and NEPAGW17) in Bradford County with 

geochemical characteristics similar to the naturally occurring spring water in Salt Spring State Park 
(Susquehanna County) exhibited methane concentrations ranging from 14.0 mg/L to 27.6 mg/L over the 
course of the study.  These wells are all located in stream/river valleys and exhibit the Na-Cl type water 
described by Williams et al. (1998) as characteristic of many stream valley wells in the study area 
(Appendix E).  Average TDS concentrations in each of these wells were measured at >1,000 mg/L, and 
chloride concentrations were consistently >300 mg/L.  All three wells also exhibited elevated barium 
concentrations, and two of the three wells (NEPAGW04 and NEPAGW17) were high in combined 
radium-226 and radium-228 concentrations.  All three wells are located within 1 mile of one or more 
well pads; however, in the case of two of the three homeowner wells—NEPAGW04 and NEPAGW08— 
the gas wells on the nearby pads had been drilled but not yet hydraulically fractured when the first 
round of sampling was conducted in fall 2011.  This would, therefore, appear to preclude hydraulic 
fracturing (stimulation) itself as the cause of the methane presence in these wells.  Gas samples 
collected from the two homeowner wells exhibited significantly different isotopic signatures from those 
of Marcellus Shale gas in the study area (see Figure 32a).  Figure 32a shows that the isotopic signatures 
for NEPAGW04, NEPAGW08, and NEPAGW17 are outside the two standard deviation range about the 
mean for the more than 1,500 Marcellus Shale mud log isotopic gas signatures reported by Baldassare et 
al. (2014) for gas wells in the five-county area of northeastern Pennsylvania (including Bradford and 
Susquehanna Counties).  Pre-drill data were available for only one of the three homeowner wells 
(NEPAGW08).  The operator-reported methane concentration in this homeowner well was >20 mg/L 
before drilling began on the nearby well pad (see Figure 28).  



Retrospective Case Study in Northeastern Pennsylvania 

 90 

The well cap on homeowner well NEPAGW17 was reported by the homeowner to have “blown off” 
on August 4, 2010, approximately four weeks after drilling was completed on a well pad approximately 
3,400 feet to the south of the property (see Figure 27).  Gas samples collected by the PA DEP from the 
surface casings of the three wells on the pad showed δ13CCH4 values ranging from -32.01‰ to -32.18‰ 
and δ2HCH4 values ranging from -157.6‰ to -159.7‰. δ13CCH4 and  δ2HCH4 values for homeowner well 
NEPAGW17 were measured at -46.46‰ and -202.3‰, respectively, in this study (Table 9 and Figure 27), 
indicating the drilled wells on the pad were not the likely source of the gas in the homeowner well.  
These gas isotopic signatures are also different from the gas isotopic signatures obtained from the 
hydraulically fractured wells on another pad located approximately 4,000 feet east of the homeowner 
location (see Figure 27). δ13CCH4 and δ2HCH4 values reported for tubing and production casings from these 
wells (PA DEP, 2013b) were >-33‰ and >-160‰, respectively (Table 6 and Figure 27).  Furthermore, no 
isotopic reversal was observed in a gas sample collected from NEPAGW17 indicating that, if any gas did 
enter the well, it would likely have been from shallower formations.  

Scenario 2:  Homeowner well with pre- and post-hydraulic fracturing data collected 
in the study  

On December 31, 2011, approximately two months after completion of the first round of sampling in 
this study and four months preceding the second round of sampling, hydraulic fracturing (stimulation) 
was carried out on a well pad located approximately 4,000 feet from NEPAGW08, based on data 
provided by the operator (Figure 28).  The lateral from this hydraulically fractured well passes near the 
homeowner property within a surface radius of approximately 1,200 feet—at a depth of approximately 
1 mile.  This homeowner location is thus of particular interest because it provides a well-specific pre- 
and post-hydraulic fracturing case study for the study area.  Moreover, NEPAGW08 is located in a 
stream valley setting that some researchers believe would be more vulnerable to impacts from the 
hydraulic fracturing of Marcellus Shale.  As previously stated, it has been hypothesized that stream 
valleys represent zones of weakness or increased bedrock fracturing that allowed glacial and weathering 
processes to down cut preferentially into the bedrock.  The increased fracture density in the stream 
valleys could thus result in a greater abundance of preferential pathways for the flow of natural gas 
from depth to the surface.  Molofsky et al. (2013) report that water wells in Susquehanna County exhibit 
median methane concentrations similar to those of upland water wells but that the 90th percentile 
concentrations of methane in valley wells are significantly elevated relative to upland wells.  This 
observation, according to Molofsky et al. (2013), suggests that some valley water wells access natural 
sources of elevated methane via interconnection with specific ground water units and/or enhanced 
pathways of methane migration.  Warner et al. (2012) cite the similar geochemistry between ground 
water in these settings and deeper formations as evidence of a pre-existing network of cross-
formational pathways that has enhanced hydraulic connectivity to the deeper formations.  

