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A B O U T  H E I  E N E R G Y

The Health Effects Institute’s Energy Research program (HEI Energy) was formed to identify and 
conduct high-priority research on potential population exposures and health effects from the development 
of oil and natural gas in the United States. Since 2022, HEI Energy has supported population-level exposure 
research in multiple oil and gas regions. This research followed an extensive planning process that included 
preparing reviews of the scientific literature, hosting multisector workshops to learn about research 
priorities, and developing an online curated database and spatial bibliography to advance both public and 
scientific understanding. The research scope of HEI Energy is expanding beyond oil and gas to other forms 
of energy development, with an overarching goal of providing impartial knowledge about the benefits and 
drawbacks associated with various technologies. 

The scientific review and research provided by HEI Energy contribute high-quality and credible science 
to the public debate about unconventional oil and natural gas development and provide needed support 
for decisions about how best to protect public health. To achieve this goal, HEI Energy has put into place 
a governance structure that mirrors the one successfully employed for nearly 40 years by its parent 
organization, the Health Effects Institute (HEI), with several critical features:

•	 Balanced funding from the US Environmental Protection Agency under a contract that funds 
HEI Energy exclusively and from the oil and natural gas industry, with other public and private 
organizations periodically providing support

•	 An independent Board of Directors consisting of leaders in science and policy who are committed 
to fostering the public–private partnership that is central to the organization

•	 A research program governed independently by individuals having no direct ties to or interests in 
sponsor organizations

•	 The HEI Energy Research Committee, whose members are internationally recognized experts 
in one or more subject areas relevant to the Committee’s work, have demonstrated their ability 
to conduct and review scientific research impartially and have been vetted to avoid conflicts of 
interest

•	 Research that undergoes rigorous peer review by HEI Energy’s Review Committee, which is not 
involved in the selection and oversight of HEI Energy studies

•	 Staff and committees that participate in open and extensive stakeholder engagement before, during, 
and after research and communicate all results in the context of other relevant research

In addition, HEI Energy publicly shares all literature reviews and original research that it funds, along with 
summaries written for a general audience. Without advocating policy positions, it provides impartial science 
targeted to make better-informed decisions.

HEI Energy is funded separately from the Health Effects Institute’s other research programs (www.
healtheffects.org), with financial support from the US Environmental Protection Agency, the oil and gas industry, 
and private foundations.

http://www.healtheffects.org/
http://www.healtheffects.org/
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A B O U T  T H I S  R E P O RT

HEI Energy Research Report 233, Hydrocarbon Extraction and Risk to Groundwater in Pennsylvania: 
Part 1. Using Geoscientific Analysis and Community Engagement to Analyze Exposures to Potential 
Groundwater Contamination Related to Hydrocarbon Extraction in Southwestern Pennsylvania, presents a 
research project funded by HEI Energy and conducted by Jennifer Baka, Susan L. Brantley, Lingzhou 
Xue (The Pennsylvania State University) and colleagues. The report contains three main sections:

The HEI Statement, prepared by staff at HEI Energy, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the HEI Energy Review Committee’s comments 
on the study.

The Investigators’ Report, prepared by Baka, Brantley, Xue, and colleagues, describes the 
scientific background, aims, methods, results, and conclusions of the study.

The Commentary, prepared by members of the HEI Energy Review Committee with the 
assistance of HEI staff, places the study in a broader scientific context, points out its strengths 
and limitations, and discusses the remaining uncertainties and implications of the study’s 
findings for public health and future research.

This report has gone through HEI Energy’s rigorous review process. When an HEI Energy-
funded study is completed, the investigators submit a draft final report presenting the background 
and results of the study. Outside technical reviewers first examine this draft report. The report 
and the reviewers’ comments are then evaluated by members of the Review Committee, an 
independent panel of distinguished scientists who are not involved in selecting or overseeing HEI 
Energy studies. During the review process, the investigators have an opportunity to exchange 
comments with the Review Committee and, as necessary, to revise their report. The Commentary 
reflects the information provided in the final version of the report.

Although this report was produced with partial funding by the United States Environmental 
Protection Agency under Contract No. 68HERC19D0010 to the Health Effects Institute, it has not 
been subjected to the Agency’s peer and administrative review and may not reflect the views of 
the Agency; thus, no official endorsement by the Agency should be inferred. This report also has 
not been reviewed by private party institutions, including those that support HEI Energy, and may 
not reflect the views or policies of these parties; thus, no endorsement by them should be inferred. 
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HEI’s Research to Assess Community Exposures 
Associated with Unconventional Oil and Gas Development

INTRODUCTION

The scale and rate of onshore oil and natural gas 
development since the early 2000s differ markedly 
from earlier development, stemming from techno-
logical changes involving the increased use of hydrau-
lic fracturing combined with horizontal drilling. While 
hydraulic fracturing has captured much public atten-
tion, this process alone is not new. Neither is hori-
zontal drilling or the extraction of oil and gas from 
unconventional formations, such as tight (i.e., low 
permeability) sandstone and shale. What is new is 
the use of high-volume (millions of gallons of water 
per well), multistage hydraulic fracturing combined 
with horizontal drilling (thousands of feet in length).   

This combination of technological innovations 
has influenced the scale of development and where 
development is feasible. With their extensive num-
ber of fracture stages along lengthy horizontal wells, 
today’s unconventional oil and gas wells intersect 
more of the targeted oil- or gas-bearing rock than 
earlier vertical wells, which involves the following:
•	 Larger well pads with extensive amounts of 

equipment that are transported to and from 
the pad

•	 More raw materials that must be transported to 
the well pad for drilling, cementing, and hydrau-
lically fracturing the target hydrocarbon-bearing 
formation to produce the oil or gas

•	 More liquid and solid waste from multiple wells 
drilled on one well pad that must be captured, 
transported, and treated, for reuse or ultimate 
disposal 

•	 A longer period of industrial activity is required 
at a single well pad when multiple wells are 
developed on it and 

•	 Increased truck traffic, changing demands on 
community infrastructure, and other possible 
community effects associated with population 
mobility. 

Consequently, unconventional oil and gas devel-
opment (UOGD) can be associated with a wide range 
of potential exposures to chemical and nonchemi-
cal agents. The rapid expansion of this development 
has given rise to concerns about potential effects on 
human health.

Current evidence indicates that people can be 
exposed to chemical agents (e.g., criteria and haz-
ardous air pollutants, radioactive material, indicators 
of produced water, and odorous compounds) and 
nonchemical agents (e.g., noise, light, and vibration) 
released from UOGD processes. HEI Energy com-
piled this evidence in two extensive literature reviews 
(HEI Energy Research Committee 2019, 2020). But 
despite this literature and considering the recom-
mendations of a wide variety of government, indus-
try, and academic stakeholders at three HEI-hosted 
research planning workshops, HEI Energy concluded 
that important gaps remain in our understanding of 
who might be exposed, the full range of exposures, 
which processes lead to exposures, and how expo-
sures vary over time and across regions. Specifically, 
few studies to date provide the information neces-
sary for linking chemical or nonchemical agents from 
UOGD processes with exposed communities. In 
addition, the applicability of study results to UOGD 
operations, geographic areas, and populations beyond 
those investigated in the studies is not clear. Given the 
current state of knowledge, HEI issued complemen-
tary requests for applications in 2020 (RFAs E20-1 and 
E20-2) to improve the understanding of human expo-
sure to UOGD.

OBJECTIVES OF THE RFAs

HEI solicited studies that can document one or 
more complete exposure pathway(s), should one 
exist, between UOGD process(es) and a popula-
tion(s) potentially exposed to UOGD chemical emis-
sions to air, chemical releases to water, or noise. The 
research should inform future health studies and be 
designed in an efficient way to maximize understand-
ing of the variability in potential human exposures 
under routine operating conditions, while also being 
capable of capturing exposures associated with acci-
dental scenarios. 

OBJECTIVES OF RFA E20-1

RFA E20-1: Community Exposures Associated with 
Unconventional Oil and Natural Gas Development 
solicited studies that apply a combination of approaches 

https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2
https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2
https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2
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to quantify the spatial and temporal variability in human 
exposures to UOGD-generated atmospheric chemical con-
centrations and noise. To maximize the generalizability of the 
research, HEI encouraged research that couples established 
rigorous methods to measure air and noise exposure at mul-
tiple spatial scales with equally rigorous fate and transport 
modeling. The RFA had five major objectives:

1.	 Identify the UOGD processes that have resulted or 
might result in releases of chemicals or noise to outdoor 
air and the potential for human exposure resulting from 
such releases. 

2.	 Quantify the magnitude, frequency, and duration of 
potential exposures to chemicals in outdoor air and to 
noise released from specific UOGD processes at multi-
ple spatial and temporal scales.

3.	 Quantify the influence of various factors (e.g., varying 
meteorology, topography, operational characteristics, 
proximity to populations, and population behavior) on 
potential UOGD-related human exposures to charac-
terize variability in exposures and enable the results of 
the research to be generalized to other conditions.

4.	 Estimate community exposures from UOGD sources 
across spatial and temporal scales relevant to a current 
or future assessment of potential health effects.

5.	 Distinguish potential UOGD exposures from other con-
ventional oil and gas development and any other back-
ground source to the extent practicable.

OBJECTIVES OF RFA E20-2

RFA E20-2: Community Exposures Associated with Uncon-
ventional Oil and Natural Gas Development solicited studies 
that involve the synthesis and modeling of existing data and 
original research to better understand the nature, extent, and 
frequency of potential exposures related to UOGD impacts 
on water quality. The RFA had four major objectives:

1.	 Determine the UOGD processes that have resulted or 
might result in releases to groundwater or surface water 
and potential for leading to human exposure. 

2.	 Quantify the magnitude, frequency, and duration of 
potential exposures to chemicals in surface water or 
groundwater released from specific UOGD processes.

3.	 Quantify the influence of various factors (e.g., varying geol-
ogy) on potential human exposures to maximize the gen-
eralizability of the research and inform decision-making.

4.	 Distinguish potential UOGD exposures from conven-
tional oil and gas development and any other background 
sources to the extent practicable. 

STUDIES FUNDED UNDER RFA E20-1

HEI Energy funded three research teams to collaborate 
on improving our understanding of community exposures 
associated with air quality and noise from UOGD. The col-
laboration, “TRAcking Community Exposures and Releases 
(TRACER) from UOGD" (1) quantified acute and chronic 
human exposures in three regions of the United States, and 
(2) developed a model that captures our collective under-
standing of UOGD emission sources, estimates their impacts 
on local and regional air quality, and can be updated as UOGD 
operations and UOGD governance change over time.

“Measuring and Modeling Air Pollution and Noise 
Exposure Near Unconventional Oil and Gas Develop-
ment in Colorado,” Jeffrey L. Collett Jr., Colorado State 
University, USA    The research team assessed population 
exposures to chemicals and noise in air associated with spe-
cific UOGD processes over the UOGD life cycle at four well 
pads in the Colorado North Front Range, located within the 
Denver-Julesburg Basin. With the cooperation of well pad 
operators, the team conducted fixed-site air and noise mon-
itoring and mobile air monitoring at multiple locations sur-
rounding multiwell pads to connect specific UOGD processes 
with air monitoring results. These processes included well 
drilling, hydraulic fracturing, coiled tubing/millout operations, 
flowback, and early production. The team obtained samples 
of drilling mud and compared emissions from different for-
mulations. In addition to the monitoring program, they col-
laborated with Dr. Hildebrandt Ruiz to provide preproduction 
input data to the TRACER model, developed a preproduc-
tion emissions model designed for use by a variety of stake-
holders to forecast HAPs and other VOC emissions from 
planned drilling and well completion operations and to assess 
whether efforts to reduce emissions achieve the desired goals. 
The team applied the model to simulate emissions and disper-
sion around specific well pads and estimate effects on local air 
quality, interpreting findings in the context of Colorado’s reg-
ulatory setback distances separating UOGD from residences, 
schools, and other forms of development. 

“Assessing Source Contributions to Air Quality and 
Noise in Unconventional Oil Shale Plays,” Meredith 
Franklin, University of Toronto, Canada    The research 
team assessed population exposures to ambient air pollution, 
radioactivity, and noise associated with UOGD. The team has 
coupled air, noise, and radioactivity measurements with mete-
orology and land use data to characterize UOGD sources of 
human exposure in the study regions: Permian Basin, Texas, 
and Eagle Ford Shale, Texas. To understand temporal variabil-
ity in chemical concentrations in air, radioactivity, and noise 
levels, they conducted time-resolved fixed-site monitoring in 
the Permian Basin and leveraged ongoing fixed-site monitoring 
in the Denver-Julesburg basin. To understand spatial variabil-
ity, they deployed passive samplers in both study regions. They 
linked monitoring data with satellite observations to charac-
terize the location and magnitude of flaring. 

“Predictive, Source-Oriented Modeling and Mea-
surements to Evaluate Community Exposures to Air 
Pollutants and Noise from Unconventional Oil and Gas 
Development,” Lea Hildebrandt Ruiz, University of 
Texas at Austin, USA   The research team utilized a combi-
nation of measurement and modeling approaches in diverse 
study sites to assess the quality of an emission and disper-
sion modeling tool (TRACER model), which was advanced 
and refined from an existing model for methane emissions. 
The capabilities of the preexisting model were expanded 
from modeling emission and dispersion of methane from sin-
gle UOGD well pads to assess community exposures. The 
expanded capability of the model included additional sources 
of emissions, regional scale modeling, a broad suite of pollut-
ants of concern to human health, including secondary pollut-
ants, and an assessment of the model for exposure assess-
ment in future health studies. The original scope of work 
focused on the Eagle Ford Shale region in Texas; the project 
was later expanded to also include monitoring in the Perm-
ian Basin in New Mexico and modeling in the Marcellus Shale 
Region in the Northeastern United States, in close collabora-
tion with the other two studies funded under this RFA.

https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2
https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2
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*Co-principal investigators.

STUDIES FUNDED UNDER RFA E20-2

HEI funded two studies in Colorado and Pennsylvania to 
combine existing water quality data and modeling to assess 
community exposures associated with UOGD releases to 
water. Both studies provide frameworks for identifying areas 
of potential water contamination, apportioning the sources of 
contamination, and identifying exposure pathways that con-
nect UOGD to community water sources. 

“Using Geoscientific Analysis and Commu-
nity Engagement to Analyze Exposures to Potential 
Groundwater Contamination Related to Hydrocar-
bon Extraction in Southwestern Pennsylvania,” Jenni-
fer Baka, Susan L. Brantley, and Lingzhou Xue,* The 
Pennsylvania State University, USA  The research team 
assessed linkages between UOGD and potential water con-
tamination in a tri-county region of Southwestern Pennsyl-
vania with a long history of industrial activity. Using an exist-
ing database of greater than 28,000 groundwater samples, the 
team investigated whether they could distinguish constituents 
associated with UOGD from other regional sources of sim-
ilar contaminants (e.g., conventional oil and gas development 
and coal mining). The research team used statistical analysis 
and a machine learning tool (nonnegative matrix factorization, 
NMF) to isolate the influences of natural and anthropogenic 
processes on groundwater chemistry and identify potential 
linkages between UOGD and water contamination. The team 
hosted focus groups to elicit community concerns regarding 
UOGD, water contamination, and public health, and they con-
sidered what they learned in completing their assessment of 
potential community exposures associated with UOGD.

“Assessing the Effects of Unconventional Oil and 
Gas Development on Community Water Sources,” 
Joseph Ryan, University of Colorado, USA  The research 
team used existing data to assess the potential for commu-
nity exposure to releases attributable to UOGD in ground 
and surface waters used as community water supplies. The 
team used monitoring data for water quality near oil and 
gas development, records of community water supplies, 
and records related to oil and gas operations in the Denver- 
Julesburg, Piceance, San Juan, and Raton Basins (e.g., well con-
struction and integrity) to assess temporal and spatial cor-
relations with water quality issues affecting communi-
ties.  They identified chemicals of possible concern detected 
in the water quality dataset and coupled those with multi-
phase subsurface fluid flow and transport models to predict 
the likelihood of complete transport pathways in the Denver- 
Julesburg Basin.

REFERENCES

HEI-Energy Research Committee. 2019. Potential Human 
Health Effects Associated with Unconventional Oil and Gas 
Development: A Systematic Review of the Epidemiology Lit-
erature. Special Report 1. Boston, MA: Health Effects Institute.
HEI-Energy Research Committee. 2020. Human Exposure to 
Unconventional Oil and Gas Development: A Literature Sur-
vey for Research Planning. Communication 1. Boston, MA: 
Health Effects Institute.

DESCRIPTION OF THE RESEARCH PROGRAM
Three studies were funded under RFA E20-1, and two studies were funded under RFA E20-2 to cover the various RFA 

objectives; they are summarized below (Preface Table). The study locations stretch across several major oil and gas produc-
ing regions of the United States (Preface Figure). 

Preface Figure. Map of RFA E20-1 and E20-2 study locations and associated plays and basins across the United States.
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Preface Table. Key Characteristics of HEI’s Research to Assess Community Exposures Associated with 
Unconventional Oil and Gas Development

Principal 
Investigator Location Study Period

Study 
Population

Main Pollutants 
in Air or Water

Monitoring 
Data

Exposure 
Assessment

RFA E20-1: Community Exposures Associated with Unconventional Oil and Gas Development 
— Air Quality and Noise

Collett Northern 
Front Range, 
Colorado (part 
of the Denver-
Julesburg basin)

2022–2024 All 
subpopulations 
in the study 
location

VOCs, 
methane, PM2.5, 
NOx, A- and 
C-weighted 
noise

Fenceline fixed-
site and mobile

TRACER 
emissions 
model and 
local air quality 
modeling

Franklin Carlsbad-
Loving, New 
Mexico (part 
of the Permian 
basin), Eagle 
Ford Shale 
region, Texas 

2022–2024 All 
subpopulations 
in the study 
location

VOCs, 
methane, PM2.5, 
NOx, A- and 
C-weighted 
noise, 
ozone, H2S, 
radioactivity 
(alpha)

Regional fixed-
site (NM) and 
passive (TX)

Non-negative 
matrix 
factorization 
for source 
apportionment

Hildebrandt 
Ruiz

Eagle Ford Shale 
region, Texas, 
Permian Basin, 
New Mexico, 
and Marcellus 
Shale Region

2022–2024 All 
subpopulations 
in the study 
location

VOCs, 
methane, PM1, 
NOx, A- and 
C-weighted 
noise, ozone, 
H2S, black 
carbon

Fixed-site (TX) 
and mobile (TX 
and NM)

TRACER 
emissions 
model and local 
and regional 
air quality 
modeling

RFA E20-2: Community Exposures Associated with Unconventional Oil and Gas Development 
— Water Quality  

Baka, Brantley, 
and Xue

Beaver, 
Greene, and 
Washington 
Counties in 
Southwestern 
Pennsylvania

2022–2024 All 
subpopulations 
in the study 
location

VOCs, metals Existing state-
level data

Machine 
learning and 
statistical 
modeling

Ryan State of 
Colorado

2022–2024 All 
subpopulations 
in the study 
location

VOCs, metals Existing state-
level data

Chemical 
transport 
model and 
statistical tests



Potential Exposures to Groundwater Contamination 
Related to Oil and Gas Development in Pennsylvania

1

What This Study Adds
•	 This study used a publicly available 

database to develop and apply a modeling 
approach designed to isolate the effects of 
unconventional oil and gas development 
on groundwater in regions with long 
histories of energy development.

•	 Baka, Brantley, Xue, and colleagues hosted 
focus groups to learn community con-
cerns regarding unconventional oil and gas 
development, water contamination, and 
public health.

•	 They found small increases in barium and 
strontium in a few hotspot areas, mainly 
linked to oil and gas wastewater spills or 
leaks from storage areas.

•	 Community focus groups expressed con-
cerns about potential radiation exposure 
from spills and leaks specifically, which 
helped to inform the study design and 
highlighted the value of community knowl-
edge in exposure studies.