Gas samples collected from the homeowner well during the first round of sampling in this study (i.e., 
before hydraulic fracturing was conducted) showed a methane concentration of 14.8 mg/L.  Following 
hydraulic fracturing (stimulation) on the nearby well pad, samples collected during the subsequent two 
sampling rounds showed dissolved methane concentrations of 17.3 mg/L and 20.0 mg/L, respectively 
(see Figure 28).  Although this might suggest a potential trend toward increasing methane 
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concentrations, these values are also within the margin of variability for methane measurements in 
water well samples.  Methane concentrations measured in ground water can be variable even when 
using the same sample collection method and depend on many factors including the extent of 
homeowner well use prior to sampling, the amount of purging, the amount of water drawdown during 
purging and sampling, barometric pressure, and seasonal effects.  Methane-to-ethane (CH4/C2H6) ratios 
at this location were higher following hydraulic fracturing than before (2,682 after versus 1,873 before) 
indicating that, if any gas did enter the homeowner well, it would likely have been of predominantly 
biogenic origin from shallower depths rather than thermogenic gas from deeper formations.  Also 
importantly, two gas isotope samples obtained from this well, both of which were collected after 
hydraulic fracturing was conducted on the well pad, showed mean δ13CCH4 and δ2HCH4 values of -49.41‰ 
and -224.9‰, respectively.  These values are outside the two-standard deviation range about the mean 
of the over 1,500 Marcellus Shale mud log gas signatures reported by Baldassare et al. (2014) for 
northeastern Pennsylvania and are more similar to the isotopic signature of Salt Spring State Park spring 
water gas samples (Figure 32a; Table 5).  Although insufficient ethane was present in the well to 
evaluate the presence/absence of isotope reversal, the isotopic data and other gas data evaluated 
appear to exclude the Marcellus Shale as the source of the gas in the homeowner well.   

Scenario 3:  Homeowner well with multiple rounds of pre-hydraulic fracturing data 
Unlike most homeowner locations in the study, one homeowner well in Susquehanna County 

(NEPAGW23) had three rounds of pre-drill sampling data available.  The data were collected by the 
operator before drilling began on a nearby well pad approximately 800 feet from the homeowner well 
(Figure 33).  The three rounds of pre-drill sampling showed average methane concentrations of 4.9 mg/L 
(range: 3.8 mg/L to 6.0 mg/L) and average ethane concentrations of 0.66 µg/L (range: 0.43 µg/L to 
0.80 µg/L).  Following the initiation of hydraulic fracturing activities on the well pad in summer 2009, the 
concentrations of methane and ethane increased significantly.  Methane concentrations increased 
approximately seven-fold, while ethane concentrations increased more than 1,000-fold, indicating an 
influx of a different and much wetter gas into the well than was previously present.  Methane-to-ethane 
(CH4/C2H6) ratios in the well decreased from over 6,000 to <50, consistent with a transition from a 
predominantly biogenic gas to a predominantly thermogenic gas.  

Although methane and ethane concentrations appear to have decreased gradually in homeowner 
well NEPAGW23 since the initial influx of gas, data collected by the operator more than a year after the 
initial spike in gas concentrations was first observed indicated that methane concentrations as high as 
30 mg/L were still present.  A dissolved gas sample collected by the operator from the homeowner well 
in January 2011 still showed a methane concentration of 17.0 mg/L, with a still low CH4/C2H6 ratio of 43.  
The sample collected as part of this study in November 2011 showed a methane concentration of 
7.79 mg/L, with a somewhat higher CH4/C2H6 ratio of 143.  A gas isotope sample was not collected from 
this well as part of this study because sampling was not conducted in Susquehanna County in rounds 2 
and 3, when the majority of methane isotope sampling was conducted.  However, gas isotope data for a 
sample collected from this location in June 2010 by the PA DEP approximately one year following the 
initially observed spike in gas concentrations showed δ13CCH4 and δ2HCH4 values of -45.8‰ and -276‰, 
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Figure 33. Location of Susquehanna County homeowner well NEPAGW23 with several rounds of pre-drill sampling data collected.  Data 

indicate methane concentrations increased >7-fold and ethane concentrations increased >1000-fold following gas drilling activities 
while methane to ethane ratios decreased from >5000 to <50.  Data also appear to indicate increases in Fe and Mn concentrations 
following initiation of drilling/fracturing activities.   
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respectively.  These δ13CCH4 and δ2HCH4 values are well below those reported by Molofsky et al. (2013) for 
Dimock area Marcellus Shale gas wells (δ13CCH4 values >-30‰ and δ2HCH4 >-170‰) and outside the two-
standard deviation range about the mean reported by Baldassare et al. (2014) for the more than 1,500 
Marcellus Shale mud log gas signatures collected in their five-county study in northeastern 
Pennsylvania.  The signature likely reflects a mixture of pre-existing biogenic and new thermogenic gas 
that entered the well.  Because of the marked difference in the methane isotope signature of the gas in 
the homeowner well relative to that of Marcellus Shale gas, it is reasonable to conclude that the gas that 
apparently entered the homeowner well was not Marcellus Shale gas, but rather a much more 
fractionated thermogenic gas originating from a shallower formation.  Ethane isotope data was not 
reported for this well by the PA DEP and therefore the presence/absence of isotope reversal in this well 
could not be evaluated.  

Scenario 4:  Homeowner locations exhibiting the highest levels of methane in the 
study   

At two homeowner well locations in Bradford County (NEPAGW01 and NEPAGW02), samples were 
collected for dissolved gas analysis by the operator several months after hydraulic fracturing activities 
began at a well pad less located than 700 feet from the homeowner wells (Figure 34).  These samples 
showed no detectable levels of methane in the homeowner wells.  However, the three rounds of 
sampling conducted as part of this study showed methane concentrations at the two well locations 
ranging from 37.2 mg/L to 56.1 mg/L.  In the third round of sampling (May 2013), methane 
concentrations of 56.1 mg/L and 44.7 mg/L were measured in homeowner wells NEPAGW01 and 
NEPAGW02, respectively.  Methane isotope data for gas samples collected from the two homeowner 
wells in this study showed average δ13CCH4 and δ2HCH4 values of -39.34‰ and -202.4‰, respectively, for 
NEPAGW01 and average values of -38.30‰ and -205.1‰, respectively for NEPAGW02 (Table 9).  Gas 
samples collected by the PA DEP from the production casings from gas wells at two nearby well pads 
(Figure 34) on November 4, 2010, indicated δ13CCH4 values of -36.94‰ and -37.25‰ and δ2HCH4 values 
of -163.5‰ and -163.2‰.  Although the homeowner δ13CCH4 values do not appear to differ markedly 
from those of the production casing (i.e. Marcellus Shale gas), the δ2HCH4 values do differ markedly and 
plot outside the two-standard deviation range about the mean for Marcellus Shale mud log gas isotope 
signatures reported by Baldassare et al. (2014) for northeastern Pennsylvania (Figure 32a).  The isotope 
data thus indicate the gas in the homeowner wells is not consistent with gas from the two nearby gas 
wells.  In addition, there was no isotope reversal in the one well (NEPAGW02) that yielded sufficient 
ethane for isotopic analysis and the CH4/C2H6 ratios for gas in both homeowner wells (>1,400) were 
considerably higher than the CH4/C2H6 ratios of <50 reported by the PA DEP for gas obtained from the 
production casings at the two nearby well pads.  This further appears to exclude Marcellus Shale gas 
from the nearby gas wells as the source of methane in the two homeowner wells.  However, this does 
not preclude the gas in the homeowner wells having originated from shallower formations as a result of 
drilling and well completion operations (e.g., inadequate cementing). 
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Figure 34. Locations of homeowner wells NEPAGW01 and NEPAGW02 with highest measured methane concentrations in this study and 

where gas data suggests delayed arrival of gas in homeowner wells following drilling activities.  Drill/fracture dates from 
Chesapeake Energy (2/12/2012). (* Operator data). 
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The observations at these two homeowner locations are also of interest in that, if the initial operator 
data showing non-detectable levels of gas in the homeowner wells are correct, then a significant delay 
in the arrival of gas at the two homeowner wells following drilling and hydraulic fracturing on the nearby 
well pad would be implied.  The non-detectable concentrations of methane in the two homeowner wells 
were observed more than one month after the last of the nearby gas wells was drilled and fractured 
(see Figure 34). 