•	 This study improves our understanding 
of UOGD-related groundwater contam-
ination and potential exposures through 
water and provides an approach to pre-
dict possible contamination hotspots.

This Statement, prepared by HEI Energy, summarizes a research project funded by HEI Energy and conducted by Dr. 
Jennifer Baka, Susan L. Brantley, Lingzhou Xue (The Pennsylvania State University) and colleagues. Research Report 233 
contains the detailed Investigators’ Report and a Commentary on the study prepared by the HEI Energy Review Committee.

HEI Energy Ryan Research Report 233 © 2025

BACKGROUND

Unconventional oil and gas development 
(UOGD) involves injecting millions of gallons 
of water, sand, and chemicals at high pressure 
deep into the ground to release oil or gas. This 
mixture of injected water mixes with naturally 
occurring formation water, which is returned to 
the surface as wastewater (known as produced 
water). In addition to chemical additives, 
produced water may contain compounds that 
come from deep under the ground, including 
some radioactive materials, trace elements, or 
petroleum hydrocarbons. Produced water com-
position can change over time and is generated 
throughout the life of the well. UOGD targets oil 
and gas in sandstone or shale formations and 
often occurs in areas with a history of conven-
tional oil and gas production or coal mining. A 
key challenge in understanding UOGD exposure 
in regions with historical energy development 
is that many contaminants are the same. 

This Statement highlights a study led by 
Baka, Brantley, and Xue (The Pennsylvania 
State University) and colleagues. HEI Energy’s 
released Request for Applications E20-2: 
Community Exposures Associated with Uncon-
ventional Oil and Natural Gas Development to 
fund research that would assess exposures to 
chemicals in surface or groundwater originating 
from UOGD and distinguish potential UOGD 
exposures from other background sources. The 
investigators proposed to use a large database of 
existing groundwater samples to try to distin-
guish the chemicals from UOGD from historical 
hydrocarbon development. Additionally, the 
team proposed hosting focus groups to gauge 
community concerns about UOGD, water 
contamination, and public health to help guide 
their study.

APPROACH

The investigators used an existing ground-
water chemistry database for Pennsylvania 
known as the Shale Network Database. The 
database includes chemicals found in oil, gas, 

and coal, those that may indicate hydraulic 
fracturing or drilling fluids, salts, and inorganic 
species that are common to the deep under-
ground waters that make up produced water. For 
their study, the team focused on southwestern 
Pennsylvania because it has one of the highest 
densities of UOGD wells in the world and over 
a century of energy extraction history, includ-
ing coal mining and conventional methods of 
extracting oil and gas. At the time of the study, 
the database included more than 28,000 ground-
water analyses collected between April 2008 
and April 2020. Approximately 7,000 of the 
analyses were from southwestern Pennsylvania.
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The investigators used statistical methods to 
identify patterns in the concentrations of chemicals 
in the groundwater database to link them to specific 
types of energy extraction activities or determine if the 
compounds were from other sources. By combining 
these methods, they mapped potential hotspots where 
energy extraction may have led to groundwater con-
tamination.

Concurrently, the team hosted focus groups to 
engage with community members in the study areas 
and learn about their concerns regarding UOGD, water 
contamination, and public health. These concerns 
were then incorporated into the research design and 
used to interpret the results of the assessment of poten-
tial community exposures associated with UOGD. 
The research team conducted a total of six meetings 
in three counties in southwestern Pennsylvania. The 
objective of the first meeting in each county was to 
gather community input on the relationship between 
UOGD, water contamination, and public health. A 
second meeting was held to share preliminary findings 
and to continue gathering information on any concerns 
that may have changed since the initial meeting.

KEY RESULTS

Overall, the investigators noted small but significant 
increases in the concentrations of two chemical ele-
ments that are common in produced water — barium 
and strontium — near UOGD, particularly in the regions 
of Pennsylvania where UOGD overlaps with historical 
energy development. While these chemicals are not 
toxic at the levels observed, they indicate that UOGD 
has influenced the groundwater in these areas and may 
point to where contamination may have occurred. The 
research team observed that concentrations of these 
chemicals were more affected by additional spills 
than the presence of additional wells. This indicates 
that spills contribute more strongly to UOGD-related 
groundwater impacts than the presence of wells alone 
in these regions. Additionally, the investigators found 
that there were higher concentrations of barium near 
areas used to store produced water (also known as 
impoundments) in southwestern Pennsylvania, partic-
ularly near impoundments that were reprimanded by 
the Pennsylvania Department of Environmental Pro-
tection in 2014 for suspected leaks of produced water.

These areas of potential contamination, as suggested 
by their analysis of the groundwater dataset, are illus-
trated in a map in one of the counties in southwestern 
Pennsylvania (Statement Figure). The team defined 
potential contaminant hotspot locations as areas within 
1 km of impoundments and higher densities of UOGD 
wells where their model predicted signatures of UOGD 
in groundwater. Regions for comparison that were not 
likely to be affected by UOGD were defined as areas 
more than 3 km from UOGD impoundments or wells.

The focus groups in southwestern Pennsylvania 
were most concerned about potential radiation expo-
sure from spilled or leaked produced water. They 
expressed frustration about not knowing whether there 
might be a link between UOGD and cancer. While 
extensive testing for radioactive or other hazardous 
trace elements for the groundwater database has not 
been done, in response to focus group concerns, the 
team sought to estimate potential chemical concentra-
tions based on known ratios of chemical compounds in 
produced water in southwestern Pennsylvania. Thus, 
the investigators used existing data and identified sev-
eral areas where a hazardous trace element, thallium, 
which is naturally present in formation water and can 
be found in produced water, could exceed EPA limits.

The focus group also reported on obstacles to learn-
ing more about UOGD-related water contamination and 
any potential public health impacts. These obstacles 
included a lack of transparency of industry practices, 
low trust in regulatory agencies, and a hesitancy for 
open conversation with neighbors due to tensions 
regarding whether UOGD is helping (employment, 
financial gain for landowners) or hurting (health issues, 
environmental degradation) communities.

Based on the focus group participant feedback, 
researchers developed recommendations for creating 
productive dialogue with communities on topics of 
contentious environmental issues. In particular, the 
recommendations include engaging with the com-
munity early and continuing throughout the process, 
improving communication, and increasing transpar-
ency. The team also recommends conducting regular 
radiation testing in drinking water sources.

INTERPRETATION AND CONCLUSIONS

The investigators performed a large-scale investiga-
tion using a publicly available groundwater database to 
highlight relevant UOGD processes in this area that may 
lead to groundwater contamination. They found that 
spills and leaks of produced water were likely sources 
of groundwater contamination. Their data-mining 
approach was able to isolate the effects of UOGD from 
historical energy development and other sources of 
chemicals (such as coal mining or road salting), which 
represents a novel and important contribution to 
understanding the influence of UOGD on groundwater 
sources. These findings may be relevant for other major 
oil and gas producing areas as well. However, many oil 
and gas regions don’t have enough data to analyze the 
impact of UOGD on groundwater using data-mining 
techniques, which require large databases.

Additionally, the team collected a rich set of public 
opinion on the intersection of UOGD, groundwater con-
tamination, and public health that helped shape some 
of the analyses and interpretations of the research. The 
focus groups identified spills and potential radiation 
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effects as concerns. The concern about spills was 
corroborated by the team’s analysis, which found that 
barium and strontium in groundwater likely came from 
wastewater spills and leaks. The concern about radia-
tion was more difficult to address due to a lack of data, 
indicating that additional testing of water sources for 
radiation might be useful to address community con-
cerns about a potential link between UOGD and health 
effects. Overall, the focus groups highlight the success 
of two-way communication between researchers and 
communities and the importance of local knowledge 
in exposure studies.

In summary, the team used statistical techniques 
to separate the effects of UOGD on groundwater from 
those of other land uses and historical energy produc-
tion in southwestern Pennsylvania, a complex task due 

Statement Figure. Locations of potential UOGD-related groundwater contamination in Washington County, PA, based 
on proximity (within 1 km) to UOGD operations and impoundments. The surrounding regions in Washington County, 
PA (blue circles, areas more than 3 km from wells) are likely not affected by UOGD. No spills were identified in this 
region. (Source: Investigators’ Report Figure 3.)

to overlapping and similar impacts. They found small 
increases in barium and strontium, mainly linked to 
UOGD wastewater spills or leaks from storage areas. 
Community focus groups highlighted concerns about 
potential radiation exposure from these spills and 
leaks; however, extensive testing for radioactive or 
other hazardous trace elements has not been conducted 
for the groundwater database. This study improves our 
understanding of UOGD-related groundwater contam-
ination and exposures through water and provides an 
approach to predict potential contamination hotspots. 
These findings could inform other regions with similar 
UOGD development and practices. However, data-min-
ing techniques require large databases, indicating more 
testing would be needed to reproduce this model in 
other UOGD areas.

Research Report 233
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ABSTRACT

Introduction	  Community concerns about the potential 
health effects of energy development have grown in recent 
years. This project evaluated the links between unconven-
tional oil and gas development (UOGD*) and potential water 
contamination in Beaver, Greene, and Washington counties 
of southwestern Pennsylvania (SW PA). This region, with 
its long history of hydrocarbon development, including coal 
mining and conventional oil and gas development, has many 
overlapping sources of potential contamination. Addition-
ally, it is one of the most active UOGD regions globally. As 
the study progressed, we extended many of our statistical 
investigations of groundwater in SW PA to the entire state. 

Methods	      We used statistical analysis to isolate the influ-
ences of geogenic and anthropogenic processes on ground-
water chemistry and to identify potential linkages between 
UOGD and water contamination using a groundwater chemis-
try dataset of over 7,000 samples in SW PA, each with approx-
imately 40 reported chemical analytes. We primarily targeted 
contamination by salt species found in brines. We conducted 
six community focus groups in the tri-county region during 
the summers of 2022 and 2023, which helped identify areas of 
community concern and interpret our preliminary findings. 
The focus groups highlighted wastewater mismanagement 
as a key area of community concern, which we examined in 
our geoscience analysis. Where possible, we also extended 

our statistical analysis to the entire state (28,609 groundwater 
quality analyses) so we could assess the effect of different 
land uses and geology on water quality. 

Results	  Across the SW PA region, we observe small but 
statistically significant increases in barium (Ba) and stron-
tium (Sr) in groundwater within 1 km of UOGD, with higher 
concentrations associated with greater proximity to and 
density of unconventional oil and gas (UOG) wells. Statistical 
inferences from the groundwater data point to spills of briny 
wastewaters on UOG well pads as the likeliest explanation for 
these increases. For example, Ba and Sr have an even stronger 
relationship with the locations of spill-related violations at 
UOG well pads. We found a statistically significant increase 
in salt concentrations near wastewater impoundments that 
are no longer in operation because of reprimands by the state 
regulator and environmental violations. These relationships 
persist even after better controlling for other geogenic and 
anthropogenic salt sources using a fixed-effects model. The 
information gathered from the focus groups suggests that 
communities are most concerned about potential radiation 
exposure from UOGD wastewater management, which may 
increase cancer risks. The geoscientific analysis does not 
reveal evidence across the region of increased concentrations 
of species associated with radiation risks in groundwater 
related to UOGD. This lack of evidence is partly because few 
groundwater analyses measure or detect radium, the biggest 
source of radiation in Pennsylvania groundwater.

Conclusions	 Our results suggest that the statistically sig-
nificant increases in salts associated with UOGD are likely 
due to wastewater spills or leaks from impoundments rather 
than hydraulic fracturing itself. Our inference that wastewa-
ter spills and leaks from impoundments are the most likely 
mechanism related to increases in brine concentrations aligns 
with community concerns about wastewater management. 
This research, along with other previous or ongoing studies, 
documents that contamination is localized in areas we refer to 
as “hotspots.” Therefore, although geospatial analysis shows 
extremely small regional increases in brine salt concentrations 
in groundwater near UOGD, we conclude these increases are 
due to numerous, well-distributed spill and leak incidents 
across the shale play, despite their localized impact. The 
increases in brine salt concentrations in groundwater samples 
were never observed to be above contamination levels that 

mailto:jeb525@psu.edu
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pose risks for human health according to US Environmental 
Protection Agency guidelines. However, in areas with dense 
UOGD, our analysis indicates that some toxic species could be 
of local concern, given dissolved species ratios and Cl levels 
in the wastewaters generated through oil and gas development 
(known as produced water) in Pennsylvania. This result is 
predicated on assumptions about the average species concen-
trations in produced waters, the spatial density of UOG wells, 
and the locations of hotspots. High ionic strength wastewater 
released into groundwater could also induce secondary mobi-
lization of hazardous species like radium via cation exchange. 
To address public concerns, additional groundwater testing, 
especially for radium, should be conducted in identified 
hotspots, near problematic impoundments, or near spills.
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CHAPTER 1: INTRODUCTION

Understanding health effects associated with water con-
tamination and unconventional oil and gas development 
(UOGD) requires identifying locations of contamination and 
the nature of the contaminants. This task is difficult because 
it is challenging to ascertain whether specific contaminants 
derive from geogenic or anthropogenic processes, and, if 
the latter, to determine which process is the culprit. Except 
for hydraulic fracturing or drilling fluids, which can intro-
duce exogenous compounds into the environment, all the 
contaminants associated with leaks of gas and wastewater 
generated through production (known as “produced water”) 
are also found naturally or are produced by other common 
land use activities, including other energy extraction activi-
ties. Furthermore, some contaminants may be geogenic (but 
toxic) species that are mobilized from rock as a consequence 
of UOGD. Thus, diagnosing the impact of UOGD in a hydro-
carbon-rich basin is difficult. One conservative approach 
is to assume that contamination in areas of known natural 
gas and brine migration (e.g., along faults, near anticlines, 
or upwelling into valleys) is geogenic rather than caused by 
UOGD.1-4 Such an approach is problematic, however, because 
it is conservative with respect to allocating responsibility for 
the contamination to the unconventional oil and gas (UOG) 
industry but not conservative with respect to human health. 
This approach ignores the possibility that both geogenic and 
anthropogenic contaminants may be mobilized together along 
geologically structured pathways. 

Given that most hydrocarbon-rich basins also host con-
ventional reservoirs of oil and gas as well as coal, the effects 
of UOGD are particularly hard to distinguish from the effects 
of conventional oil and gas development (COGD) and coal 
extraction. For example, COGD is sometimes associated 
with poorly maintained or abandoned legacy wells that may 
provide pathways for brines or gases associated with UOGD 
to reach water resources.5 In addition, it is not uncommon 
that oil and gas wells are drilled directly through coal mine 
pillars, or that coal mines are excavated directly around oil 
and gas wells in hydrocarbon basins worldwide.6 Woda and 
colleagues (2020)7 previously noticed that the median meth-
ane concentration in nonwetland streams is higher in the 
part of Pennsylvania where UOGD, COGD, and coal mining 
are co-located compared with regions that have only UOGD 
and COGD. Despite this observation, only a small number of 
studies have investigated UOGD-related water contamination 
(by methane) in regions where UOGD overlaps with extensive 
legacy hydrocarbon extraction.8-10 In previously funded and 
ongoing studies, our research team11 used data mining tech-
niques to study possible groundwater contamination from 
UOGD in the Marcellus Shale basin. Much of that work is 
summarized herein. We identified a small number of regional 
“hotspots” where correlations between groundwater chloride 
concentrations ([Cl] for which brackets denote concentration) 
and UOGD proximity and density were statistically signifi-
cant in a region where legacy extraction was extremely dense 

(southwestern Pennsylvania [SW PA]). Similar hotspots with 
strong correlations between UOGD and [Cl] in groundwater 
have subsequently been identified in regions of the Marcellus 
Shale where legacy extraction was minimal (Northeastern 
Pennsylvania [NE PA]).12 In this report, we summarize results 
from the currently funded project, but also put the work in the 
context of the earlier research. 

Co-principal investigator Brantley has overseen studies 
pioneering the development of data mining methods suitable 
for estimating the frequency and locations of groundwater 
methane contamination related to UOGD.1-3 This work has 
also demonstrated that certain attributes that can characterize 
unconventional wells (e.g., lack of intermediate well casings 
near borehole intersections with faults) can make a gas well 
more prone to methane leakage into shallow groundwater.13 
Such statistical examination of groundwater in NE PA 
has demonstrated that water quality at a regional scale has 
improved since the 1980s despite extensive UOGD;1 however, 
a few localized areas were identified where methane appears 
to have migrated into groundwater. In the same region of 
Pennsylvania, methane concentrations were also observed to 
be statistically higher in groundwaters sampled near faults 
and anticlines, where geologists have long known that nat-
ural emissions of methane can occur. In Wen and colleagues 
(2018),1 the research group proposed to distinguish methane 
originating from geogenic causes versus those from anthro-
pogenic causes by (1) comparing the intensity of identified 
correlations between methane concentrations and proximity 
to UOG wells/faults/anticlines, (2) looking at gas wells’ drill-
ing reports, and (3) evaluating Pennsylvania Department of 
Environmental Protection (PADEP) inspection reports of gas 
wells. This approach was well suited for NE PA, where the 
regulator had documented that the lack of casing or cementing 
at intermediate depths was associated with methane migra-
tion. However, identifying UOGD-related impacts on water 
supplies in regions with extensive overlap with conventional 
oil and gas (COG) and/or coal mining requires more precise 
methods, such as those outlined here. Additionally, in the 
areas in which methane concentrations were correlated with 
proximity to shale gas wells, faults, and anticlines, Wen and 
colleagues (2018)1 assumed natural causes were the source of 
methane, highlighting the need for more advanced methods 
to distinguish between natural and UOGD-related sources of 
contaminants where both may be present and overlapping. 

In this project, we addressed this need to assess whether 
the effects of UOGD on groundwater resources are exacer-
bated in shale gas basins where legacy forms of hydrocarbon 
extraction are prevalent. Furthermore, analyzing the impacts 
of older oil and gas wells and their effects on water resources 
may also provide insight into the propensity of aging UOGD 
infrastructure to contaminate groundwater in the future 
(noting, of course, that plugging protocols have changed with 
time). 

Additionally, our study includes engaging with commu-
nities to understand their concerns, which, in turn, informs 
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our statistical analysis. Specifically, our study is grounded in 
the concept of co-production of environmental knowledge. 
Under such an approach, research subjects are engaged 
throughout the project to help inform the research design and 
to interpret results. In our case, community perspectives were 
gathered through focus groups to inform the geochemical 
analysis, and preliminary results were shared with the focus 
group participants before the study results were finalized. We 
do not assume, a priori, that the geochemical analysis is more 
important than community knowledge. Instead, we solicit 
community input to both guide and interpret the geochemical 
analysis. As will be shown (Chapter 4), most of the partici-
pants in the focus groups are long-time residents of the area 
and could thus reflect on the history of energy development 
in the region. This input helped us to better determine how to 
focus our geochemical analysis.

HYPOTHESES

Informed by the research gaps discussed above, the follow-
ing were the specific hypotheses of the project:

•	 Within one hydrocarbon-rich basin, many of the same 
contaminants that could enter drinking water supplies 
from UOGD activities can also enter water from natural 
processes, from COGD, from exploitation of coal, and from 
other land use activities. 

•	 The specific contributions of UOGD to groundwater con-
tamination can be distinguished from the contributions 
from other sources, even in areas with heavy overlap of 
land use activities. 

•	 UOGD is more likely to cause contamination of water 
resources in the presence of co-located COGD and coal 
mining than when it is the only type of hydrocarbon 
exploitation in a given area. 

•	 Community perceptions of risks of UOGD-related water 
contamination differ from geoscientific analyses of the 
relative importance of potential contamination. 

•	 Gaps between community perceptions and scientific anal-
yses can be reduced through facilitating multistakeholder 
dialogue and through studies of contaminants or processes 
emphasized by the public whenever possible, ultimately 
leading to better studies of and protections for human 
health. 
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CHAPTER 2: SPECIFIC AIMS AND 
OVERARCHING APPROACH

The specific aims of the project are described below. 