Scenario 5:  Location requiring temporary evacuation of home due to gas build-up    
Gas samples collected from three homeowner wells in Terry Township (Bradford County) exhibited 

methane isotope signatures consistent with deeper formation (e.g., Middle Devonian) thermogenic gas.  
These homes were purchased by the operator during the course of this study as part of a settlement 
reached between the operator and the three homeowners.  The homeowners alleged gas intrusion into 
their wells as a result of hydraulic fracturing activities nearby.  The operator, in response to initial 
complaints from the homeowners in summer 2010, installed new wells on each of the properties.  These 
new wells (NEPAGW13, NEPAGW18, and NEPAGW20), as well as the original wells (NEPAGW37, 
NEPAGW19, and NEPAGW38) on the three properties, were all sampled at least once as part of this 
study and showed varying levels of dissolved methane, up to a concentration of 21.7 mg/L.  The 
complaints of stray gas in the wells were lodged by the homeowners approximately four months after 
hydraulic fracturing (stimulation) had been completed on one well pad (Welles 1) and approximately six 
months after drilling (only) had been completed on another well pad (Welles 3), both of which are 
located 4,000 to 5,000 feet from the homeowner locations (Figure 35).  Because the well pads were 
located beyond the 2,500 foot radius within which PA DEP requires collection of pre-drill samples, no 
pre-drill samples were collected by the operator at the homeowner locations.  As shown in Figure 32b, 
the isotopic signatures for methane at NEPAGW13, NEPAGW18, NEPAGW37, and NEPAGW38 were 
within one standard deviation of the mean for the Marcellus Shale mud log gas samples reported by 
Baldassare et al. (2014) for northeastern Pennsylvania.  

Although the data suggest potential Marcellus Shale gas impacts on the homeowner wells, gas 
isotopic data collected by the PA DEP in September 2010 from the annular spaces of the two drilled (but 
not yet hydraulically fractured) wells on the Welles 3 pad showed δ13CCH4 values of -30.43‰ 
and -31.03‰ and δ2HCH4 values of -161.5‰ and -165.4‰ (Figure 35).  The δ13CCH4 values for these non-
fractured wells are very similar to those measured in the homeowner wells (Figure 32b).  Gas isotope 
signatures for the two hydraulically fractured horizontal wells on the Welles 1 pad (Figure 35) were not 
available from the PA DEP or the operator at the time this report was being prepared.  

The gas samples collected from homeowner wells NEPAGW37, NEPAGW38, NEPAGW18, NEPAGW13, 
and NEPAGW20 also exhibited the isotope reversal properties (i.e., δ13CCH4 > δ13CC2H6) commonly 
characteristic of deeper thermogenic gases originating from Middle Devonian sequences such as the 
Marcellus Shale (Table 9).  The magnitudes of the isotope reversal differences were slightly less than 
those calculated from the mean δ13CCH4 and δ13CC2H6  values reported by Baldassare et al. (2014) for 
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Figure 35. Location of homeowner wells where homeowner was required to evacuate home due to gas buildup.  Gas isotope data and 

CH4/C2H6 ratios (as well as isotope reversal differences not shown) indicate gas is more consistent with Middle Devonian origin than 
Upper Devonian origin.  Drill/fracture dates from Chesapeake Energy (2/12/2012). 
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Marcellus Shale gas but slightly higher than those calculated for the Hamilton Group sequences above 
the Marcellus Shale (Table 5; Figure 36).  Gas samples collected from NEPAGW37 and NEPAGW38 in this 
study indicated isotope reversal differences of -5.18‰ and -5.21‰, respectively, while isotope reversal 
differences for gas samples collected from NEPAGW18, NEPAGW13, and NEPAGW20 were less 
at -4.38‰, -4.15‰, and -3.08‰, respectively (Table 9; Figure 32b and Figure 36).  As previously noted, 
Marcellus Shale gas in the Dimock area of Susquehanna County has been reported to exhibit an isotope 
reversal difference (δ13CC2H6 − δ13CCH4) ranging from -5‰ to -7‰ according to Molofsky et al. (2013), 
while data from the Baldassare et al. (2014) mud log gas study indicate an average isotope reversal 
difference of -6.11‰ for Marcellus Shale mud log gas samples and -4.49‰ for mud log gas samples 
from Hamilton Group sequences above the Marcellus Shale (Table 5).  Also as previously noted, gas from 
production casing and tubing at a well pad in central Bradford County showed isotope reversals ranging 
from -6.66‰ to -6.97‰ (Table 6).  Ethane isotope data provided by the PA DEP for the gas sample 
collected from the annular space of one of the two drilled (but not fractured) horizontal wells on the 
nearby Welles 3 well pad indicated an isotope reversal difference of -6.83‰.  The gas isotope data from 
this study would appear to indicate that gas in one or more of the subject homeowner wells likely 
originates from the Middle Devonian, although it is unknown whether any of the gas might be 
specifically originating from the Marcellus Shale itself.  

A potential complicating factor in the use of isotope reversal differences in determining the source of 
gas is the fact that ethane biodegrades preferentially relative to methane (James and Burns, 1984).  It is 
therefore conceivable that enrichment of 13CC2H6 and a gradual narrowing (reduction) of the isotope 
reversal difference may possibly occur with time.  In addition, some mixing of gases may occur during 
ascent of gas to the surface, resulting in modified isotope reversal differences.  Whether these processes 
are a factor in the magnitude of isotope reversal differences observed in homeowner wells in this study 
is unknown.  

Well water from two wells (NEPAGW13 and NEPAGW37) on one of the three homeowner properties 
exhibited Ca-HCO3 type water per the criteria of Deutsch (1997) and used by Molofsky et al. (2013) in 
their study of methane distribution in Susquehanna County.  Molofsky et al. (2013) provide a breakdown 
of methane presence as a function of geochemical water type in Susquehanna County (per the criteria 
of Deutsch, 1997) and report that, of a total of 281 samples exhibiting Ca-HCO3 type water in their study, 
none exhibited methane concentrations above 1 mg/L (Appendix E, Figure E-3).  In contrast, 75% of 
Na-Cl and Na-HCO3-Cl type ground water samples in their study (n=34), 30% of Na-HCO3 type ground 
water samples (n=20), and 11% of Ca-Na-HCO3 type ground water samples (n=46) exhibited methane 
concentrations exceeding 1 mg/L.  The presence of methane at concentrations of 5.62 mg/L and 
21.7 mg/L in the two rounds of sampling conducted at NEPAGW13, and the presence of methane at a 
concentration of 15.5 mg/L during the one round of sampling conducted at NEPAGW37, are thus in 
contrast to the observations of Molofsky et al. (2013) for Ca-HCO3 type ground water in their study.
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Figure 36. Isotope reversal presence/absence for samples in this study (with sufficient ethane present for isotopic analysis) relative to isotope 

reversals for Marcellus gas wells on the Strom pad in central Bradford County (PADEP 8/10/2010) and for Marcellus gas wells in 
Dimock Township in Susquehanna County reported by Molofsky et al. (2013).  Also shown are isotope reversal differences calculated 
from gas data collected by PA DEP from annular spacings of well casings for drilled (but not yet fractured) wells on the Ellis and 
Welles 3 well pads.  Locations of pads are shown in Figures 27 and 35.  (*PA DEP; **Molofsky et al. [2013]) 
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Scenario 6:  Homeowner well showing sudden discoloration and high turbidity 
A homeowner at a location sampled in Bradford County (NEPAGW06) reported that at approximately 

7:00 p.m on March 22, 2010, their well water suddenly changed  from a relatively clear, non-turbid state 
to a discolored (red-brown), turbid state.  Pre-drill data from a sample collected at this location on 
December 11, 2008 (as reported by PA DEP, Appendix E, Table E-1), showed a very low methane 
concentration of 0.010 mg/L (Figure 37).  Data collected by the PA DEP on April 1, 2010, approximately 
10 days following the observed discoloration of the water, showed a methane concentration of 
19.2 mg/L.  A subsequent sample collected by the operator on April 7, 2010, showed a methane 
concentration of 13.5 mg/L, and subsequent samples collected by PA DEP on April 21 and October 13, 
2010, showed methane concentrations of 5.0 mg/L and 1.88 mg/L, respectively.  The turbidity in a 
sample collected from the homeowner well by PA DEP on April 1, 2010 (i.e., approximately 10 days after 
the observed discoloration of the water) was very high, with a reported value of 259 NTUs.  On April 21 
and October 13, 2010, PA DEP-measured turbidity values were 5.76 NTU and 20.3 NTU, respectively.  
The total iron and manganese concentrations measured in the sample collected on April 1, 2010 were 
8.83 mg/L and 0.260 mg/L, respectively, far exceeding the respective EPA secondary drinking water 
MCLs of 0.3 mg/L and 0.05 mg/L.  Pre-drill data reported by the PA DEP for December 2008 showed non-
detectable levels of total iron (<0.005 mg/L) and manganese (<0.002 mg/L) in the well (Appendix E, 
Table E-1).  

The high turbidity and high iron and manganese concentrations coinciding with the high methane 
concentrations in the well are consistent with gas entering the well, likely causing physical agitation of 
well sediments and/or dislodging of naturally occurring iron and manganese mineral deposits from the 
well and wellbore surfaces.  The methane-to-ethane ratio of the gas in the well was low (<80) for all 
three sampling rounds in this study, consistent with the gas having a strong thermogenic origin (see 
Figure 31).  The δ13CCH4 values for dissolved gas samples collected in the second and third rounds 
were -29.95‰ and -27.22‰, respectively (Table 9), indicating an isotopic signature more consistent 
with deeper Middle Devonian formations where the Marcellus Shale is found.  Sufficient ethane was not 
available at this homeowner location to conduct a 13C isotope analysis of ethane (δ13CC2H6) for 
determination of the presence/absence of isotope reversal.  The well water at this homeowner location 
is also a Ca-HCO3 type water per the classification used by Molofsky et al. (2013) for their study in 
Susquehanna County.  As noted earlier, no Ca-HCO3 type ground water samples (n=281) exhibited 
methane concentrations above 1 mg/L in their study.  However, the considerably more positive δ2HCH4 