1.	 Develop a technique to estimate natural background 
groundwater chemistry in an area of multiple hydrocar-
bon-related land uses, including UOGD. 

2.	 Use a large database of groundwater chemistry to look for 
evidence of contamination in areas with UOGD, COGD, 
and/or coal mining to determine if the colocation of any 
combination of these activities enhances contamination 
from UOGD. 

3.	 Determine the contaminants of most scientific and pub-
lic concern in such areas of overlapping hydrocarbon 
exploitation using geochemical observations and assess-
ments of public opinion. 

4.	 Develop an approach to map locations of potential contam-
ination from UOGD activities in areas of overlapping forms 
of hydrocarbon extraction to apply to future investigations 
of public health effects of UOGD.

5.	 Facilitate dialogue between communities and scientists 
to reduce gaps between public perceptions and scientific 
findings. 

These aims were investigated using quantitative and quali-
tative methods. To identify potential linkages between UOGD 
and water contamination in SW PA, we utilized statistical 
analysis and a machine learning tool (non-negative matrix 
factorization [NMF]) to isolate the influences of geogenic and 
anthropogenic processes on groundwater chemistry using 
a groundwater dataset of thousands of samples, each with 
approximately 40 reported chemical analytes (Aims 1, 2, and 
4). To study community concerns, we conducted community 
focus groups in the study counties (n = 6) over the course of 
the project (Aims 3 and 5). 
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Research Roadmap

Aims and Research Conducted Methods Description

Aim 1

Develop a technique to estimate natural background groundwater chemistry 
in an area of multiple land uses. Task 1: Statistically analyse subregions; use 
Geochemist’s Workbench to estimate prehydrocarbon development ground-
water chemistry; assess groundwater signatures for different land uses, geo-
logical features, etc. 

Chapter 3, Appendix A

Aim 2 

Use a large database of groundwater chemistry to look for evidence of con-
tamination in areas with UOGD, COGD, and/or coal mining to determine if 
the colocation of these activities enhances contamination from UOGD. Task 
2: Use NMF to determine the chemistries of endmember chloride sources 
and proportions of each endmember in each water sample; use Task 1 results 
to attribute endmembers to land usages; compare results to well densities to 
determine correlations with UOGD. 

Chapter 3, Appendix A

Aim 3

Determine the contaminants of most scientific and public concern in such 
areas of overlapping hydrocarbon exploitation using geochemical obser-
vations and assessments of public opinion. Task 3: Compare the results of 
Tasks 1 and 2 to the timing of UOGD; infer the influences of specific UOGD 
activities on water quality. Task 4: Focus Group 1.

Chapter 4, Appendix B

Aim 4

Develop an approach to map locations of potential contamination from 
UOGD activities in areas of overlapping land use to apply to future investi-
gations of public health effects of UOGD. Task 5: Generalize/describe suc-
cessful approaches from Task 1. Task 6: Generalize/describe successful 
approaches from Task 2. Task 7: Generalize/describe successful approaches 
from Task 3.

Chapter 3, Appendix A

Aim 5

Facilitate dialogue between communities and scientists to reduce gaps 
between public perceptions and scientific findings. Task 8: Follow-up focus 
group to share preliminary findings. Task 9: Host a stakeholder panel at the 
Shale Network Workshop. Task 10: Draft policy recommendations for facili-
tating stakeholder dialogue on contentious environmental science topics.

Chapter 4, Appendix B
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CHAPTER 3: GEOSPATIAL ANALYSIS OF 
WATER CHEMISTRY (AIMS 1, 2, AND 4)

INTRODUCTION

We used a growing dataset of groundwater chemistry from 
Pennsylvania (collected by hydrogeologists paid by the gas 
industry before drilling gas wells) to look for patterns as a 
function of metrics for UOGD. We focused on SW PA, NE PA, 
or the entire statewide dataset to assess questions related to 
impacts on water quality from UOGD. 

TYPES OF CONTAMINANTS

To investigate the possibility of health effects related to an 
industry such as UOGD, an exposure study must be designed 
that traces contaminants from the UOGD activity to uptake 
by humans. In this project, we explored some methods to 
use datasets of groundwater chemistry to find signatures of 
contamination from UOGD activities (if contamination exists) 
that distinguish the contamination from natural sources or 
pollutants from other land use activities. We emphasized 
SW PA, where other types of hydrocarbon extraction are 
co-located with UOGD, a situation common to many shale 
plays. We focused on contaminants that are elucidated by the 
groundwater dataset for SW PA (>7,000 groundwater sam-
ples) in the Shale Network database.* Table A1 summarizes 
the number of samples above the detection limit for organic 
and inorganic compounds reported in those analyses.†

Many different contaminants can be released by different 
mechanisms and can move along different pathways into water 
resources during UOGD. We studied three types of contaminants 
to varying degrees: (A) contaminants from hydraulic fracturing 
and drilling fluids, (B) secondary contaminants associated 
with escaped natural gas, and (C) contaminants from flowback/
produced waters. Consistent with published literature and our 
own observations, type A species have contaminated water 
resources only under very rare circumstances.14 Therefore, if 
an investigation were designed to detect the influence of type 
A contaminants on human health, it would have to include a 
highly dense (and expensive) monitoring program to detect the 
rare events. When such contamination occurs during UOGD, it 
is usually caused by blow-outs, impoundment leaks, spills, or 
very shallow depths of drilling.14 Considering the groundwater 
dataset (Table A1), the only type A contaminants we could 
have studied are the BTEX compounds (benzene, toluene, 
ethylbenzene, xylene) because of limited reports of type A 
contaminant occurrences. However, because there were very 
few observations of BTEX concentrations above laboratory 
reporting limits (Table A1), and because there are other sources 
of BTEX in water resources, we did not statistically analyze the 
incidence of type A compounds. 

The second type of contamination (type B) is related to the 
migration of natural gas (predominantly methane) into water 
resources. Such so-called fugitive methane, the most commonly 
cited water quality issue associated with UOGD in Pennsyl-
vania,15 has also been identified in many other hydrocarbon 
basins with UOGD.16,17 Although not toxic itself, methane 

above 10 mg/L is considered problematic at least partly because 
of the explosion hazard.18 Methane also produces strongly 
reducing conditions in aquifers that solubilize metal oxides, 
releasing toxic species such as arsenic from bedrock into water 
resources.7,19,20 Secondary water quality effects of UOGD-related 
methane migration are especially concerning because they can 
mobilize harmful substances, like arsenic, which is linked to 
reproductive toxicity in humans and animals.21 However, only 
a small number of studies have considered the relationship 
between methane leakage and changes in aquifer redox chem-
istry, including work by Brantley’s group.3,7,22 Again, given the 
few reported concentrations of these ancillary elements in the 
groundwaters in SW PA (Table A1), we also did not complete 
statistical analyses of these elements. 

Instead of focusing on types A and B, in which the inci-
dence of reported concentrations is few (Table A1), we focused 
on type C contaminants. These occur when produced waters 
collected at the land surface, along with the natural gas, are 
spilled or leaked into water resources during collection or 
disposal. These waters are typically salt-rich, often referred 
to as “brines,” and can contain toxic and, in some instances, 
radioactive species.14,15,23,24 It is known that UOG-related 
brines have in some cases contaminated water resources; 
however, it is generally difficult to attribute such contamina-
tion to UOGD unequivocally because natural processes (e.g., 
natural migration of formation brine25 or dissolution of halite) 
and overlapping anthropogenic activities (e.g., other forms of 
hydrocarbon extraction such as COGD, or treatment of roads 
with de-icing salts) can produce similar changes in water 
chemistry. Given the data availability for above-detection 
analysis in the groundwater dataset, we focused on sodium 
(Na), calcium (Ca), chloride (Cl), barium (Ba), strontium (Sr), 
and sulfate (SO4) to seek evidence of such contamination.

OVERALL STUDY DESIGN AND AIMS

Our research project was designed to use data mining 
methods and large datasets of groundwater chemistry to 
identify chemical signatures of UOGD (with a specific aim 
to understand areas of co-located UOGD, COGD, and/or coal 
mining). Data mining requires very large datasets; we have thus 
prepared a set containing >7,000 independent‡ groundwater 
samples for the focus area of SW PA, which is characterized 
by dense UOGD, COGD, and coal mining. Given that such very 

*SW PA samples are denoted in the released dataset by the value “SWPA” 
in the column “Region.” Samples from Mercer County, PA (discussed in 
Wen et al. 2019) are classified as “NWPA” in “Region,” and all other sam-
ples are considered NE PA. 

†In our analysis of water chemistry parameters, we use total rather than 
dissolved concentrations where both are reported due to the larger number 
of “total” analyses.

‡Statistical tests were run to test the independence of the samples. The as-
sumption of independence underlying interpretations of the Bruner-Mun-
zel and Wilcox-Mann tests (Tables A2, A3) was tested for spatial autocor-
relation using Moran’s I (ArcGIS Pro’s defaults were used to determine the 
distance threshold, which meant spatial relationships were conceptualized 
based on inverse distance, with a distance threshold of 14,400 m). Although 
a small degree of spatial autocorrelation was determined (Moran’s I using 
inverse distances for barium equals 0.046 and for strontium equals 0.024; 
the z-score (Moran’s I standard deviation = 23 (Ba), 9 (Sr), and the P values 
are both <0.05), the results were not adjusted for spatial autocorrelation. 
Future work could seek to explore the effects of spatial autocorrelation.
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large water-quality datasets do not report large numbers of type 
A and B species, our focus was on type C species. 

TARGET STUDY AREA

Our target study area of co-located UOGD, COGD, and coal 
mining is SW PA. SW PA has among the highest densities of 
UOG wells in the world, as well as over a century of extensive 
COGD and coal mining. Additionally, the health effects of 
UOGD are particularly relevant to SW PA, where studies have 
suggested a relationship between UOGD and negative health 
outcomes.26-31 As such, SW PA presents an opportunity to 
investigate the impacts of UOGD in an area not only where 
groundwater might be contaminated from overlapping forms 
of hydrocarbon extraction, but also where health effects are 
of concern.

A small number of previous studies have assessed ground-
water chemistry as it pertains to UOGD in SW PA. One study 
by Siegel and colleagues (2015)32 and an industry-sponsored 
study by Battelle (2013)33 noted concentrations of potentially 
UOGD-related species such as methane, iron (Fe), and man-
ganese (Mn) were often naturally elevated in SW PA, but did 
not attempt to distinguish the impacts of UOGD from natural 
sources of the analytes. Researchers associated with an earlier 
study by the US Environmental Protection Agency (US EPA) 
(2016)14 sampled a small number of sites but did not discern 
impacts of UOGD other than chloride release from one UOGD 
wastewater impoundment. The small footprint of contamina-
tion that was detected is consistent with the limited dataset 
size and geographic target area. Our study was designed to 
provide information beyond any of the previous studies.

The geochemical part of the study included four of the five 
project aims. The specific study design and methods for each 
aim are described below.

Aim 1: Estimate background groundwater chemistry. To accom-
plish Aim 1, we statistically analyzed subregions of the state 
using the groundwater database and assessed differences 
related to land use and geology. We also used a commercially 
available computer code to calculate chemical equilibrium for 
the groundwater chemistry to help identify the composition 
of groundwater unaltered by hydrocarbon extraction or other 
human activities and better contextualize signatures of land 
use and geology.

Aim 2: Use groundwater chemistry to look for evidence of 
contamination as a function of colocation of hydrocarbon 
extraction activities. To accomplish Aim 2, we used a machine 
learning approach (NMF) to determine chemistries of different 
types of water included in groundwater in Pennsylvania and 
the proportions of each endmember in each water sample. We 
also considered these chemistries as a function of land usage, 
including UOGD.

Aim 3: Determine the contaminants of most scientific 
and public concern in areas of overlapping hydrocarbon 
exploitation. To accomplish Aim 3, we compared results with 
activities related to UOGD in different regions of Pennsylva-

nia and across the entire state. This aim is also discussed in 
Chapter 4. 

Aim 4: Develop an approach to map locations of potential 
contamination from UOGD activities in areas of overlapping 
land use. To accomplish Aim 4, we used the sliding window 
approach to different regions of Pennsylvania and to the 
entire state.

OVERALL: WATER SAMPLE DATASET 

Considering the research gaps discussed earlier, the 
overarching hypotheses of the geochemical part of the project 
were the following: 

•	 Within one hydrocarbon-rich basin, many of the same 
contaminants that could enter drinking water supplies 
from UOGD activities can also enter water from natural 
processes, from COGD, from exploitation of coal, and from 
other land use activities. 

•	 The specific contributions of UOGD to groundwater con-
tamination can be distinguished from the contributions of 
other sources, even in areas with heavy overlap of land use 
activities. 

•	 UOGD is more likely to cause contamination of water 
resources in the presence of co-located COGD and coal 
mining than when it is the only type of hydrocarbon 
exploitation in a given area. 

To test these hypotheses, we developed and used a large 
groundwater dataset. This large groundwater dataset is ideal 
for assessing the impacts of UOGD through the use of data 
mining because “big data” can highlight even rare contami-
nation. In this study, we used the largest dataset of ground-
water for SW PA available, the dataset we have compiled 
and published online in the Shale Network database.34 These 
data are provided to co-principal investigator Brantley upon 
agreement with the state regulator of UOGD, the PADEP. At 
the time of analysis for this study, the entire Shale Network 
dataset included 28,609 groundwater analyses from the 
Marcellus Shale region of Pennsylvania that were mostly 
collected between April 2008 and April 2020. Approximately 
7,000 of these analyses were for samples in SW PA (the 
dataset is constantly growing as new data become available 
to us). Herein, we generally use “sites” and “analyses” inter-
changeably, because nearly every sample analysis represents 
a unique site. However, some parcels of land may have more 
than one water site (a well and a spring, for example), and 
both may be reported in a single report from a laboratory. 

The analyses derive from samples collected by profes-
sional hydrogeologists using standard hydrogeological prac-
tice as established typically by the United States Geological 
Survey (USGS). The sample collection and chemical analyses 
are funded by drilling contractors or oil and gas operators 
to target samples from drinking water wells and springs or 
ponds within gas company-defined distances from gas wells 
planned for drilling. Waters were chemically analyzed by 
accredited commercial laboratories using EPA-approved 
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techniques. The data are provided to the PADEP to be used in 
cases of legal disputes between a well operator and a home-
owner about water quality impacts. During the period when 
most of our samples were collected, there was little to no 
repeat sampling of water sources because the well pads were 
too far apart. Although some sites have been sampled repeat-
edly for methane, these repeat analyses were not targeted in 
this study. A more in-depth discussion of the dataset and its 
quality control is provided in the Supplementary Information 
of previous publications1,2 and in Appendix A. 

The ∼7,000 groundwater samples for SW PA (as well as the 
∼28,000 samples for the state of Pennsylvania) are virtually all 
individual samples collected at one time point from different 
water sources. As such, we examined whether groundwater 
chemistry is significantly different near UOGD, rather than 
how the chemistry of individual water samples changes 
as UOG wells are drilled nearby. We note that the water 
quality data in our groundwater database are often referred 
to as “predrill data” because gas companies pay for certified 
environmental consultants to sample the waters within 
company-specified distances from planned gas wells before 
drilling new wells. However, the term predrill is somewhat 
of a misnomer because all our comparisons between water 
samples and gas wells (or between violations and gas wells) 
exclude gas wells drilled (or violations that occurred) after 
the date of collection of the water sample. Our comparisons 
are possible because all “predrill” data are also “post-drill” 
data for previously drilled gas wells in the local area. We only 
compare water analyses with locations of previously drilled 
gas wells. 

The SW PA portion of the Shale Network dataset is an 
order of magnitude larger than the datasets considered in the 
EPA/Battelle studies discussed previously and spans a much 
larger area and sampling period. As such, the Shale Network 
dataset provides a unique capacity to assess the impacts of 
UOGD in an area of overlapping hydrocarbon development 
with other land uses. Our past studies utilizing data mining to 
assess the impacts of UOGD have focused on NE PA precisely 
because that region has UOGD that does not overlap with 
COGD or coal mining,1,2 making attribution of UOGD-specific 
effects easier. The results of the research described in this 
report are unique in shedding light on potential impacts of 
UOGD where it overlaps with legacy hydrocarbon extraction. 
Portions of the SW PA analysis are drawn from a previous 
publication on work funded by a separate grant,11 including 
NMF and “sliding window” geospatial tool outputs. These 
results are included in this report because they dovetail with 
the work specifically funded by HEI to understand regional 
drivers of water quality in SW PA.

The analytes reported in our datasets include constituents 
of natural gas (methane, ethane, propane); toxic or possibly 
toxic organic compounds found in hydraulic fracturing 
or drilling fluids (benzene, toluene, ethylbenzene, oil and 
grease, methylene blue active substances); generally nontoxic 
inorganics (alkalinity, bromide [Br], Ca, Cl, potassium [K], 
magnesium [Mg], Na, Fe, Mn, Sr, SO4, total dissolved solids 

[TDS], pH); and potentially problematic inorganics (arsenic 
[As], barium [Ba]). Other species were also analyzed, but are 
beneath detection limits. As described in more detail below, 
our study focused on six analytes — Na, Ca, Cl, barium 
(Ba), Sr, and SO4 — that are most commonly reported in the 
database for every site. As indicated above, our examination 
of relationships between species concentrations and UOGD 
excluded UOG wells where initially drilled, or “spudded,” 
after sample collection because such wells could not have 
affected the water sample.

OVERALL: ANCILLARY DATA

The locations of gas wells and coal mining areas were 
derived from the PADEP SPUD Data Report and the PADEP 
Open Data Portal.35,36 Violation data and waste production 
data were derived from the PADEP Oil and Gas Compliance 
Report and the PADEP Oil and Gas Well Waste Report, respec-
tively.37,38 Information about geological features and bedrock 
lithology was downloaded from the USGS Pennsylvania 
Geologic Map database39 and locations of streams from the 
USGS NHDPlus HR Stream Order dataset for Pennsylvania, 
within the Pennsylvania Spatial Data Access database.40 We 
derived elevation data from 3-m DEM data.41 

The locations of UOG impoundments were identified from 
2010 satellite imagery by Skytruth.42,43 The construction of 
these impoundments predates the collection of most samples 
in the water quality dataset. Furthermore, the impoundments 
predated regulations in 2016 that disallowed the temporary 
storage of residual wastes at well pads.44 Locations for 
eight impoundments in SW PA that were forced to modify 
operations by the PADEP45 were derived from the closest 
associated well pads. Locational and volume data for spills 
during UOGD in Pennsylvania were used from an analysis of 
regulatory data.46 

OVERALL: DISTANCE CALCULATIONS

Throughout the study, we sought to relate distances 
between water samples and various features (e.g., UOG wells 
or UOGD-related spills) to groundwater chemistry. Distances 
were calculated as Haversine distances using the distm func-
tion (R 4.2.1) and the “Near” function in ArcGIS Pro. When 
analyzing drilled wells or violations, we excluded wells 
that were drilled or violations that occurred after the water 
sampling date. For features such as spills for which the exact 
date of the event was unavailable, we excluded events after 
the year of sample collection. 

SPECIFIC AIMS: METHODOLOGIES

Specific aims and tasks we addressed in the geochemical 
part of the project are described below.

Aim 1: Task 1

Statistically analyze groundwater chemistry in subregions 
of SW PA; use geochemical modeling software (Geochemist’s 
Workbench) to understand groundwater chemistry before 
hydrocarbon extraction; assess groundwater signatures for 
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different land uses, geologies, etc. This section of the report 
discusses ideas from the Supporting Information from 
Shaheen and colleagues (2024), 52 which can be consulted 
for additional details. This first task for Aim 1 included (1) 
defining subregions based on land use; (2) statistically ana-
lyzing the subregions in SW PA to assess variation in water 
chemistry with different land uses, and (3) using a geochem-
ical equilibrium approach to understand background water 
chemistry. As discussed above, we focused on Na, Ca, Cl, Ba, 
Sr, and SO4. To define subregions, we used data as described 
in the section “Overall Study Design and Aims.” For the 
geochemical equilibrium solving, we used the commercially 
available computer software, Geochemist’s Workbench, an 
aqueous geochemical thermodynamic/kinetic computer code. 
It is used by government, academia, and private industry, 
including the oil and gas industry. The code uses state-of-the-
art mathematical algorithms to solve chemical equilibrium 
problems using state-of-the-art thermodynamic databases.47 
The statistical approaches are described next.

Median Concentrations and Chemical Equilibrium Analysis	
We compared medians among samples in SW PA landscapes 
with no current or prior extraction of hydrocarbons within 
1 km (“None”) and samples with extraction of hydrocarbons 
<1 km. Sample sites were grouped as “None” for sites where 
UOGD, COGD, and coal mining were >1 km at the time of 
sample collection. We refer to this set of sites as a control. 
Other sites were classified into one of seven groups defined 
as the various permutations of UOGD co-located with COGD 
and/or coal mining within 1 km (e.g., UOGD only, UOGD + 
COGD).*

Concentrations of Na, Ca, Cl, Ba, Sr, and SO4 in groundwa-
ters were compared among the control and seven permutations 
of site types with hydrocarbon-related land uses (Table 1). We 
used the Wilcoxon-Mann-Whitney and Brunner-Munzel tests, 
which are well suited for our right-skewed concentration data 
(Table A2). 

These empirical observations from geospatial analysis 
were amplified using calculations of modeled groundwater 
chemistry (Table 1). We investigated models of geochemical 
equilibrium with Geochemist’s Workbench React 12.0 software 
and the thermo.tdat thermodynamic database. We calculated 
reactions of rain with bedrock as closed system equilibria 
calculations for SW PA. First, we averaged rain chemistry for 
samples at Laurel Hill State Park from 2012 to 2017. This is 
the closest site run by the National Atmospheric Deposition 
Program offering long-term rain chemistry data for the region. 
We used measured concentrations (Ca, Mg, Na, Cl, SO4, pH) 
and calculated alkalinities. Oxygenated meteoric water was 
reacted with smectite (20%), quartz (30%), calcite (20%), 

dolomite (10%), albite (8%), goethite (1%), and pyrite (1%). 
These proportions were chosen to simulate the shale-sand-
stone-limestone bedrock in SW PA, based on the reported rock 
types in major geological formations of Washington County, 
as well as typical mineral assemblages for these sedimentary 
rock types.48,49 The simulations were run so that all minerals 
were in excess of amounts needed for equilibrium. Sensitivity 
analyses were conducted to test the effects of variations in 
mineralogy on the equilibrium aqueous chemistry, indicating 
that only a small fraction of the minerals in the simulation 
reacted with the fluid before it reached equilibrium and that 
our results are thus largely insensitive to the exact propor-
tions of these major rock-forming minerals. Model runs were 
done by adjusting the percentage of each mineral up and 
down by ≥20% relative to the base case while holding the 
other minerals constant at the base case percentages.

Regression and Fixed-Effects Modeling 	 Although all six 
salt species were analyzed with respect to land use, a smaller 
subset was analyzed in additional tests. We focused on Ba and 
Sr and, to a lesser extent, Cl, to isolate species more uniquely 
associated with oil and gas wastewaters. Of those analytes, 
Ba and Sr are more widely analyzed statewide (n = 25,878 
and 17,649, respectively) and reported above reporting limits 
(24,917 and 16,463, respectively) in our dataset. Both Ba and 
Sr are widely analyzed and are present at high concentrations 
in Appalachian Basin brines (ABBs).50,51 Median [Ba] and 
[Sr] in produced waters from the Marcellus Shale are 1,125 
and 1,380 mg/L, respectively, and are much higher than in 
shallow groundwater in the region. Ba and Sr have previously 
been shown to be effective tracers for wastewater leakage 
during the development of oil and gas. 12,25,50, 52,53 

To investigate correlations with respect to groundwater 
concentrations (C) and the number of gas wells within 1 km  
(referred to as well density, #UOGD1km), we calculated 
a regression coefficient β by regressing log concentrations 
(logC) versus UOG density for each analyte (Table A5). These 
allowed us to estimate average increases in [Ba] or [Sr] in μg/L 
for a given increase in UOG well density for SW PA, NE PA, or 
statewide. The equation we used is below.

∆Cavg = Cavg * (eβ* #UOGD1km – 1) 			         (1)

Where ∆Cavg is the average increase in concentration 
attributable to a 1-unit increase in UOG well density within 
1 km, Cavg is the mean [Ba] or [Sr] (μg/L) for the region, 
and #UOGD1km is the number of UOG wells within 1 km 
(density). The same equation was used for three other UOGD 
metrics (spill density, UOG well distance, and spill distance).

To further explore how secondary effects, such as legacy 
hydrocarbon extraction, faults and anticlinal folding, roads, 
etc., may affect concentrations, we also developed a fixed- 
effects regression model that includes so-called “dummy vari-
ables” that reflect a given sample’s proximity to such features. 
We constructed these dummy variables to reflect proximity to 
COG wells, coal mining, highways, anticlinal folds, geological 
faults, and streams, as well as dummy variables to reflect the 

*Classifications in the water sampling data found in the data availability 
statement can be determined using the UCwell_ distance_m, conwell_dis-
tance_m_NEW, and Coal_mine_ distance_m columns in the dataset, which 
correspond to the calculated distances (in m) between water sampling lo-
cations and unconventional well pads, conventional well pads, and coal 
mining areas, respectively.
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primary bedrock lithology and seasonality. The fixed effect 
regression is represented using the following equation:

logC = 𝛽1 UOGD + COGD1km + CoalMining1km +   	      (2) 
anticline1km + fault1km + stream100m + highway1km +  
Lithology + Season + ε				  

where C is the concentration of Ba or Sr, 𝛽1 is the regression 
coefficient, UOGD is the UOGD-related metric of interest, and 
ε is the standard error term. Dummy variables were added to 
detrend for conventional oil and gas wells (COGD1km), coal 
mining areas (CoalMining1km), anticlinal folds (anticline1km),  
geological faults (fault1km), and highways (highway1km) 
within 1 km and streams within 100 m (steam100m), as well 
as the primary bedrock lithology and the seasonality of the 
water sampling (Season). We selected these variables because 
of the potential for additional anthropogenic inputs of Ba 
and Sr via coal mining, COGD, and road salting.20,21 Faults 
are well-established pathways for deep fluids to migrate into 
aquifers, particularly nearby anticlines.3,22 We used the prox-
imity to streams to identify locations near valley bottoms or 
topographic lows, locations where natural brines sometimes 
infiltrate into aquifers.22,23

To convert distance-based variables into binary variables 
appropriate for a fixed-effects model, water samples were 
classified depending on whether (or not) the sample is located 
within 1 km of the feature of interest (coal mines, COGD wells, 
highways, anticlinal folds, faults) or located within 100  m 
of a stream. In general, samples in our dataset had greater 
proximity to streams than other features considered (i.e., all 
samples in SW PA are <1 km from a stream). Thus, we used a 
smaller radius to represent proximity to streams. To ensure a 
defensible selection of radii for these variables, we conducted 
sensitivity analyses and confirmed that the value of the radius 
minimally affects the magnitude and significance of relation-
ships with UOGD, provided that the radii is hydrologically 
plausible. In converting categorical variables (season, lithol-
ogy) into dummy variables, one was systematically excluded 
as the base case to avoid multicollinearity effects.

Aim 2: Task 2

Use NMF to determine endmember chemistries and pro-
portions of each endmember in each water sample; use Task 
1 results to attribute endmembers to land usages; compare 
results with well densities to determine correlations with 
UOGD. This section of the report cites conclusions from our 
recent paper11 that focused on SW PA. This research was initi-
ated by our team because of our Health Effects Institute (HEI) 
proposal, but was published before the current HEI funding 
was distributed to our team. In this section, we also rely on 
a published paper that was based on the current HEI-funded 
research, in which we extend some of our approach to the 
entire Pennsylvania Marcellus Shale play.54 However, the 
NMF work, 5a machine learning approach, was only applied 
to the SW PA groundwater dataset as described in Shaheen 
and colleagues (2022).11 NMF is described in more detail in 
two previous publications.11,55 Models were calculated with a 
Python script using the NMF function from sklearn.decompo-

sition, published at https://doi.org/10.4211/hs.404e72b042f-
0444ca4a5b28cc94697a3.

Quoting from the previously published work,11 “Non-neg-
ative matrix factorization finds patterns in large water chem-
istry datasets and identifies endmember water types. It then 
delineates the mixing proportions, α, and compositions of the 
endmembers in every sample. Unlike traditional mixing mod-
els, NMF does not require a priori knowledge of compositions 
of endmember sources, nor does it require these compositions 
to be invariant…we used NMF to explore sources of Cl based 
on the molar ratios of major cations and anions (Ba, Ca, Mg, 
Na, SO4) with respect to Cl... To test the approach, we used 
NMF to show we could successfully distinguish Cl sources 
from a published synthetic data set.”

Quoting from the Supporting Information for that same 
publication, “To delineate Cl sources using major ion data, 
we applied a machine learning method, non-negative matrix 
factorization (NMF). Our NMF methodology adapted a pre-
viously published approach (Shaughnessy et al. 2021)55 for 
analyzing sources of SO4 in streams. NMF derives the mixing 
proportions and compositions of endmember water types for 
each analyte by decomposing the matrix multiplication equa-
tion V = W × H, where V is the groundwater sample matrix, W 
is a matrix of the mixing proportions of endmember sources 
at each location, and H is a matrix comprising the chemical 
compositions of endmember water types. To prepare our 
data for NMF, we calculated the molar ratios of Ba, Ca, Mg, 
SO4, and Na to Cl and normalized each ratio to its highest 
respective value." 

While NMF does not require prior knowledge of end-
member compositions, it does require a known number of 
endmembers. We thus defined the number of endmembers 
as the minimum number of components needed to explain 
90% of the variance in the data in a Principal Component 
Analysis. For Cl, this required 3 endmembers. After defining 
the number of endmembers, we ran NMF using 10,000 model 
iterations with random initiation. For the 10,000 model 
deconvolutions run, only model outputs for which mixing 
proportions summed to 1.00 ± 0.05 were retained. These 
model outputs were then filtered to retain only the top 5% 
best-fitting models, based on the calculated sum of squared 
error values (see Shaughnessy et al. 202155 for the equation 
used). The chemistry and mixing proportions of endmember 
sources within each sample were subsequently calculated 
based on the mean and standard deviation of the filtered 
model outputs.”

Aim 4: Task 4

Develop a Mapping Approach	  In previously published 
work, we used the sliding window geospatial technique to 
identify hotspots where the concentrations of salt ions in 
groundwater show significant relationships with UOGD.11 
With this approach, we step a 5 × 5 km window across SW PA 
in 200-m increments. Within each window, we calculate the 
Kendall rank correlation between the concentration of an ana-
lyte and the UOGD parameter in question, and if a significant 

https://doi.org/10.4211/hs.404e72b042f0444ca4a5b28cc94697a3
https://doi.org/10.4211/hs.404e72b042f0444ca4a5b28cc94697a3
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relationship is identified, the window is assigned a value of 
+1 (positive relationship) or −1 (negative relationship). Sliding 
window outputs spatially averaged significance values, which 
represent the sum of values assigned to windows covering a 
location divided by the total number of windows covering the 
location. The window and step size were selected to balance 
spatial resolution and computational loads. The approach uses 
the same metrics as previously published studies.1,2 

RESULTS

Median Concentrations Across Hydrocarbon-Related Land 
Uses Show Patterns (Table A2)	   Median [Sr] (for which 
brackets denote concentration) was significantly higher for 
sites where land use included UOGD or coal mining compared 
with the control. A [Sr] increase is expected near coal mining 
if acidic mine drainage dissolves local carbonate minerals 
and releases Sr to groundwaters. Median [Ba] is higher for 
sites classified as UOGD and UOGD  co-located with COGD 
(UOGD  + COGD), but not where UOGD overlaps with coal 
mining. We attribute this latter observation to i) higher median 
[SO4] values where coal mining is within 1 km, an effect likely 
caused by acid mine drainage, and ii) low solubility of barite 
(BaSO4).

52,56 This analysis shows that [Sr] tends to increase 
and [Ba] to decrease for UOGD co-located with coal mining 
(UOGD + coal mining) because of the high acidity and sulfate 
concentration in acid mine drainage. Whereas samples with 
only UOGD within 1 km (e.g., no overlapping coal mining 
or COGD) showed significantly higher median [Ba] and [Sr] 
compared with the control, samples with only COGD within 
1 km did not show significant differences.

In contrast to [Ba], [Na] is never significantly higher within 
1 km of hydrocarbon-related land uses, which may reflect a 
wider range of both geogenic and anthropogenic sources (in 
particular, road salting) of Na compared with Ba or Sr. There-

fore, we concluded that Na is not a reliable indicator of poten-
tial contamination from UOGD. On the other hand, samples 
from sites classified as UOGD with COGD (UOGD + COGD), 
UOGD with coal mining (UOGD + coal mining), and UOGD 
co-located with COGD and coal mining (UOGD + COGD +  
coal mining) all reveal higher median [Cl] than the control 
group, leading to the inference that Cl might be a better indi-
cator species than Na. However, chloride proves challenging 
for some of our analyses because a large portion of the data 
(~25%) contains [Cl] below reporting limits, whereas the con-
centrations of other ions in brine (e.g., Ba, Sr) are reportable in 
~95% of samples. Coupled with the wide prevalence of other 
Cl sources such as road salt,11 we concluded that the signals 
in groundwater chemistry for Cl were harder to interpret than 
Ba and Sr. For all these reasons, we focused mainly on Ba and 
Sr from among our six target analytes, with some attention to 
Cl, as indicators of contamination related to UOGD.

Chemical Equilibrium Analyses (Table 1) 	 The Geochem-
ist’s Workbench simulations showed that concentrations of 
Ca, Mg, and bicarbonate (HCO3) were generally underesti-
mated relative to the median concentrations of these species 
in groundwater samples >1 km from hydrocarbon extraction 
when we assumed atmospheric partial pressure of oxygen 
(O2), i.e., relative to the base case (Table 1). Recognizing that 
waters would become depleted in O2 and would become 
subneutral in pH at depth after interaction in locations with 
organic matter and pyrite, we adjusted the initial pH to ~3 
to reflect additional acid inputs into the system. For those 
waters, concentrations approached observed values for 
most parameters. We also explored increases in O2 fugacity 
by factors of ~5 times to represent open system conditions 
for O2. We observed concentrations of Ca and Mg close to 
observed values, and concentrations of sulfate were higher 
than observed. 

Table 1. Baseline Groundwater Chemistry (in mg/L): Statistical Parametersa and Simulated Groundwater Chemistries 
Using the Geochemist’s Workbench

Component Mean Median StdDev Minb Q1b Q3b Maxb
GWB Base 

Case
GWB + 5× 

Atmospheric O2

GWB 
Initiated  
@pH 3

Ca 60 56 41 0.002 30 82 425 11.5 47.1 45.4

Mg 13  12 8.5 0.02 7.2 16  70 0.86 3.5 3.4

Na 42 14 82 1.2 5.2 43 1150 7.2 7.5 7.5

Fe 1.1 0.12 5.2 0.010 0.050 0.41 77 0.0012 0.095 0.11

SO4 48 33  76 0.63 23  46  1530  14.0 65.7 14.0

Cl 31 9.8 77 0.46 5.0 29 1470 0.15 0.145 36.7

HCO3 177 188 90 6.8 119 233 597 20.3 80.9 78.2

GWB = Geochemist’s Workbench.
a Based on 975 samples from Beaver, Washington, and Greene counties in SW PA. Only samples >1 km from hydrocarbon extraction were 

included in this summary. 
b Min refers to the minimum concentration, Q1 refers to the first quartile concentration, Q3 to the third quartile concentration, and max to the 

maximum concentration in the data. Samples with concentration values below the reporting limit were assigned the value of the reporting 
limit in the analysis.
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The Geochemist’s Workbench calculations in Table 1 
provided insights into groundwater chemistry in SW PA. The 
meteoric recharge in SW PA provides carbonic and mineral 
acids that chemically weather major minerals (particularly 
carbonates), releasing species such as Ca, Mg, and HCO3

− to 
solution. Additional sulfuric acid from pyrite oxidation is a 
secondary source of acidity driving weathering. The oxidation 
of pyrite and production of acid is limited by the availability 
of O2, as pyrite does not completely react in any simulation 
due to eventual O2 limitation.

Brine Salt Concentrations Increase with Proximity to 
UOGD   	We investigated median concentrations of Ba and 
Sr in groundwaters near UOGD. Significantly higher median 
[Ba] and [Sr] were calculated for populations of samples <1 
km from a UOG well in SW PA (Table A3). To calculate statis-
tical significance, we used a one-sided Brunner-Munzel test 
and defined statistical significance as a P value < 0.05. We use 
that definition henceforth for this part of the report. The dif-
ferences in medians for [Ba] and [Sr] are 12 μg/L and 27 μg/L, 
respectively, for samples <1 km versus >1 km from UOGD in 
SW PA, with similar magnitudes of increase observed in NE 
PA and statewide (Table A3).

We also explored relationships between these species and 
UOGD using regression analyses (see Equation 1) and identified 
small but statistically significant relationships between [Ba] and 
[Sr] and the number of UOG wells within 1 km (henceforth 
referred to as density) in SW PA (Table A4). This increase in 
concentration associated with higher UOG well density was 
also detected statewide, but not in NE PA (Table A4). We also 
explored a 3-km buffer radius. The smaller buffer distance of 1 
km (which we emphasize throughout) is more hydrologically 
plausible for Pennsylvania, but the larger buffer distance almost 
always includes larger numbers of wells. The larger buffer 
tended to reveal smaller regression coefficients, implying the 
magnitude of impacts is smaller, and smaller P values, imply-
ing strengthened significance. We also identified significant 
increases in [Ba] and [Sr] associated with greater proximity to 
UOG wells in SW PA, NE PA, and statewide, where negative 
coefficients indicate concentration increases as the distance to 
UOG wells decreases (Table A4). Overall, we concluded that [Ba] 
and [Sr] show very small but statistically significant increases 
near UOGD, most notably in the region of Pennsylvania where 
UOGD overlaps with COGD and coal mining.

Interpreting regression coefficients (β) for Eqn. (1) (see 
Table A4) requires calculation of the mean [Ba] and [Sr] (283 
μg/L and 623 μg/L, respectively) and mean #UOGD1 km (0.72 
UOG wells), allowing us to calculate the average concentra-
tion increase from UOGD, 2.58 μg/L (Ba) and 8.04 μg/L (Sr). 

The Effect of Elevation and Overlapping Sources	   In our 
initial calculations, we did not exclude UOG wells drilled at 
topographically lower elevations than the target water sample, 
even though it is less likely that processes at the well pad for 
such gas wells could impact the water sample, because most 
hydrological processes are topographically driven. When only 
higher-elevation UOG wells are included in the calculation, 
we observed larger regression coefficients and increased sig-

nificance of relationships (Table A5). For this analysis, samples 
were not classified as high or low elevation. Rather, when we 
included elevation in our consideration, our calculation of the 
distances between water samples and gas wells was set up to 
exclude gas wells that were at a lower elevation than the water 
sample. In other words, for all of our ∼7,000 samples, each 
groundwater site was analyzed with respect to either all gas 
wells or only gas wells at higher elevations. 