value of the homeowner well sample (δ2HCH4 > -140‰) relative to δ2HCH4 values reported for Marcellus 
Shale gas by the PA DEP, Molofsky et al. (2013), and the two standard deviation range about the mean 
for Marcellus Shale gas samples evaluated by Baldassare et al. (2014) in their study (Figure 32a), would 
be inconsistent with the gas originating from the Marcellus Shale.  The possibility that methane could 
have originated from the Marcellus Shale and undergone oxidation over time to acquire the more 
positive δ2HCH4 value observed, though, cannot be discounted.  Regardless of origin, gas entry into the 
homeowner well appears to have been a transient occurrence as evidenced by the apparent gradual 
transition of the well back to its original state.  This is supported by the data collected in this study 
showing turbidity levels in all three rounds of sampling at <1 NTU, total iron and manganese 
concentrations at <0.10 mg/L and <0.025 mg/L, respectively, and methane concentrations at <1.5 mg/L. 
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Figure 37. Location of homeowner well NEPAGW06 where well water is reported to have turned reddish-brown on March 22, 2010, 

appearing to coincide with the temporary entry of gas into the homeowner well.  Drill/fracture dates from Chesapeake Energy 
(2/12/2012).  *From data compiled by PA DEP (see Appendix E, Table E-1). 
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Summary of Case Study Results 
A multiple-lines-of-evidence approach was used in this study to evaluate potential cause and effect 

relationships between hydraulic fracturing activities and contaminant presence in ground water since 
many constituents of fracturing fluids and flowback/produced water can also originate from other 
sources, both natural and anthropogenic.  The presence of a constituent in ground water that is also 
found in hydraulic fracturing fluids or flowback/produced waters does not necessarily implicate 
hydraulic fracturing activities as a potential cause.  However, such a finding does signify that more 
focused attention is required to evaluate the potentially impacted sampling location to determine 
whether additional lines of evidence might exist that could specifically link the constituent(s) to 
hydraulic fracturing activities.  Only if sufficient additional lines of evidence can be established, can 
definitive and defensible statements regarding hydraulic fracturing activities as a potential or confirmed 
cause of impacts be made.   

The retrospective nature of this study and the relatively short timeframe over which the study was 
conducted posed some obvious limitations to the investigation of potential impacts in the study area.  
Also, the study focused only on locations where homeowners had lodged complaints or expressed 
concerns regarding potential impacts to their wells from nearby hydraulic fracturing activities.  The 
study was therefore not a random study.  In addition, many of the parameters that would normally 
serve as reliable indicators of potential hydraulic fracturing impacts in other study areas could not be as 
effectively applied in this study area due to the naturally-occurring elevated concentrations of these 
indicators within certain geologic settings in the study area.  Distinguishing between those findings more 
consistent with natural presence and those findings more consistent with potential anthropogenic 
(e.g. hydraulic fracturing) impacts was a particular challenge in this study.   

Parameter-specific observations of note in this study are summarized in Table 11.  With the 
exception of stray gas in the form of methane and ethane, the study revealed no anomalies or water 
quality impairments likely linked to hydraulic fracturing activities despite analyses of a broad spectrum 
of inorganic and organic constituents and compounds in ground water samples collected from 
homeowner wells and springs in the study area.  The presence of the organic compounds 
1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene at trace concentrations in one spring; 
1,2,3-trimethylbenzene at trace concentrations in the duplicate sample at one homeowner well; and 
toluene at trace concentrations in another homeowner well are attributed to other anthropogenic 
sources due to the absence of corroborating lines of evidence implicating hydraulic fracturing activities 
as the source.  The study results did indicate elevated iron and manganese concentrations near or above 
secondary MCLs at a number of homeowner well locations sampled.  Sampling results also indicated 
poor water quality with respect to other analytes, including barium, combined radium-226 and 
radium-228, chloride, sodium, and/or TDS at some locations.  Poor water quality with respect to these 
analytes generally coincided with reducing conditions in the well and elevated methane concentrations 
(>5 mg/L).  The presence of elevated TDS, chloride, sodium, barium, strontium, and combined radium-
226 and radium-228 concentrations in some homeowner wells is attributed to localized background 
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conditions in the study area that are known to occur naturally in some stream valley settings (Williams 
et al., 1998).  There is no evidence from this study that hydraulic fracturing fluids, flowback waters, or 
produced waters associated with hydraulic fracturing activities are entering homeowner wells.   