When dummy variables to reflect proximity to COG wells, 
coal mining, highways, anticlinal folds, geological faults, and 
streams, as well as the primary bedrock lithology and season-
ality, were included in the fixed-effects model, we could better 
account for some overlapping sources (Table A6). Anticlines, 
faults, and topographic lows (for which we use streams as a 
proxy) are associated with natural brine migration,1 whereas 
COG wells, coal mining, and road salting on highways could 
represent anthropogenic sources of salts. In NE PA, highway 
locations also correspond with topographic lows and thus may 
correlate with natural brine as well.12 Proximity to these features 
is generally associated with higher [Ba] and [Sr] (Table A7). In 
these analyses, we still identified statistically significant rela-
tionships in SW PA and statewide, and in many cases, slightly 
higher regression coefficients and lower P values (Table A6). 

Comparing SW PA to NE PA	   To understand what is likely 
to cause some of the correlations, we compared the subregion 
of Pennsylvania that we emphasize in our study (SW PA) to 
the other major shale gas-producing subregion of the state (NE 
PA). The subregions are both characterized by a high density of 
UOGD, but they differ with respect to land use and geology. In 
particular, NE PA has less coal mining and COGD than SW PA 
and has higher topographic relief than SW PA. SW PA also has 
fewer large faults.

Median [Ba] and [Sr] in both subregions are higher within 
1 km of UOG wells (Table A3). We also identify small but sig-
nificant increases in [Ba] and [Sr] associated with increased 
UOG well density (regardless of elevation) in SW PA but not 
NE PA (Table A3). Although this might imply potentially 
greater impacts in SW PA, relationships were statistically 
significant with respect to distance to the nearest UOG well 
in both SW PA and NE PA (i.e., we still detect increasing 
concentrations closer to UOG wells; Table A3). Most of the 
discrepancies between the regions disappear if we analyze 
relationships using the fixed-effects model (Table A5). We 
infer from this observation that higher relief in NE PA results 
in differences in some of the salt concentration effects, but 
that, overall, the two regions are otherwise similar in showing 
salt concentration effects of UOGD. 

MAPPING LOCATIONS OF POTENTIAL 
CONTAMINATION FROM UOGD ACTIVITIES IN 
AREAS OF OVERLAPPING LAND USE (AIM 4)

Task 3: Compare Results of Tasks 1 and 2 to Infer 
Influences of Specific UOGD Activities on Water Quality     

This section of the report cites conclusions from Shaheen 
and colleagues (2022, 2024).11,54 In the Shaheen paper (2024), 
geospatial data were used to determine which activities 
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during UOGD are most likely to affect groundwater quality. 
The main conclusions, as discussed in those papers, are 
summarized below:

1.	 Potential groundwater contamination during UOGD is not 
distributed homogenously across SW PA but rather occurs 
in hotspot zones.

2.	 The most likely UOGD activities that potentially explain 
increases in salt species in water samples near UOGD in 
Pennsylvania are large spills or leaks of salt-containing 
fluids. 

3.	 Leaks from some impoundments may be a specific example 
of leakage that causes some of the increases in salt species 
in water samples near UOGD in SW PA.

These conclusions are discussed in detail in the following 
paragraphs.

Mapping Hotspots of Potential Salt Release to Groundwa-
ter During UOGD	     Sliding window analysis was completed 
for Cl, Ba, and Sr in SW PA. Analysis reveals nine hotspots 
for which we compare [Cl] versus the distance to the nearest 
UOG well and five hotspots for which we compare [Cl] to the 
density of UOG wells within 1 km (Figure 1). Many of these 
hotspots overlapped with hotspots we identified for Ba and 
Sr as well.11 Within groundwater samples in UOG density 
hotspots, we calculated the Akritas-Theil-Sen (ATS) slope, a 
modification of the Theil-Sen estimator for censored data that 
tells us the increase in concentration associated with an addi-
tional UOG well within 1 km. The ATS slope indicates the 
increase in [Cl] per additional UOG well within 1 km (3.6 mg/L  
per UOG well) within the hotspot. The ATS slope calculated 
within hotspot samples is more than 10 times larger than 

the ATS slope calculated for all SW PA samples (0.33 mg/L  
per UOG well).

Because Cl can derive from other sources, Shaheen and 
colleagues (2022) used NMF to delineate sources of the Cl in 
water samples. NMF revealed that the three main sources of 
brine salts in groundwaters in SW PA include (1) a Ba-rich 
endmember, which was attributed to ABB, (2) an endmember 
characterized by Ca  +  Mg  +  SO4, which was attributed to 
meteoric recharge, and (3) an Na-rich endmember, which was 
attributed to road salt. The nature of each of the sources was 
determined by the chemistry of the endmembers, as revealed 
by the NMF analysis. In particular, the numerical technique 
determines the endmember chemistries and the proportions 
of each endmember in each groundwater sample. The mean 
mixing proportions for the endmembers for Cl were 29% 
ABB, 33% rainwater recharge, and 38% road salt. This finding 
means that, on average, in SW PA groundwater, 29% of the 
chloride is derived from brine, which likely predominantly 
reflects brine that is naturally present in shallow ground-
water in parts of the Appalachian Basin. Although we also 
identify widespread road salting impacts, the sliding window 
approach still identifies hotspots when only brine-derived 
Cl is considered.11 These calculated hotspots emphasize the 
potential that wastewater-derived salt species are contaminat-
ing a small number of water wells near a few UOG gas wells.

Health Implications	   Of the species for which we saw 
increases in concentration within hotspots that are potentially 
attributable to UOG wells (Ba, Sr, Cl), only Cl values were 
occasionally found to be above EPA primary or secondary 
drinking water standards. In those cases, the increase in Cl 
attributable by NMF to ABB was minimal compared with the 
proportion attributable to road salt. The secondary standard 

Figure 1. Sliding window heat maps showing the relative frequency of statistically significant correlations between [Cl] and the 
distance to the nearest unconventional oil and gas well (A), or density of unconventional oil and gas wells within 1 km (B). If Cl 
derives from a UOGD wastewater source with average chemistry as reported for SW PA (see text), the hotspots circled in 1B are where 
the contamination may be sufficient to elevate thallium concentrations above the EPA maximum contaminant level as calculated by the 
ratio method described in the main text. (Source: Reprinted from Shaheen et al. 2022; Creative Commons license CC BY-NC-ND 4.0.)

A					       B

https://pubs.acs.org/doi/10.1021/acs.est.2c00001
https://creativecommons.org/licenses/by-nc-nd/4.0/
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for Cl is not enforceable but is rather an EPA guideline for 
aesthetics, color, smell, or taste. However, some species of 
concern for human health are not always reported in the 
dataset for water samples (e.g., thallium) or are generally 
only detected by commercial analytical laboratories at con-
centration levels that are already of concern to human health 
(e.g., arsenic). As described in the next paragraph, for the 44 
analytes in our dataset, we extrapolated these concentrations 
within the hotspots shown in Figure 1 to determine if any of 
those analytes might be of concern.

In waters we identified using geospatial analysis as likely 
to be contaminated by UOGD, we estimated concentrations of 
analytes reported as below the reporting limits or below detec-
tion by observing that, while dilution during field processes 
can significantly lower analyte concentrations, the ratios of 
two chemical analytes often remain unchanged. To estimate 
concentrations of a species X reported as BD or not analyzed 
in areas where we observed geospatial correlations, we cal-
culated the estimates using the ratio, [X]/[Cl], in produced 
waters for Pennsylvania from a USGS database.51 Here we 
show concentrations of a species X as [X]. With this method, 
we estimated the highest [X] we expect for a small area based 
on (1) the observed [Cl] assuming the Cl derived from con-
tamination by produced waters of average composition, (2) 
the [X]/[Cl] in average Pennsylvania produced water, (3) the 
calculated increase in [Cl] per UOG well within hotspots, and 
(4) the number of UOG wells within the hotspot. The method 
was fully described in our 2022 paper.11 For the 44 analytes 
for which Shaheen and colleagues (2022) could complete this 
exercise, only thallium was extrapolated to be present at a 
predicted concentration higher than the maximum contami-
nation level (MCL) for US drinking water established by the 
EPA (0.002 mg/L). This possible concern was noted in the 
three hot spots circled in Figure 1B. Furthermore, in one of 
the hotspots, arsenic, beryllium, and cadmium were calcu-
lated to be 75% of the EPA MCL. These calculations point 
to the possibility of health-related effects within potentially 
impacted areas, such as those hotspots.

Effects of Spills 	  To understand which UOG processes were 
associated with these effects, we explored the violations 
recorded at UOG well pads by the PADEP. We examined three 
potential mechanisms in particular: (1) casing/cementing vio-
lations, (2) impoundment violations, and (3) pollution (i.e., 
spill) violations. For spill violations, any spill not linked to 
a well API number (well pad) would have been filtered from 
the analysis; therefore, spills that occurred during off-well 
pad transit, treatment, or disposal were not included. In this 
section, we emphasize trends that became apparent in multi-
ple tests. Statewide across Pennsylvania, [Ba] and [Sr] show a 
statistically significant positive relationship with the number 
of spill violations within 1 km (Table A3). More specifically, 
median [Ba] and [Sr] are significantly higher <1 km from a 
reported well pad spill (Table A3). Furthermore, the magni-
tude of increase in groundwater concentration <1 km from 
a spill is larger than the magnitude of increase we calculate  
<1 km from any UOG well pad. This finding means that 
groundwater concentrations are slightly higher on a statisti-

cal basis near well pads where a spill was noticed by PADEP 
than near well pads where spills were not reported. We did 
not observe consistent evidence that significant increases 
in median [Ba] and [Sr] were observed when waters were 
sampled <1 km from violations related to impoundments or 
cementing/casing issues using the entire statewide dataset. 

Given that densities of UOG wells and spills are both 
expressed as number of occurrences <1 km, regression coef-
ficients for each number value were calculated for compar-
isons using the density analyses: An additional spill <1 km  
increased the concentration more than an additional UOG 
well <1 km for the statewide dataset (Table A4). In contrast, 
neither impoundment nor cementing/casing violations were 
associated with significant increases in [Ba] and [Sr] state-
wide (data not shown). 

When we analyzed violations in subregions of the state, 
we observed some differences that we attribute to the higher 
topographic relief and density of structural features in NE 
PA than in SW PA. For example, we observe significant 
increases in [Ba] and [Sr] in SW PA associated with a higher 
density of spills <1 km (Table A4), but neither [Ba] nor [Sr] 
is significantly correlated with spill density within 1 km in 
NE PA (Table A4). When we include fixed effects, however, 
relationships between [Sr] and spill violation density are 
significant in both SW PA and NE PA (Table A6). We infer that 
the effect of large spills may be just as problematic in NE PA as 
in SW PA. However, the higher relief and higher prevalence of 
structural features conducive to natural brine migration (e.g., 
large faults outcropping at land surface, anticlinal folding) in 
NE PA can obscure some of the impact of UOGD unless these 
features are better controlled for in analyses. 

We also hypothesized that if spills are the culprit, a greater 
volume of produced water at a well pad may be associated with 
larger local increases in salt concentrations in groundwater 
(on a statistical basis). To test this hypothesis, we regressed log 
(salt concentrations) against log (production volume of waste 
at a well pad) before water sample collection. This regression 
for the statewide data documented a significant increase in 
[Sr] associated with larger volumes of produced waters for <1 
km well pads (Table A8). Both [Ba] and [Sr] also increase sig-
nificantly with greater produced water volumes within 1 km  
in SW PA, but not in NE PA (Table A8). This finding is con-
sistent once again with the inference that hydrological and 
geological factors may obscure impacts in NE PA.

While our data analysis supports that spills are a plausible 
mechanism for increased salt ion concentrations in ground-
waters near some well pads, most well pad spills are very 
small in volume,46 ranging typically from 100 L to 10,000 L.57 
We do not, therefore, expect every spill to measurably impact 
local groundwater: Using reasonable geological assumptions, 
a mass balance calculation54 shows that spills of produced 
water >1,000 L are necessary to explain the observed increases 
in [Ba] <1 km from UOG wells. Focusing therefore on large 
spills, we calculated that the median [Ba] for samples within 
the buffer distance is higher than the median in samples >1 km  
or >3 km from any reported spill (Table A9). Figure 2 shows 
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a map of spill violations and locations where spills of large 
volumes were documented. 

Impoundments as a Source	    In 2014, the operators of eight 
impoundments used in UOGD in SW PA were ordered by the 
PADEP to fully shut down the impoundment, upgrade the liners 
and leak detection systems, or store only freshwater.45 Chloride 
had been detected as likely having been leaked from one of 
these impoundments into downgradient groundwater at a loca-
tion where significant health effects were alleged.58 Given that 
multiple problems were cited with impoundments of waste-
water in PA before they became illegal in 2016, we decided to 
investigate how concentrations of [Ba] and [Sr] changed with 
respect to density and distance from these features. 

We obtained the locations of UOG impoundments from a 
2010 survey using satellite imagery, where impoundments 
were identified based on United States Department of Agricul-
ture aerial survey photography.42,43 In 2016, PADEP updated 
its regulations to disallow storage of residual wastes at well 
pads, while still allowing centralized impoundments for 
wastewater storage with strengthened permit requirements.44 
Later surveys were published, but because many of the sam-
ples in our dataset were collected between 2011 and 2014, 
we used the 2010 survey and refer to impoundments in the 
dataset as the 2010 impoundments. In SW PA, we observed 
significantly higher median [Ba] in samples within 1 km of 
these impoundments (P < 0.001), and a significant relation-
ship between [Ba] and the number of 2010 impoundments 
within 1 km (coef = 0.096 ± 0.026, P < 0.001). However, we 
did not identify significant relationships for [Sr] (P > 0.05).

We also estimated the specific locations of impoundments 
reprimanded by the PADEP in 2014 using the closest identi-
fied well pad and observed that median [Ba] is ~34% higher 
in samples <1 km versus >1  km from these impoundments 
(Table A10). The differences are statistically significant 
within both a 1 km and 3 km radius (Table A10). One of these 
problematic impoundments is located within a previously 
identified hotspot in SW PA, where [Cl] increased with higher 
UOG well density (Figure 1).11 Because impoundments with 
brine are no longer allowed by the PADEP, this source of sali-
nization is unlikely to be impacting groundwaters in Pennsyl-
vania now, unless leakage from one of the impoundments left 
residual chemical species in the aquifer that are still leaking 
out today, or the centralized impoundments that are still 
allowed are leaking. However, PADEP has implemented more 
regulations for the centralized facilities than those that had 
been implemented for impoundments before 2016. 

DISCUSSION AND CONCLUSION

Our results lead us to conclude that the best explanation for 
why regional concentrations of brine salt ions in groundwaters 
are slightly higher near UOGD in our study area is because of 
spills and leaks on well pads or leaks from impoundments 
constructed in the early period of UOGD in Pennsylvania. 
The very slight salinization is detected regionally but is prob-
ably localized to areas (or hotspots) where large spills on well 
pads or leaks have locally contaminated groundwaters. Our 
observation that excluding lower-elevation wells increases 
the significance of the statistical relationships between 
concentration and UOGD is consistent with the inference 

that spills or leaks may be the 
source, with shallow ground-
water flow or surface runoff 
flow as the pathway (both tend 
to flow from higher to lower 
elevations). This observation 
means it is less likely that deep 
upward-flowing waters from 
primary or secondary sources 
in the subsurface are causing 
contamination. For deep 
sources of contamination, the 
surficial topographic elevation 
would be less important than 
shallow sources like spills.

Task 5: Generalize Successful 
Approaches from Tasks 1, 
2, and 3	     Review potential 
public health effects of ana-
lytes identified in Tasks 1 and 
2. This research yields insight 
into how to design an exposure 
study for human health effects 
from water quality near UOGD. 
It is difficult to investigate 
health effects associated with 

Figure 2. Map of spill violations in Pennsylvania as reported by PADEP, with the locations where 
spills have known volumes46 shown in darker red. Spill violation data is from PA DEP (light pink 
circles). Spills with associated volumes (red squares and triangles) are from Patterson et al. (2017).

1,000
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water contamination and UOGD because of the challenges 
of ascertaining whether specific contaminants derive from 
geogenic or anthropogenic processes and, if the latter, deter-
mining which source or process, or activity is the culprit. 
Except for hydraulic fracturing or drilling fluids, which can 
introduce exogenous compounds into the environment, all of 
the contaminants associated with leaks of gas and produced 
waters are also found naturally or are produced by other com-
mon land use activities, including other energy extraction 
activities. Furthermore, some contaminants may be geogenic 
(but toxic) species mobilized from rock by the UOGD. Thus, 
diagnosing the impact of UOGD in a hydrocarbon-rich basin 
is complex. While exogenous compounds may be easy 
to identify if they are present because they are not natural 
contaminants, incidents of such contamination are rare, and 
when they are identified, the problem is generally rectified 
rapidly, or the residents are given alternate sources of water 
to drink and use. In effect, to study the health effects of water 
requires predicting where contamination is likely to happen 
or has likely happened. 

One approach to designing an exposure study might be to 
assume that contamination is likely in areas of known natural 
migration of gas and brine (e.g., along faults, near anticlines, 
or upwelling into valleys). Such an approach is problematic, 
however, because it ignores the likelihood that those loca-
tions are precisely where geogenic contaminants are also 
mobilized naturally into drinking water. Moreover, given that 
hydrocarbon-rich basins typically host conventional reser-
voirs of oil and gas in addition to coal, it is particularly hard 
to differentiate the impacts of UOGD from those of COGD and 
coal extraction. 

Our approach successfully identified a few locations 
where contamination may be ongoing in one of the areas with 
the highest density of UOGD in the world. We identify three 
types of locations where UOGD-related contamination may be 
present: (1) near hotspots identified with the sliding window 
approach, (2) near improperly lined impoundments, and (3) 
near large wastewater spills. Some of these categories overlap 
in that hotspots may have been caused by a wastewater spill 
or an impoundment leak.

To generalize our approach and develop an exposure study 
in a hydrocarbon basin experiencing UOGD, we suggest the 
following steps: (1) identify and form relationships with 
community groups in areas of interest; (2) identify the largest 
dataset of water quality data available for the target area of 
UOGD; (3) use geospatial regressions to calculate where 
analytes increase in concentration near UOG wells or as a 
function of density of UOG wells within 1 km; (4) use regres-
sion analysis and fixed-effects approaches to explore whether 
other observables increase the predictability of relationships 
(elevation, violation density, location of features such as 
impoundments, etc.); (5) explore large and small regions of 
the UOGD area to understand how regional variables affect 
the predictive relationships; (6) use a geospatial analysis tool 
such as the sliding window to calculate hotspots of potential 
contamination; (7) compare appropriately measured data 

concerning human health within the hotspots and in control 
areas not in hotspots; (8) discuss preliminary results with 
community members before finalizing the study; and (9) 
disseminate findings, particularly to nonacademic audiences. 
To demonstrate this approach, we give an example based on 
Greene and Washington counties in SW PA.

Shaheen and colleagues (2024)54,59 identified the potential 
for contamination from wastewater mishandling in three 
types of localities in SW PA: (1) hotspots defined by [CI] as 
described in Shaheen and colleagues (2022)11 and reproduced 
in Figure 1; (2) impoundments used for wastewaters; and (3) 
locations near major spills of brine wastewaters. 

For type 1 and 2 sites, the potentially impacted zone was 
estimated to be at least 1 km and at most 3 km from each 
feature. Given the likelihood of dilution when contaminants 
travel farther from the site of mismanagement, we refined the 
target area to a 1 km circle centered at the impoundment (Fig-
ure 3). On the other hand, hotspots are rounded two-dimen-
sional shapes rather than one-dimensional points (Figure 1A). 
To determine the 1 km buffer around hotspots, we assumed 
that the UOG wells within the hotspot were potentially the 
problematic sources of contamination, which led us to map 
out the 1 km circle centered at each of the UOG wells within 
a hotspot. These circles were then merged to produce a final 
target control area (Figure 3). We were unable to find a recent 
spill site in Greene or Washington counties surrounded by a 
sufficient density of residential parcels, so we were unable to 
target any type 3 sites in this discussion. 