Table 11. Parameter-specific observations of note from the case study conducted in northeastern 
Pennsylvania. 

Parameter Sample Type Location(s) Description Potential Sources 

Dissolved 
methane  
 

Ground water  
 
(detected in 
27 of 36 wells) 
 
(>1.0 mg/L in 
17 of 36 wells) 

NEPAGW01, NEPAGW02 
NEPAGW04, NEPAGW06 
NEPAGW08, NEPAGW11 
NEPAGW13, NEPAGW16 
NEPAGW17, NEPAGW18 
NEPAGW20, NEPAGW23 
NEPAGW31, NEPAGW32 
NEPAGW33, NEPAGW37 
NEPAGW38 

Detections from 
1.0  to 56.1 mg/L; 
mainly 
thermogenic with 
exception of 
NEPAGW11  

Natural background 
conditions or hydraulic 
fracturing related (e.g. 
drilling-induced, 
inadequate cementing, 
casing joint leaks, etc.)  
 
(Well-specific details 
provided in main body 
of report.) 

Sulfate  Ground water 
(one well) NEPAGW03 

>1,000 mg/L;  
Secondary MCL 
exceedance  

Natural equilibrium with 
gypsum and/or natural 
sulfide oxidation  

Barium Ground water 
(two wells) 

NEPAGW04  
NEPAGW17 

>5.0 mg/L; 
Primary MCL 
exceedance  

Natural background  
conditions known to 
occur in some valley 
settings in study area 

Combined  
Ra-226 +  
Ra-228 

Ground water 
(two wells) 

NEPAGW04  
NEPAGW17 

>5.0 pCi/L; 
Primary MCL 
exceedance 

Natural background  
conditions known to 
occur in some valley 
settings in study area 

Iron and/or 
Manganese 

Ground water  
(16 of 36 wells 
and 1 of 2 
springs) 

NEPAGW03, NEPAGW04 
NEPAGW09, NEPAGW15 
NEPAGW16, NEPAGW17 
NEPAGW22, NEPAGW23 
NEPAGW24, NEPAGW26 
NEPAGW29, NEPAGW31 
NEPAGW33, NEPAGW36 
NEPAGW37, NEPAGW38 
NEPASW01 

Secondary MCL 
exceedances  

Natural background  
conditions in study 
area; possibly stray gas-
influenced at one or 
more locations 

Chloride 
Surface water 
(homeowner 
pond) 

NEPASW03 
NEPASW04 

>220 mg/L; below 
secondary MCL of 
250 mg/L but high 
for study area  

Release of fluids or 
leachate from adjacent 
well pad; non-point 
sources 

TDS 
Surface water 
(homeowner 
pond) 

NEPASW03 
NEPASW04 

>500 mg/L; 
Secondary MCL 
exceedance 

Release of fluids or 
leachate from adjacent 
well pad; non-point 
sources 
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The study did appear to provide evidence of chloride and TDS impacts to a surface water (a 
homeowner pond) located adjacent to a well pad where one or more fluid releases reportedly occurred 
in 2009.  The study also indicated that stray gas impacts on ground water have likely occurred in one or 
more homeowner wells sampled in the study.  Perhaps the strongest evidence of a stray gas occurrence 
is at location NEPAGW23 in Susquehanna County, where pre-drill and post-fracture data collected by the 
operator show marked before-and-after differences in methane concentrations and, particularly, ethane 
concentrations.  NEPAGW23 is a location where at least three rounds of pre-drill gas sampling were 
conducted by the operator, and where post-drill and post-hydraulic fracturing data indicated increases 
in ethane concentrations of more than 1,000-fold.  Moreover, the post-drill methane-to-ethane ratio of 
the gas in the homeowner well decreased from values greater than 6,000 to values less than 50, 
suggesting a transition from a previously predominant biogenic gas to a predominantly thermogenic gas.   