We also defined control sites. The first type of control site, 
referred to here as “dense-UOGD control sites,” was chosen 
to be farther than 3 km but otherwise close to the potentially 
problematic features: Each site was defined as situated in 
the annular region between two rings located 5 km and 6 km 
from an impoundment or from the center of a hotspot. Given 
the size of hotspots, only hotspot centroids were used to 
generate the control band. However, sites were avoided that 
were 5–6 km from an impoundment or a hotspot but within 
1 km of any others. Given the nature of UOGD in SW PA, 
these control-site areas are located in a region with a high 
density of UOG wells and could appear to be inadequate as a 
control if many gas wells are locally affecting water quality. 
Nonetheless, this type of site is more likely to reproduce the 
geological conditions of the targeted potentially problematic 
areas and was thus chosen as one of our two types of control.

Control sites of the second type, referred to here as min-
imal-UOGD control sites, were chosen from an area >5  km 
from the northern-most impoundment (Worstell) but located 
entirely in Allegheny County. Although there are some UOG 
wells in Allegheny County, the density is much lower than 
in Washington County, leaving most residences >5 km from 
any UOGD. These second type of control sites are less likely 
to be affected by UOGD but are more likely to differ from the 
target sites in terms of local geology. Although the specific 
geological formations change between Washington and 
Allegheny counties, the major and secondary lithologies were 
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consistently sandstone, siltstone, 
limestone, shale, and coal. (Note that 
COG wells are located in both Wash-
ington and Allegheny counties.) 

To test for human health effects, 
an exposure study could be con-
ducted to compare data from within 
target sites (red and pink circles in 
Figure 3) with data from control 
sites (blue areas or sites in Allegheny 
County not delineated in the figure). 
An exposure study would focus on 
households using drinking water 
from domestic water wells.

The human health effects of the 
contaminants we have identified as 
being of concern are summarized in 
Table 2. 

Figure 3. Locations in Washington County of 1 km targets around impoundments and UOG 
wells in hotspots (see Figure 1A). Also shown are the dense-UOGD control regions (blue 
regions). Minimal-UOGD control sites are not shown but are all located just to the north of 
the Washington County-Allegheny County border. The 50 properties closest to the target 
sites that appeared to have a water well according to an online database (Pennsylvania 
Groundwater Information System) were selected north of the county border. 

Table 2. Human Health Effects Associated with Identified Contaminants

Contaminant
Health Effects 

(for Higher Concentrations or Chronic Exposure) Contaminant Level       Sources

Arsenic Skin damage, circulatory issues, cancer risk 0.010 mg/L EPA (2024)60 

Barium Increase in blood pressure 2 mg/L EPA (2024)60

Cadmium Kidney damage 0.005 mg/L EPA (2024)60

Chloride None, secondary standard that refers to  
aesthetics, color, taste, or odor 

250 mg/L  
(secondary MCL)

EPA (2024),61  
MHETL (n.d.)62 

Radium Increased risk of cancer 5 picocuries/L EPA (2024)60

Strontium Possible bone weakness in children,  
otherwise none

4 mg/L  
(nonregulatory health  

advisory level for lifetime 
duration exposure) 

(ATSDR, 2004)63,64
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CHAPTER 4: COMMUNITY FOCUS 
GROUPS (AIMS 3 AND 5)

INTRODUCTION

This chapter presents the results of community focus 
groups in the summers of 2022 and 2023. These results helped 
to inform the geoscience analysis presented in Chapter 3. 

Aim 3 Tasks 4 and 8: Host Community Focus Groups 
to Gather Community Concerns (Task 4) and Review 
Preliminary Findings (Task 8)

STUDY DESIGN AND METHODS

A total of six focus groups were held over the course of 
the research project, two each in the target SW PA research 
counties: Beaver, Washington, and Greene. The objective of 
the focus groups held in the summer of 2022 was to gather 
community input on the relationship among UOGD, water 
contamination, and public health. The objective of the 2023 
focus groups was to share preliminary results with communi-
ties and to gather information on additional areas of concern 
that may have arisen since the initial focus groups. While 
the focus groups held in 2023 were recorded, they were not 
transcribed and coded because participants did not have any 
suggested changes to the preliminary findings presented at 
the focus groups. The study received Institutional Review 
Board approval from The Pennsylvania State University 
(STUDY00017918). All participants were informed of their 
rights as research study participants at the start of each focus 
group. 

The focus groups were designed following methods from 
Babour (2018).65 The research team functioned as facilitators 
during the sessions to maximize time available for partic-
ipants to respond to questions. The first focus groups were 
held in person at a Pennsylvania State University satellite 
campus (Beaver), a local park (Washington), and a room at 
the county fairgrounds (Greene). Participants registered in 
advance online for the focus groups. As part of the registra-
tion process, participants were asked to provide their gender, 
age, contact information, and time living in the county. The 
recruitment flyer is included as Additional Materials 2.

Participants were recruited using snowball sampling.66 
Snowball sampling was conducted by reaching out to relevant 
organizations in SW PA and asking them to promote the focus 
groups through their networks. Specifically, recruitment was 
conducted primarily by email and, to a lesser extent, phone 
banking. The recruitment flyer was distributed to nine orga-
nizations working in SW PA, including The Pennsylvania 
State University extension office for SW PA, two county water 
conservation offices, and six nongovernmental organizations 
(NGOs). The NGOs distributed the flyer to their listservs and 
posted it to their social media accounts. The flyer was also 

posted online to numerous Pennsylvania State University 
social media accounts, including those run by The Pennsyl-
vania State University Department of Geography, College of 
Earth and Mineral Sciences, Institutes of Energy and Environ-
ment, and The Pennsylvania State University Beaver Campus. 
Because of the nature of social media accounts, which allow 
posts to be shared, we do not know the total number of people 
who saw announcements about the events. 

As detailed in Table 3, a total of 36 people attended the 
summer 2022 focus groups with the following distribution: 
Beaver (n = 16), Washington (n = 14), Greene (n = 6). The 
focus groups lasted from 90 to 150 minutes. The social science 
members (Baka and Harrington) attended all sessions, and 
one member of the geoscience team (Shaheen) attended the 
Washington and Greene sessions. Participants were asked 11 
questions related to six themes: (1) observed changes in water 
since the start of UOGD, (2) contaminants and pathways of 
contamination, (3) perceived health effects related to themes 1 
and 2, (4) sources of information, (5) obstacles to better under-
standing the relationship among UOGD, water, and health, 
and (6) recommended changes for improving knowledge. The 
summer 2022 focus group instrument is included in Addi-
tional Materials 3. All six focus groups were recorded. Only 
the first three focus groups held in 2022 were transcribed and 
coded. The 2023 focus groups were not transcribed and coded 
because participants did not have any suggested changes to the 
preliminary findings presented at the focus groups.  

Reflecting on the focus group discussions, most of the 
attendees were concerned about the negative impacts of 
UOGD on water quality. No attendees reported having no 
opinion on the topic or reported a lack of association between 
UOGD and water quality. The research team does not believe 
this outcome injected bias into the study, as the goal of the 
study was to gather input on community concerns, which is 
explicitly stated in the flyer. Thus, those with concerns were 
more likely to attend.

The attendees from the first focus groups (summer 2022) 
were invited to attend the second focus groups (summer 
2023). The second sessions were held in person at a Pennsyl-
vania State University satellite campus (Beaver), the offices 
of an NGO (Washington), and at a function hall of a local 
church (Greene). No additional outreach was conducted to 
increase attendance. The objective of the second focus group 
(summer 2023) was to share our preliminary findings from 
the summer 2022 focus groups and the geoscience analysis. 
A presentation was given to participants. Participants were 
asked for feedback on our preliminary findings and whether 
any other significant changes had occurred in the region since 
the summer 2022 focus groups.

As detailed in Table 3, a total of 17 people attended the fol-
low-up focus groups in 2023 who had attended the summer 
2022 focus groups: Beaver (n = 7), Washington (n = 8), and 
Greene (n = 2). An additional five people attended who did 
not attend the summer 2022 sessions: Beaver (n = 1), Wash-
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ington (n  =  1), Greene (n  =  3). These additional attendees 
were friends or family members of a participant from summer 
2022 and had a keen interest in the topic. The social science 
members (Baka and Harrington) attended all sessions, and one 
member of the geoscience team (Shaheen) attended the Beaver 
and Washington sessions remotely. The follow-up focus groups 
lasted 90–120 minutes. The focus groups were recorded but 
not transcribed, as participants did not have any substantive 
suggestions for revising our preliminary findings. Participants 
received a $15 gas card for participating in the second meeting.  

We have limited knowledge about why people who 
attended the first focus group did not attend the second ses-
sion. Of the 15 people who did not attend the second session, 
one informed us that they had moved from the region, and a 
second reported a time conflict. A third person registered for 
the second focus group but did not attend.

A descriptive summary of the focus groups and partic-
ipants is included in Table 3. The participants, who lived 
in their respective counties for an average of over 30 years, 
ranged in age from 54 to 70 years old. Just over two-thirds of 
the participants were female. All participants had concerns 
about the relationship between UOGD, water contamination, 
and public health. Additionally, three-fourths of the par-
ticipants (n  =  27) in the summer 2022 focus groups used 
municipal water as their primary drinking source. A smaller 
number used private wells (n = 5) and springs (n = 4).  

DATA ANALYSIS

The focus group transcriptions were coded using NVivo, 
a qualitative analysis software. A coding scheme was 
developed using an emergent coding scheme.67 Under this 
approach, researchers develop a preliminary coding scheme 
consisting of main topic codes and subcodes related to the 
research questions of the study. The scheme is modified 
throughout the analysis process as new insights emerge. The 
social science members of the research team met regularly 
throughout data analysis to finalize the coding scheme. The 
coding scheme is included in Appendix B, Table B1. 

RESULTS

We present results on six key topics from the focus groups. 
Below, we discuss the top findings for each theme across the 
focus groups. Tables supporting these findings are included at 

the end of each subsection below. Responses are anonymized 
in accordance with human subjects protection policies. It is 
important to note that the community concerns documented 
in the following section reflect the views of the focus group 
attendees and may not necessarily be representative of the 
greater community. 

Changes to Water

Participants primarily discussed how the color/appear-
ance, taste, and general quality of their water have changed 
since the start of UOGD (Table 4). Specifically, participants, 
mainly in Beaver and Greene counties, noted their water 
turning black or frothy, leaving a pink film in the shower and 
toilets, and tasting bitter or like chlorine for periods of time. 
Participants, primarily in Washington County, also expressed 
a general distrust in the quality of their drinking water. The 
following quotation from a Washington County participant 
illustrates community participant-observed changes since the 
start of UOGD in the region, as well as their responses to these 
changes.

I had a little farm just south of here until about 7 years 
ago. We had well water, and I had it tested every year, 
and the well water was fine. It tasted good. It was nice 
and clear, clean. And then they started fracking, and it 
turned black. And basically, we got connected to the 
Peters Creek Sanitary Authority to get drinking water. 
And that’s what we have now at our new place. We do 
filter it through a filter every day before we drink it, but 
it tastes fine coming out of the water treatment plant. 
The well water was completely destroyed right after they 
started fracking.

— Washington County participant

Contaminants and Mechanisms

The most frequently discussed potential contaminant was 
radiation, specifically radium from the naturally occurring 
radioactive materials found in the Marcellus Shale (Table 5). 
The second most frequently discussed potential contaminant 
was synthetic chemicals, such as chemicals used in the frac-
turing process. Discussions in Beaver and Washington coun-
ties primarily centered around these possible contaminants. 
In listing these possible contaminants, participants noted the 
lack of knowledge on the composition of fracturing fluids 

Table 3. Focus Group Participant Demographics 

Summer 2022 Summer 2023a

Focus 
Group Participants Male Female

Average 
Age

Average Time 
in County 

(years) Participants Male Female
Average 

Age

Average Time 
in County 

(years)

Beaver 16 3 13 54 30.2 7 3 4 55.4 35.1

Washington 14 5 9 59.9 30.5 8 3 5 64.9 45.3

Greene 6 2 4 69.1 49.5 2 1 1 69.5 32
a Information for participants who also attended the summer 2022 focus groups.



 25

J. Baka, S. Brantley, and L. Xue et al. 

as well as the lack of radiation testing in UOGD wastewater 
management. Thus, concerns about data and knowledge gaps 
were associated with these potential contaminants. 

These contaminants were not discussed in Greene County. 
To the limited extent that contaminants were discussed, par-
ticipants identified contamination from methane migration, 
barium, and chlorine/chloramine. Notably, a well-commu-
nicated event occurred in Greene County shortly before the 
focus groups were held. In this event, a UOGD well “com-
municated” with a conventional COG well, possibly because 
of methane migration.68 Drinking water remains impaired in 
the community where the event took place.69 Greene County 
focus group participants discussed this event specifically.   

When asked to discuss possible mechanisms for water con-
tamination, participants across all three counties identified 
UOGD wastewater disposal and storage as the mechanism of 
most concern (Table 6). Across the region, a moderate number 
of impoundment ponds have been built to store wastewater. 
Additionally, water trucks emblazoned with “residual 
waste” have been a frequent sight in the region, according to 
participants. Many participants discussed the incidences of 
wastewater spills in the area. Some also questioned whether 
operators were intentionally dumping wastewater into 
streams and rivers throughout the region. 

Participants also expressed concern about potential 
“below-ground” pathways, specifically the potential for brine/
fracturing fluid migration into aquifers. To a lesser extent, 
participants also discussed “above-ground” accidents on well 
pads, such as leaks or spills. The discussions of above- and 
below-ground impacts were more prevalent in Washington 
and Greene counties, which also have a higher number of 
UOGD wells than does Beaver County. 

Focus Group Health Concerns

Participants across all three focus groups conducted 
during the summer of 2022 identified cancer as the health 
impact of most concern from possible UOGD-related water 
contamination (Table 7). Many participants discussed the 
prevalence of cancers in the region and, in many instances, 
knew a close friend or relative who had experienced cancer. 
Most questioned the relationship between UOGD and cancer 

and expressed frustration about the lack of knowledge about 
the relationship. 

Participants identified places throughout the region where 
rare cancers had been reported. One frequently discussed 
area was the Canon-McMillan school district in Washington 
County, where many adolescents had been diagnosed with 
Ewing’s sarcoma, a rare bone cancer in children.70 A second 
area was Bobtown in Greene County. The research team did 
not find documentation of cancers in Bobtown similar to 
those documented in the Canon-McMillan school district. 
However, the following quote details what participants 
relayed about Bobtown and is representative of the general 
sentiment amongst participants regarding the prevalence of 
cancers in the region: 

	 Why are supposedly rare cancers seemingly so common 
in the region? In Bobtown, we have lots of kids, unfortu-
nately, at different times who’ve had cancer, childhood 
cancers, again, and all very rare diseases, and different 
types. So, they’re, ‘Oh, you’re one in a million. You’re one 
in a million.’ But how many people can hit the power ball 
on one particular street, or one tiny community that has a 
little over 300 houses? — Greene County participant

In fact, concerns about rare cancers in the area since the 
start of UOGD motivated the University of Pittsburgh and the 
Pennsylvania Department of Health studies that examined the 
linkages between UOGD and rare cancers in the region. The 
study found that children living within 1 mile of a UOGD 
well pad were five to seven times more likely to develop 
lymphoma than children living more than 5 miles away from 
a UOGD well pad.30 

Sources of Information

When asked about the main sources of information relied 
upon to inform perspectives, participants reported that mass 
media sources, such as newspaper articles, books, and news 
reporting, citizen science projects, and information produced 
by NGOs were the three most influential sources (Table 8). 
Experiences of living in the community and/or hearing about 
the experiences of others were also mentioned, which we 
code as first- and secondhand experiences. In particular, 
many participants shared stories of witnessing what they 

Table 4. Focus Group Participant Observed Changes to Water Discussed in Summer 2022 Focus Groupsa 

Change Beaver Washington Greene Total Notes

Color/appearance 4 1 2 7 Pink, black, frothy

Taste 5 0 1 6 Chlorine, alkaline

Poor quality, nonspecific 2 6 2 5 General distrust of water quality

Other 2 1 1 4 Scarcity, fish kills

Bad smell 2 0 0 2 soil, chlorine

aNumbers refer to mentions of a topic.
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Table 5. Possible Contaminants Discussed by Focus Group  
Participants in Summer 2022 Focus Groupsa 

Contaminant Beaver Washington Greene Total

Radiation 16 14 0 30

Synthetics 6 7 0 13

Chlorine/ 
Chloramine 

9 1 1 11

Methane 3 1 1 5

Barium 0 2 1 3

Strontium 0 2 0 2
a Numbers refer to mentions of a topic.

Table 6. Possible Contamination Pathways Discussed by  
Participants in Summer 2022 Focus Groupsa 

Pathway Beaver Washington Greene Total

Waste disposal & 
storage

13 14 5 32

Below ground 3 7 5 15

Above ground 0 3 1 4
a Numbers refer to mentions of a topic.

Table 7. Focus Group Health Concerns from UOGD-Related Water 
Contamination Discussed by Participants in Summer 2022 Focus 
Groupsa 

Health Effect Beaver Washington Greene Total

Cancer 5 7 4 16

General sickness 3 3 1 7

Burning Eyes or Skin 1 3 0 4

Kidney Issues 1 2 0 3
a Numbers refer to mentions of a topic.

Table 8. Most Influential Sources of Information on UOGD, as  
Reported and Used by Participantsa 

Sources Beaver Washington Greene Total

Mass media sources 11 5 1 17

Citizen science projects 1 13 3 17

NGO information 0 9 5 14

First- and secondhand 
experiences

0 4 2 6

Government sources 0 1 2 3

Academic research 0 2 0 2

NGO = nongovernmental organization.
a Numbers refer to mentions of a topic.

believed to be illegal dumping of wastewater. 
While participants also mentioned government 
resources and academic articles, these were 
discussed far less frequently and, in the case of 
government resources, often more skeptically 
than other information sources. This knowledge 
typology is useful as it can inform future efforts 
to disseminate findings from this and related 
studies.  

Obstacles to Knowledge

Participants reported that government prac-
tices were the largest obstacle to learning more 
about the relationship between UOGD, water 
contamination, and public health (Table 9). This 
concern was the largest one noted during each 
of the focus groups. Specifically, participants 
expressed a deep lack of trust in state regulators, 
particularly the PADEP, to oversee the UOGD 
industry. In fact, participants in Washington 
and Beaver counties stated that DEP really stood 
for “Don’t Expect Protection.” Across all focus 
groups, participants believed that regulators 
were more attentive to industry needs than to 
community needs. 

Participants also discussed barriers to knowl-
edge and conflict within communities as a main 
obstacle. Communities often lack resources, 
in terms of both financing and professional 
expertise, to analyze the impacts of UOGD. 
In some instances, participants discussed the 
poor quality of the public school system as a 
long-term barrier to their knowledge. Moreover, 
tensions have emerged within communities 
about whether UOGD is good or bad for overall 
community well-being. Such tensions can 
inhibit information circulation as people start 
avoiding the topic in casual conversations with 
neighbors. Additionally, community members 
have begun feeling powerless and worn out from 
trying to raise their concerns in hopes of making 
changes to UOGD practices. 

Not surprisingly, industry practices were 
identified as a leading obstacle. Participants 
expressed a myriad of concerns. On the one 
hand, it is hard to decipher which industry 
owns which assets, given the frequent sale of 
assets, mergers, and consolidations that have 
occurred in the oil and gas industry. On the 
other hand, participants noted that the industry 
often tried to blame communities for environ-
mental degradation by claiming that community 
practices were at fault for outcomes, rather than 
the oil and gas industry. Related, the industry’s 
use of gag orders and nondisclosure agreements 
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(NDAs) was also mentioned as a specific industry practice that 
impeded knowledge. According to participants, if accidents 
occurred on private lands, landowners were forced to sign 
an NDA as part of the remediation process, which limited 
community knowledge about what was occurring in the area. 

Participants also acknowledged the challenges of figuring 
out specific connections between UOGD and environmental 
degradation. We term these challenges as “epistemic limits.” 
Participants were aware of the region’s long history of energy 
development and associated legacies of pollution. However, 
they also mentioned the lack of data, baseline, and longitudi-
nal, that would be needed to identify specific UOGD-related 
impacts, as well as the time it would take to complete an 
analysis that drew definitive conclusions. By the time such a 
process was completed, some participants noted they would 
likely be dead. They wondered if this was not the preferred 
strategy of industry and government regulators, as the follow-
ing quote illustrates.

[They] got what we needed, when [they] needed it, 
doesn’t matter, in the next 30 years, everyone can get 
sick. Some of us in this room won’t be here in 30 years, 
right? That’s what they’re hoping for. 

— Beaver County participant

What Changes Communities Would 
Like to See

Participants offered numerous inter-
linked recommendations regarding changes 
they would like to see to better under-
stand the impacts of UOGD (Table 10).  
Improved governance practices, which 
encompassed enhanced government 
accountability and stronger regulations 
to better protect communities, were the 
top recommendation across counties. 
Participants, primarily in the Beaver and 
Washington focus groups, often men-
tioned potential conflicts of interest held 
by many municipal regulators. Within 
Pennsylvania, municipalities are often 

in charge of zoning laws, which are essential to determining 
whether and where UOGD can occur within a community. 
Numerous municipal officials leased their own property 
for UOGD or had close relationships with oil and gas firms, 
according to participants. To improve government account-
ability, participants wanted such conflicts to be disclosed, at 
a minimum, or to be a factor for disqualifying such persons 
from holding office. The following quote demonstrates the 
prevailing sentiment of participants on this topic.

Have the policymakers work for the people, not the 
industry, is what we need done. We need policymakers 
to listen to what we’re saying and work for us and not 
them.

— Washington County participant

Participants called for stronger regulations to address 
these perceived deficiencies. Related to these concerns, par-
ticipants also indicated that gathering more and better data 
is important. This recommendation relates to their concerns 
about the lack of regular water testing in the region as well as 
data gaps in the types of chemicals used in the UOGD process. 

On a broader topic, participants also called for improving 
transparency, which not only entails enacting steps to address 
data gaps but also working to improve knowledge on potential 
industry influence. For example, participants in Washington 

County were skeptical of an ongoing 
study at the University of Pittsburgh 
researching the impacts of UOGD 
on public health. Participants indi-
cated that the industry has made 
significant contributions to the 
university, particularly the medical 
school, and noted that such dona-
tions could bias research generated 
by the university. Participants did 
not know the exact extent or mag-
nitude of these donations, however, 
because of a lack of transparency. 
More subtle transparency concerns 

Table 10. Participant-Recommended Changes to Better Understand UOGD Within 
Communities, Discussed by Participants in Summer 2022 Focus Groupsa

Changes Beaver Washington Greene Total

Government accountability 
& regulations

6 6 1 13

Community organizing 6 0 0 6

More and better data 0 5 1 6

Greater transparency 1 3 2 6

Other 0 1 1 2
a Numbers refer to mentions of a topic.

Table 9. Participant-Reported Obstacles to Obtaining Knowledge Regarding UOGD 
in Their Communities, Discussed by Participants in Summer 2022 Focus Groupsa 

Obstacles Beaver Washington Greene Total

Government practices 25 25 12 62

Community resources and 
conflict

21 18 7 46

Industry practices 16 17 7 40

Epistemic limits 11 14 7 32

Corruption and conflict of 
interest

11 15 2 28

Media landscape 1 0 0 1
a Numbers refer to mentions of a topic.
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were also discussed. Examples include a lack of knowledge 
about specific UOGD lease terms on private lands and who 
in the community worked in the industry or had close family 
members working in it. Doing away with the use of NDAs 
and gag orders was a recommendation offered to improve 
transparency.  

In Beaver County, participants advocated for more com-
munity organizing, which is not surprising because various 
community groups had initiated citizen science campaigns to 
begin monitoring the soon-to-be-opened Shell ethane cracker 
in the county. Some of the participants in the Beaver County 
focus group were part of these campaigns. Community orga-
nizing, from their perspectives, was essential to addressing 
many of the knowledge obstacles identified by participants. 
Participants in this focus group expressed a distrust of the 
government to protect communities from UOGD and the Shell 
petrochemical plant and felt the need to mobilize among 
themselves to address these concerns.   

DISCUSSION AND CONCLUSION

From the focus group results, we identified possible radi-
ation exposure from UOGD wastewater management as the 
key contamination source and pathway of highest public con-
cern. Participants identified cancer as the public health risk 
of highest interest. These findings informed the geoscience 
analysis presented in Chapter 3.

Participants also offered a myriad of suggestions for help-
ing to improve their own and their community’s knowledge. 
Numerous governance improvements were identified to 
improve data collection frequency and governance trans-
parency. To help improve community knowledge about the 
findings of this study and related research efforts, participants 
suggested that researchers should disseminate their findings 
in local media outlets and through local community groups, 
particularly those engaged in citizen science efforts. 

Aim 5 Task 9: Include Community Group Members and 
Focus Group Participants in the Shale Network Workshop    	
The research team also invited community group members 
and some focus group participants to attend the 2023 Shale 
Network Workshop at The Pennsylvania State University. 
Members of the study team (Shaheen and Harrington) pre-
sented preliminary findings at this workshop. Numerous offi-
cials from the PADEP were also in attendance. Additionally, 
the secretary of the PADEP was the keynote speaker for the 
workshop. He came to the workshop 2 hours early to meet 
with attendees. Our research team ensured that community 
groups and focus group participants were able to meet with 
him. We hope that this engagement opportunity helped, and 
will continue to, improve dialogue among communities, 
scientists, and government officials, which was an objective 
of Aim 5 of this study. 

Aim 5 Task 10: Draft Policy Recommendations for Facili-
tating Stakeholder Dialogue on Contentious Environmental 
Science Topics	 Based on the focus groups, we developed 

the following policy recommendations to facilitate stake-
holder dialogue on contentious environmental topics. First, it 
is important to engage communities throughout the process. 
This engagement should begin before a facility is permitted 
and extend through its decommissioning. Establishing regu-
lar processes of community engagement will help to gather 
timely feedback throughout a process and, if needed, change 
processes to address community concerns.

Second, government officials should improve engagement 
using the communication channels identified in this study 
to inform communities of UOGD developments. Presently, 
notices of permit applications, public hearings, and public 
comment periods are published in the Pennsylvania Bulletin, 
a weekly digest of government actions similar to the Congres-
sional Record, and in select local media outlets. The Bulletin 
is somewhat difficult to understand as public notices are pub-
lished alongside all regulatory actions taken by government 
agencies. The choice of local media outlets for publishing 
notices is at the discretion of the government agency. While 
our study finds that local media is an important source of 
news, government agencies can also engage local NGOs and 
citizen science efforts to foster community dialogue. 

Third, regulators should strive to improve transparency in 
UOGD governance processes. Transparency should include 
disclosing what a process such as UOGD entails, its potential 
risks, and the limits of knowledge related to the process. To 
the extent regulatory gaps/limitations exist, they should also 
be disclosed. Being more upfront about what is known and 
unknown about UOGD, as well as the government’s regula-
tory capacities, can help to build credibility and trust within 
communities.

Fourth, regulators should investigate taking a systems 
approach to permitting and environmental impact analysis. 
Currently, infrastructure is permitted as if it were a stand-
alone entity, even though energy systems often comprise 
multiple infrastructures located close to each other. Permit-
ting processes tend to overlook this proximity, however. A 
better understanding of whether and how proximity increases 
environmental risks will greatly enhance community aware-
ness and potentially build trust as well. The results of our 
geospatial analysis (Chapter 3) emphasize this need because 
the small number of statistically significant increases in 
[Ba] and [Sr] concentrations were located in areas of greater 
proximity to and density of UOG wells. Therefore, locating a 
particular permit within the broader industrial ecosystem in 
which it will operate is important for improving community 
knowledge and facilitating effective risk management and 
preparation.    

Fifth, environmental regulators should take seriously 
community concerns about the unevenness of environmental 
monitoring and take concrete steps to address data gaps, ide-
ally by implementing consistent and continual environmental 
monitoring. In the case of UOGD, regular testing for radioac-
tive species in water resources would be a high priority. 
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CHAPTER 5: SYNTHESIS, 
INTERPRETATION, AND IMPLICATIONS 

OF FINDINGS

The information gathered from the focus groups suggests 
that communities in SW PA are most concerned about poten-
tial radiation exposure from leaks resulting from wastewater 
management. This finding informed the geoscientific analysis 
by highlighting wastewater management as a possible key 
pathway of contamination. Although the water sampling data 
did not report widespread testing for radioactive species, 
our observations using widely analyzed species present in 
UOGD wastewater (Cl, Ba, Sr) and ratio analysis provide some 
insight into the extent to which radioactive species and other 
hazardous species may be present in SW PA groundwater. 

We utilized geostatistical techniques to isolate the impacts 
of UOGD on groundwater from other land use practices and 
geological features in SW PA. We found statistically signifi-
cant increases in salts, specifically barium [Ba] and strontium 
[Sr], associated with UOGD wastewater spills or leaks from 
impoundments in a small number of hotspot regions in SW 
PA. When we evaluated groundwater data as a regional data-
set, we observed very slight regional increases in Ba and Sr in 
groundwater near UOGD. Our interpretation of these data sug-
gests that regional trends are explained by large spills or leaks 
of briny wastewaters from impoundments at a few specific 
locations. Other analytes, such as sodium and chloride, show 
some evidence for similar effects, but interpretation of those 
data is confounded by the large number of other geogenic and 
anthropogenic sources. Our conclusion that groundwater is 
becoming slightly salinized near UOGD in the largest shale 
gas play in the United States is corroborated and amplified 
by an earlier finding that surface waters in the country are 
also becoming slightly salinized near UOGD.70 We note that 
the magnitude of salinization of surface waters is smaller 
than that of groundwaters, corroborating the hypothesis that 
spillage or leakage on well pads or from impoundments is the 
ultimate cause of the slight salinization in both above- and 
below-ground waters. 

Elevated salt concentrations in groundwater are evident 
in both SW and NE PA, despite the different land use his-
tories in these regions. We employed fixed-effects models 
to detrend the effects of hydrological flow patterns in the 
northeast, allowing us to observe the slight increases in salt 
concentrations. After detrending, the effects mirrored those in 
the southwest. Consequently, we conclude that groundwater 
across the entire northern Appalachian shale play in Penn-
sylvania is slightly salinized. This salinization is detectable 
and attributable to UOGD, even in areas with a strong legacy 
of hydrocarbon extraction, such as COGD and coal mining. 
In this report, we did not focus on methane contamination 
in groundwater because it was not a focus of this HEI-
funded research. However, our previously published paper 
documented research showing the frequency of methane 

contamination in SW PA appears to be lower than that found 
in NE PA. It may seem surprising that the relative incidence of 
methane contamination of groundwater from UOGD is lower 
in SW PA compared with NE PA.11 After detrending for back-
ground effects, however, the relative incidence of brine con-
tamination is roughly similar in the two locations. The lower 
rate of methane contamination in SW PA could be attributed 
to the greater intensity of COGD, which has depleted natural 
gas at intermediate depths in SW PA more extensively than 
in NE PA.11,71 On the other hand, brine spills have occurred 
throughout the shale gas play, as they do worldwide; we infer 
that this widespread occurrence helps to explain the very 
small salinization effect observed from UOGD. 

These findings align with community concerns regarding 
UOGD wastewater management being the contamination 
pathway of highest concern. The increases in [Ba] and [Sr] we 
identified are not high enough to cause adverse health effects: 
Even at the highest density of UOGD in the shale play, the 
average increases in [Ba] and [Sr] are at least 85% smaller 
than the concentration levels recommended by the EPA for 
drinking water: 2,000 µg/L for [Ba] and 4,000 µg/L for [Sr]. 
(See Table 2. Note that the Ba value is a regulatory value [i.e., 
primary MCL], whereas Sr is not regulated, and the value 
cited is an EPA health advisory level for lifetime exposure.)

Although the major salt species sometimes exceed EPA’s 
secondary drinking water standards in the SW PA dataset 
(Table A1), our calculations do not suggest these high con-
centrations derive from UOGD-related activities. Even in 
hotspots, [Cl] is not expected to be more than 20% of the 
EPA MCL.11 However, other hazardous species, such as heavy 
metals present in UOGD wastewaters, could be problematic 
in highly impacted water supplies because some of these 
metals pose a larger health risk at lower concentrations. We 
could not directly assess this issue because a few samples in 
the dataset were directly analyzed for (or indicated concentra-
tions above) the reporting limit for trace elements of concern 
(e.g., thallium, arsenic, cadmium, or radium). In some cases, 
the reporting limits for these species were high enough that 
concentrations were only reportable at levels where they 
already pose a risk to human health. We therefore examined 
the regional relationships between concentrations included 
in the USGS Produced Water database and those for [Ba] or 
[Sr]. If mixing of brine and freshwater occurred, and the mass 
ratios of [X] to [Ba] or [Sr] (where X is one of the species mea-
sured in produced waters) remained constant at the median 
value for Pennsylvania brine in the Produced Water database, 
then these four potentially hazardous species (thallium, 
arsenic, cadmium,  radium) would still not exceed EPA limits 
according to the increases in [Ba] and [Sr] we quantified. We 
therefore do not expect widespread regional human health 
threats from heavy metals or radioactive species in ground-
water caused by salinization during UOGD. 

Because the regional concentrations are highly affected by 
contamination incidents localized in hotspots, however, we 
also assessed concentrations of trace elements in a few sites. 
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Shaheen and colleagues (2022)11 detected increases in [Cl] 
per UOG well that were more than 10 times greater in some 
geospatially identified hotspots in SW PA than have been 
calculated regionwide. Within certain hotspots, the increase 
in [Cl] per UOG well was high enough that concentrations 
of thallium could exceed EPA limits in those hotspots, and 
concentrations of arsenic, cadmium, and beryllium could be 
greater than 75% of EPA limits in at least one hotspot, given 
their respective average ratios relative to [Cl] in produced 
water. This observation might be attributed to dilution ratios 
of 0.2% to 0.5% (average produced water in Pennsylvania 
ratioed to freshwater), which could result in concentrations 
of thallium, arsenic, cadmium, and radium that exceed EPA 
limits for drinking water. Our calculations for radium are 
new with this work and are a direct result of the concerns we 
learned about by talking to the community (see Chapter 4). 
Many assumptions go into the calculation, of course, includ-
ing the observation that radium concentrations in produced 
waters in Pennsylvania are variable.72

Additionally, salinization of groundwater via wastewater 
leaks on well pads could produce secondary changes to water 
chemistry that have their own health risks. For example, 
many hazardous species are naturally present in aquifers 
but do not pose a consumption risk, as they sorb to aquifer 
materials rather than remain in solution. However, alterations 
to the redox composition or ionic strength of groundwater 
can mobilize these species. For example, groundwater can 
increase in radium concentration as Na ions exchange with 
sorbed radium, and high arsenic concentrations in Appa-
lachian Basin groundwater may result from low sorption 
capacity.73,74 As such, the release of wastewater brines, which 
are characterized by high ionic strengths, could spur further 
mobilization of toxic species due to cation exchange. How-
ever, such changes are difficult to predict or model without 
intensive information on aquifer properties.

Human health is most likely to be affected by salinization 
or associated high concentrations of metals in areas where 
large spills or leaks of brines have been recorded, particularly 
near well pads or impoundments. Once brine enters bedrock, 
decontamination is slow and difficult. If remediation only 
removes soil in a given spill locality, contamination into 
groundwater could be ongoing. Future water sampling should 
be conducted in the hotspot areas identified in this report, 
including near spills, leaks, and impoundments, to test for 
measurable contamination. Such sampling should test for salt 
species and other potentially hazardous species, particularly 
those associated with produced waters such as radium, thal-
lium, cadmium, and arsenic. 
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The 2-year study, “Using Geoscientific Analysis and Community Engage-
ment to Analyze Exposures to Potential Groundwater Contamination Re-
lated to Hydrocarbon Extraction in Southwestern Pennsylvania,” began in 
January 2022. Total expenditures were $636,753. The draft Investigators’ 
Report was received for review in November 2023. A revised report was re-
ceived in May 2024. A second revised report, received in September 2024, 
was accepted for publication in January 2025.

During the review process, the HEI Energy Review Committee and the in-
vestigators had the opportunity to exchange comments and clarify issues in 
both the Investigators’ Report and the Review Committee’s Commentary. 
This Commentary has not been reviewed by public or private party insti-
tutions, including those that support HEI Energy, and may not reflect the 
views of these parties; thus, no endorsements by them should be inferred.

*Co-principal investigators.

INTRODUCTION

The advent of high-volume and multistage hydraulic frac-
turing, combined with horizontal drilling in the early 2000s, 
has led to a substantial increase in onshore oil and natural gas 
development in the United States. This increase in the rate 
and scale of energy development now includes longer periods 
of development, with more materials being brought to and 
from larger well pads and more solid and liquid waste being 
generated on-site to be managed. This rapid expansion has 
created additional instances for potential human exposure 
to chemical and nonchemical stressors and has generated 
concerns about their effect on human health.

This newer form of oil and gas production, often referred 
to as unconventional oil and gas development (UOGD†), 
allows operators to access oil and gas in sandstone or shale 
formations. While UOGD has expanded into new areas, it is 
often co-located in areas with a history of extractive energy 
practices, such as conventional oil and gas development 
(COGD) or coal mining. A challenge to understanding expo-
sure to UOGD, specifically in areas of legacy energy develop-
ment, is that many of the potential contaminants of concern 
are the same.

As described in the Preface to this report, in 2020, HEI 
Energy issued a Request for Applications, RFA E20-2: Com-
munity Exposures Associated with Unconventional Oil and 
Natural Gas Development to fund research that would assess 
community exposures to chemicals in surface or groundwater 
originating from UOGD. This RFA solicited applications 
that would help determine the UOGD processes that have 
led or may lead to releases to water and identify and define 
the influence of various factors (e.g., varying geology) on 
exposures. The proposed research would engage local com-

munities and should be able to maximize the generalizability 
of the research and inform decision-making, and, to the extent 
practicable, be able to distinguish potential UOGD exposures 
from other COGD and any other background sources.

In response to the RFA, Baka, Brantley, and Xue of The 
Pennsylvania State University submitted an application entitled 
“Using Geoscientific Analysis and Community Engagement to 
Analyze Exposures to Potential Groundwater Contamination 
Related to Hydrocarbon Extraction in Southwestern Pennsylva-
nia.” They proposed using a database of existing groundwater 
samples to investigate whether they could distinguish the 
chemical constituents associated with UOGD from legacy 
hydrocarbon development.

The investigators would use statistical analyses and 
machine learning to identify links between various potential 
sources and water contamination. Additionally, the team 
proposed hosting focus groups to elicit community concerns 
regarding UOGD, water contamination, and public health to 
inform their assessment of potential community exposures 
associated with UOGD. HEI’s Energy Research Committee rec-
ommended funding their proposed study because it included 
a source apportionment approach that could be used in other 
regions, and they believed their community engagement plan 
brought value to the project and could inform decision-mak-
ing.

This Commentary provides the HEI Energy Review Com-
mittee’s independent evaluation of the study. It is intended to 
aid the sponsors of HEI Energy and the public by highlighting 
both the strengths and limitations of the study and by plac-
ing the results presented in the Investigators’ Report into a 
broader scientific and regulatory context.