The entry of gas into homeowner wells would explain many of the issues (e.g., bubbling, effervescing, 
increased turbidity, discoloration, changes in appearance, etc.) reported by homeowners who have 
suspected impacts from hydraulic fracturing activities.  Stray gas associated with oil and gas exploration 
in the study area is not a new phenomenon and has been an issue in the study area long before the 
advent of modern-day hydraulic fracturing.  Nevertheless, stray gas entering homeowner wells, 
regardless of its point of origin, can be a concern.  In addition to posing a potential explosion risk, gas 
entering homeowner wells, if sustained, can promote more reducing conditions which can potentially 
lead to reductive dissolution reactions that increase the concentrations of iron, manganese, and possibly 
arsenic (although arsenic was measured below the MCL of 10 µg/L at all locations in this study and 
generally <5 µg/L).  Ultimately, increased reducing conditions can also potentially promote microbially 
mediated sulfate reducing conditions, resulting in the production of hydrogen sulfide that can impart a 
rotten egg odor to well water.  It is generally accepted that well integrity issues usually related to 
inadequate cementing in the annular spacing are the cause of stray gas problems in the study area 
(Groundwater Protection Council, 2012).  Other issues, such as casing joint leaks, may also be a 
contributing factor (Baldassare et al., 2014).  The added unique feature of cyclical pressurization and 
depressurization of casing during the multiple stages of hydraulic fracturing could also conceivably 
impact the integrity of the cement seal in the annuli of gas wells more so than in conventional well 
systems.  This may potentially make hydraulically fractured gas wells more vulnerable to stray gas 
problems (Jackson et al., 2013b; McDaniel et al., 2014).   

There is no definitive evidence from this study that stray gas in homeowner wells is originating 
directly from the Marcellus Shale, although the results also do not necessarily exclude this as a 
possibility.  The significant background levels of thermogenic gas that exist at almost all depths within 
the study area and the processes of mixing and biodegradation that can impact gas isotope signatures in 
the subsurface make source determination a very difficult and complex task.  The scenarios presented in 
this report pertaining to the presence of gas in various homeowner wells sampled in the study indicate 
that, in some cases, the gas present in homeowner wells is undoubtedly naturally occurring background 
(pre-existing) gas (e.g., NEPAGW04, NEPAGW08, and NEPAGW17).  However, in other cases, such as at 
NEPAGW01, NEPAGW02, NEPAGW06, NEPAGW13, NEPAGW18, NEPAGW20, NEPAGW23, NEPAGW37, 
and NEPAGW38, gas other than background gas appears to have entered the homeowner well.  At 
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several of these locations (e.g., NEPAGW01, NEPAGW02, and NEPAGW23), the gas clearly appears to be 
originating  from  shallower  depths  (e.g.,  Upper  Devonian),  based  on  the  much  greater  isotopic 
fractionation  of  the  gas  relative  to Marcellus  Shale  gas,  the  high methane‐to‐ethane  ratios,  and  the 
absence  of  isotope  reversal.    In  other  cases  (NEPAGW13, NEPAGW18, NEPAGW20, NEPAGW37,  and 
NEPAGW38),  the gas appears  to be originating  from deeper  formations such as  the Middle Devonian, 
also based on observed isotope signatures, methane‐to‐ethane ratios, and isotope reversal differences.  
Linking gas in homeowner wells to a specific formation such as the Marcellus Shale is challenging given 
the  range of  isotopic  signatures and  isotope  reversal differences  that can be characteristic of a given 
formation,  and  the  significant overlap  that  apparently occurs with  respect  to  isotope  signatures  and 
isotope reversal magnitudes amongst the different formations.   

Homeowner  well  location  NEPAGW08  was  of  particular  interest  in  this  study  because  hydraulic 
fracturing was carried out at a nearby well pad during  the course of  the  study between  the  first and 
second rounds of sampling.   This homeowner well  is  located  in a stream/river valley setting that some 
researchers  believe  would  be  more  vulnerable  to  stray  gas  impacts  from  hydraulic  fracturing  of 
Marcellus  Shale  because  of  the  more  extensive  natural  bedrock  fracturing  that  is  believed  to  be 
characteristic  of  these  settings.   Gas  isotope  data  and methane‐to‐ethane  ratio  data  collected  from 
NEPAGW08  both  before  and  after  hydraulic  fracturing  (stimulation)  on  the  nearby well  pad  are  not 
consistent with  the entry of Marcellus Shale gas  into  the homeowner well.   The data  from  this study, 
combined with operator pre‐drill data, also do not indicate any impacts from fluids injected or produced 
in association with hydraulic fracturing conducted at the nearby well pad.     

The study did not establish whether the stray gas problem in the study area is a widespread, systemic 
problem, as  implied by some researchers (Osborn et al., 2011; Jackson et al., 2013a) or a well‐specific 
problem associated with only a  limited number of wells.   The additional  issue of whether stray gas  in 
potentially  impacted homeowner wells  is more  likely  to be a  transient condition or a more sustained 
condition  is  also unresolved.    This  issue  is of  considerable  importance  in evaluating overall  stray  gas 
impacts  in the study area since sustained gas presence  is more  likely to cause secondary redox‐related 
impacts including increased iron, manganese, arsenic, and/or sulfide concentrations.    
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