SCIENTIFIC AND REGULATORY BACKGROUND

The technological advances that have allowed for 
expanded oil and natural gas development from unconven-
tional formations, such as low-permeability sandstone and 
shale, have caused the scale of UOGD to grow overall and 
at each process level. UOGD processes occur on and off the 
drilling site or well pad.

The life cycle of UOGD starts with field development and 
includes vertical and horizontal drilling and hydraulic frac-
turing. High-volume, multistage hydraulic fracturing along 
lengthy horizontal wells — often exceeding two or more miles 
— injects millions of gallons of water and chemicals that are 
sometimes proprietary mixtures, under high pressures, into 

https://www.heienergy.org/funding-opportunities/rfa/e20-1-e20-2


Commentary on Investigators’ Report by J. Baka, S. Brantley, and L. Xue et al.

 38

HEI
tight formations to release oil or natural gas. This mixture 
of water and anthropogenic chemicals, along with naturally 
occurring compounds (such as arsenic or petroleum hydro-
carbons), is returned to the surface during flowback. Oil and 
gas wastewater, known as produced water, is generated at the 
onset of the production phase and continues to be generated 
over the life. Production involves the extraction, gathering, and 
processing of oil and gas, and the continued management of 
produced water and other materials. Post-production processes 
close the well and reclaim the land around the development.

UOGD*-related chemical releases to surface or ground-
water can result from authorized or accidental discharges to 
the environment. Examples of authorized releases include 
permitted discharge of produced water to surface water or 
for applications outside the oil and gas production site (e.g., 
road treatments for dust or ice). While protections have been 
put in place to prevent unintentional chemical releases to 
groundwater and surface water, releases can occur due to 
wellbore failures, malfunctioning equipment, or other acci-
dental conditions.1

Research on changes in surface water or groundwater qual-
ity from accidental UOGD releases is challenging, given the 
practical limits on knowing when and where such releases 
might occur. Once a release to surface water is known to 
have occurred, researchers may be able to detect associated 
impacts.2 Accidental releases to the soil and groundwater 
pose a much greater challenge than releases to surface water. 
They typically require substantial effort and resources to 
determine the extent and severity of impacts on groundwater 
quality, as well as the conditions that influence the mobility 
of contaminants in the subsurface environment.

The rapid expansion of UOGD has given rise to concerns 
about effects on human health through the potential contam-
ination of drinking water sources, particularly given the high 
volumes of water and chemicals used to fracture a well and 
the resulting wastewater. This concern is particularly acute 
in rural areas where many residents get their water from 
private wells. Private water wells are not monitored except 
by the owners. A review by the US EPA3 did not identify 
extensive contamination of water related to UOGD but cited 
instances where contamination has occurred. Current evi-
dence indicates that people can be exposed to chemicals in 

produced water released from UOGD processes, but there are  
important gaps in knowledge about these exposures that must 
be addressed to better understand potential impacts on health.

One of the major challenges to understanding or quantifying 
potential human exposures to UOGD through water contam-
ination is distinguishing UOGD-related exposures from other 
geogenic or anthropogenic sources of the same chemicals 
in environmental media. In particular, many UOGD basins 
overlap with ongoing or historical COGD or coal extraction. 
Furthermore, many of the contaminants associated with leaks 
of oil and natural gas are either naturally occurring or have 
other potential sources. The chemicals used for drilling and 
in hydraulic fracturing fluid are often not naturally occurring; 
however, incidents and evidence of contamination by these 
chemicals are rare.4 Because produced water is highly saline, 
contamination from produced water can be inferred through 
increased concentrations of salt species. For example, 
barium and strontium have been used previously as tracers 
for produced water released into the environment.4 While a 
subset of water quality studies has used isotopic tracers and 
other markers associated with UOGD to isolate its effects 
from those of other sources, this type of fingerprinting is not 
typically conducted outside of specialized labs or for research 
purposes.5

The quantity of data on levels of UOGD-related chemicals 
in the environment continues to increase, along with efforts 
to use the data to quantify human exposure. The current study 
was designed to investigate trace contaminants from UOGD 
activity by using an ever-growing dataset of groundwater 
chemistry to find signatures of contamination from UOGD 
activities that distinguish the contamination from natural 
sources or other anthropogenic activities.

STUDY OBJECTIVES AND OVERALL STUDY 
DESIGN

The overarching objective of the study was to assess the 
impact of UOGD on groundwater resources and whether any 
such impact is exacerbated in shale gas basins where legacy 
forms of hydrocarbon extraction are prevalent. The investiga-
tors additionally used community perspectives to inform the 
geochemical analysis. They sought to explore five hypotheses:

1.	 The same potential drinking water contaminants from 
UOGD activities in a hydrocarbon-rich basin may also 
come from natural processes, COGD, coal extraction, or 
other land use activities.

2.	 Groundwater contamination from UOGD can be distin-
guished from other sources, even in areas with a heavy 
overlap of land use activities.

3.	 Co-located extractive processes, such as COGD, coal min-
ing, and UOGD, are more likely to cause water contami-
nation than when there is only one type of hydrocarbon 
exploitation.

*UOGD refers to the development and production of oil and natural gas as 
practiced starting around the beginning of the 21st century through multi-
stage hydraulic fracturing in horizontal wells. UOGD processes occur on 
and off the well pad and include the following:

•	 Field development: exploration, site preparation, vertical and horizontal 
drilling, well completion (casing and cementing, perforating, acidizing, 
hydraulic fracturing, flowback, and well testing) in preparation for produc-
tion, and management of wastes

•	 Production operations: extraction, gathering, processing, and field com-
pression of gas; extraction and processing of oil and natural gas conden-
sates; management of produced water and wastes; and construction and 
operation of field production facilities

•	 Post-production: well closure and land reclamation
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4.	 Communities may have different perceptions of risk 

related to UOGD water contamination than what may be 
identified through scientific analyses.

5.	 Gaps in community perceptions and scientific analyses 
can be reduced through facilitating multistakeholder dia-
logue and, when possible, through studies of contaminants 
emphasized by the public.

To explore these hypotheses, the investigators used a 
combination of quantitative and qualitative approaches that 
were broken into five specific aims. Briefly, they developed 

a technique to first estimate naturally occurring (i.e., back-
ground) groundwater chemistry in southwestern Pennsyl-
vania in areas of multiple land uses, including UOGD, and 
second to assess groundwater signatures for different land 
uses and geologies (Aim 1) using data mining methods on a 
large dataset of groundwater data. The groundwater dataset 
had greater than 28,000 samples, which they used to isolate 
the influences of naturally occurring processes versus UOGD 
or legacy processes, including COGD and coal mining (Aim 2, 
Commentary Figure 1).

During the study, the team held 
six community focus groups in three 
counties of the study region to identify 
community concerns in areas of multi-
ple types of hydrocarbon exploitation. 
They used these concerns to interpret 
preliminary findings and to determine 
the contaminants of most concern for 
both scientists and the public (Aim 3). 
The team then developed a methodology 
to map locations of potential UOGD 
water contamination in areas of over-
lapping land use (Aim 4). Finally, they 
used the focus group meetings to create 
a dialogue between communities and 
scientists and identified ways to reduce 
gaps between public perceptions and 
scientific findings (Aim 5).

SUMMARY OF METHODS AND 
STUDY DESIGN

The team focused on southwestern 
Pennsylvania, as this part of the United 
States has one of the highest densities 
of unconventional wells in the world 
and over a century of energy extraction 
history, making it an area of co-located 
UOGD, conventional development, and 
coal mining. However, in exploring 
these methods and to better understand 
their findings, the team also considered 
northeastern Pennsylvania, which has a 
high incidence of UOGD but little history 
of hydrocarbon extraction (Commentary 
Figure 1).

GEOCHEMICAL DATA

The investigators applied quantita-
tive geochemical and statistical analyses 
to an existing groundwater database to 
estimate background groundwater chem-
istry, look for evidence of groundwater 
impacts from different hydrocarbon 
extraction activities, and map locations 

Commentary Figure 1. Top: Map of UOG wells (dark blue), COG wells (light blue), and 
coal mining areas (gray) in PA. Counties included in the study are highlighted in red. 
Bottom: Locations of the 28,609 sampled groundwaters indicated on a map showing the 
average density of UOG wells within a 5-km radius in Pennsylvania. (Source: Reprinted 
from Shaheen et al. 2024; Creative Commons license CC BY-NC-ND 4.0.6,7)

https://pubs.acs.org/doi/10.1021/acs.est.4c03371
https://creativecommons.org/licenses/by-nc-nd/4.0/
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of potential groundwater contamination from UOGD specif-
ically.

The investigators used the Shale Network Database,8 
which includes groundwater analyses from the Marcellus 
Shale in Pennsylvania, as the groundwater chemistry data-
base. These data were provided to co-PI Brantley based on an 
agreement with the Pennsylvania Department of Environmen-
tal Protection (PADEP), which is the regulator of UOGD in 
Pennsylvania. This dataset is continually growing, and at the 
time of the study, it included 28,609 groundwater analyses 
collected between April 2008 and April 2020. Approximately 
7,000 of these analyses were from samples in the study area of 
southwestern Pennsylvania (Commentary Figure 1).

The database contains groundwater samples collected by 
professional hydrogeologists using standard practice, typi-
cally as established by the United States Geological Survey. 
The analyses are conducted by accredited commercial lab-
oratories using EPA-approved techniques. By necessity, the 
number of chemicals that can be tested for in each sample is 
limited; therefore, the variable suite of hydraulic fracturing 
or drilling compounds is typically not included in chemical 
sample analyte lists.

The analytes in the database include volatile constituents 
of oil and natural gas (methane, ethane, propane), organic com-
pounds found in petroleum hydrocarbons (benzene, toluene, 
ethylbenzene, oil and grease), indicators of hydraulic fractur-
ing or drilling fluids (methylene blue active substances), and 
inorganic species (e.g., total dissolved solids, alkalinity, iron, 
and arsenic). The team focused on the six analytes that were 
most reported in the database for every site: sodium, calcium, 
chloride, barium, strontium, and sulfate.

Samples were collected from known or potential drinking 
water sources near proposed well sites and analyzed with 
funding from the oil and gas development companies to gener-
ate data to be used in potential legal disputes over water quality 
impacts. Given the reason for these sampling events, there was 
typically little to no repeat sampling of water sources.

In addition to the Shale Network database, the team col-
lected relevant UOGD-related information, including when 
and where the wells were placed, any violation data (well 
casing or cementing violations, spills or leaks, or impound-
ment violations), location of wastewater impoundments,* and 
waste reports, as well as information on geological and surface 
water features. These data were used in conjunction with the 
Shale Network groundwater quality data, described above, to 
perform geochemical analyses.

AIM 1. GROUNDWATER CHEMISTRY

In Aim 1, the team first sought to develop a technique to 
estimate natural background groundwater chemistry in an 
area of multiple land uses. The team used the commercially 

available computer code, the Geochemist’s Workbench, which 
is a geochemical equilibrium-solving model to understand 
background water chemistry, based on reactions of local rain 
with local bedrock systems.

Next, the team assessed groundwater signatures for 
different land uses and geologies. The land uses defined by 
the investigators were UOGD, COGD, coal mining, and com-
binations of one or more of these uses, using the groundwater 
database. Additionally, the team considered control sites, 
which had measured groundwater samples taken within  
1 mile of areas with no prior hydrocarbon extraction.

They used nonparametric statistical tests (Wilcox-
on-Mann-Whitney and Brunner-Munzel) to compare the 
median values of concentrations of sodium, calcium, chloride, 
barium, strontium, and sulfate in groundwater for the seven 
permutations of land uses or control sites. These inorganic 
chemicals were chosen because they were the most reported 
analytes in the database.

Both the Bruner-Munzel and Wilcox-Mann are based on 
assumptions of sample independence. To test for spatial 
correlation, the researchers used Moran’s I, which is an 
assessment used to test if the data cluster. In this assessment, 
they used ArcGIS Pro’s defaults to determine the distance 
threshold of 14,400 m.

Although all six anion and cation salt species (sodium, cal-
cium, chloride, barium, strontium, and sulfate) were analyzed 
with respect to land use, a subset of analytes, barium and 
strontium, which have been used as UOGD tracers by others, 
were evaluated using regression and fixed-effects modeling to 
estimate average increases in their concentrations for a given 
increase in UOG well density, spill density, UOG well dis-
tance, and spill distance for different regions in Pennsylvania 
or statewide.

Using barium and strontium, the researchers examined 
the effect of other potential variables that may contribute 
to measurable impacts on water quality. These fixed-effects 
variables were proximity to conventional oil and gas wells, 
coal mining, highways, and streams; seasonality; and primary 
bedrock composition and geological features. Collectively, 
these variables describe other known saline impacts to 
groundwater through the presence or absence of legacy 
hydrocarbon development, road salting, natural pathways for 
deep fluids to migrate up into aquifers, or topographic lows 
where brines can also infiltrate into aquifers. Here, a “brine” 
refers to naturally occurring water that is brackish or more 
saline.

Finally, the team examined potential sources of UOGD-re-
lated contamination, including casing or cementing viola-
tions, impoundment violations, and reported spills. These 
violations were all reported to PADEP. Spill violations were 
only included in the analysis if they were associated with a 
well pad.

*In the context of UOGD development, an impoundment is a structure used 
to store wastes, including produced water, drilling fluids, or drilling muds.
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Therefore, any spills that occurred off-site and were 

associated with transportation or disposal were not included. 
The locations of impoundments were identified from satellite 
imagery in a 2010 survey based on the United States Depart-
ment of Agriculture aerial survey photography. Additionally, 
in 2014, eight impoundments were ordered by PADEP to be 
shut down to upgrade their liners and leak detection sys-
tems. Leaks from the impoundments were suspected due to 
increased chloride concentrations downgradient.

AIM 2. EVIDENCE OF UOGD AND OTHER LEGACY 
HYDROCARBON EXTRACTION CONTAMINATION

To further distinguish evidence of UOGD from legacy 
hydrocarbon development, the researchers built off the sig-
natures for different land uses (Aim 1) and used a previously 
developed machine learning approach6 of non-negative 
matrix factorization (NMF) to determine chemical signatures 
of groundwater in Pennsylvania associated with various 
sources of brine. NMF can be used to look for patterns in 
data. Here, the team used NMF to identify the proportions 
of each endmember, meaning the representative chemistry, 
in groundwater samples in the Shale Gas Network database 
and explore the sources of chloride based on the molar ratios 
of major cations and anions (barium, calcium, magnesium, 
sodium, and sulfate) as a line of evidence for UOGD. 

AIM 3. IDENTIFY CONTAMINANTS OF BOTH 
SCIENTIFIC AND PUBLIC CONCERN

The investigators identified analytes associated with activ-
ities related to UOGD in different regions of Pennsylvania 
and across the entire state. They also hosted focus groups 
to engage with community groups in the study areas and 
learn their concerns regarding UOGD, water contamination, 
and public health. The contaminants identified by the focus 
groups were compared to the analytes identified in the 
groundwater database for any potential overlap. Community 
concerns were considered in completing the assessment of 
potential community exposures associated with UOGD. This 
aim is also discussed in the sections on Community Focus 
Groups (Aim 5).

AIM 4. HOTSPOT MAPPING

To develop a map of potential hotspots, the research team 
combined their statistical analysis on background chemistry 
with their findings from NMF and a sliding windows tech-
nique to isolate the influences of natural and anthropogenic 
processes on groundwater chemistry and to infer instances 
of specific UOGD activities on water contamination. Like 
their findings from NMF, the sliding windows technique was 
developed in previously published work and supported by 
alternative funding.6 Briefly, the team used the sliding window 
geospatial technique9 to identify 5×5-km grids or “windows” 
across the study area that were significantly correlated with 
UOGD. These grids were stepped across the area in 200-m 
increments. Within each grid, the team calculated the Kendall 
rank correlation between the concentration of chloride and 

either the distance to the nearest UOG well or the density of 
UOG wells within 1 km of the sample location. If a significant 
relationship was identified, the window was assigned a value 
of 1 or –1, indicating a positive or negative relationship.

The chloride concentrations measured in groundwater and 
their potential linkages with UOGD were further refined using 
the findings from NMF, which were able to identify the likely 
sources of chloride based on the molar ratios of the six major 
cations and anions.

AIMS 3 AND 5. COMMUNITY FOCUS GROUPS

The investigators conducted two meetings in three coun-
ties in southwestern Pennsylvania for a total of six meetings 
with the objectives to first gather community input on the 
relationship between UOGD, water contamination and public 
health (Aim 3), and second to share preliminary findings 
and to continue gathering information on any concerns that 
may have changed since the initial meeting (Aim 5). These 
participants were recruited by reaching out to different orga-
nizations within the study areas and asking them to recruit 
participants through their various networks via email and 
phone banking. The investigators make the important note 
that the community concerns, observations, and opinions 
included in their report reflect the views of the focus group 
attendees and are not necessarily representative of the greater 
community. Participants from the first meetings were invited 
to join in the second meetings.

During these meetings, the participants were asked ques-
tions related to observed changes in their water since the 
onset of UOGD in their community; any perceived health 
impacts; sources of information; obstacles to understanding 
the relationship between UOGD, drinking water, and health; 
and recommended changes improving community knowledge.

AIM 5. FACILITATE A DIALOGUE BETWEEN 
SCIENTISTS AND COMMUNITY

To facilitate dialogue between communities and scientists 
to reduce gaps between public perceptions and scientific find-
ings, a second meeting was held to share preliminary findings 
from this study. Additionally, the community group members 
and focus group participants were invited to participate in the 
2023 Shale Network Workshop, which was well attended by 
PADEP employees. From these conversations, the researchers 
developed policy recommendations for facilitating stake-
holder dialogue on contentious environmental topics.

SUMMARY OF KEY RESULTS

AIM 1. BACKGROUND CHEMISTRY

Hydrocarbon-Related Land Use Patterns

A comparison of median water chemistry based on land 
use areas revealed significant differences (P value < 0.05) 
in analyte species relative to control sites, based on types of 
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energy development and how those uses overlapped. While 
the study area was primarily southwestern Pennsylvania, the 
team additionally examined other areas in Pennsylvania to 
better understand the observed patterns and land-use correla-
tions. The following relationships emerged.

Median strontium concentrations were higher for sites 
that included UOGD or coal mining. The team notes that 
acid mine drainage associated with coal mining can dissolve 
carbonate minerals and release strontium. Barium concentra-
tions were higher for sites with UOGD and UOGD co-located 
with conventional development. This increase was not seen 
for sites that included coal mining, again due to acid mine 
drainage, which can lead to sulfate levels that can cause the 
precipitation of barium out of solution as barite (BaSO4).

Produced waters are often highly saline, particularly in 
the Marcellus shale region. However, sodium concentrations 
are not significantly elevated within areas of hydrocarbon 
development. The researchers surmise that this is likely 
due to other geogenic and anthropogenic sources of sodium, 
including road salting, concluding that sodium is not a 
reliable indicator of groundwater impacts from UOGD in this 
area. Additionally, sulfate did not consistently show signif-
icant increases with UOGD. Median calcium concentrations 
were higher than the control sites for all permutations of land 
development, which did not allow the team to use calcium 
concentrations to differentiate between any of the land uses. 
Median chloride concentrations were significantly higher for 
all land uses that included UOGD. However, using chloride 
as a UOGD-indicator species suffers from the same challenge 
as using sodium in that chloride contamination can also arise 
through road salting.

Collectively, these patterns led the research team to con-
clude that the groundwater chemistry signatures for barium 
and strontium were the best and clearest indicators of poten-
tial UOGD impacts. Therefore, these two species became the 
focus of their analysis while also using chloride concentra-
tions as an additional line of evidence, where appropriate. 
A table summarizing these correlations can be found in 
Appendix A, Table A2 (available on the HEI Energy website).

It should be noted that after applying Moran’s I to the 
groundwater chemistry data to test for sample independence, 
the research team reported a small degree of positive spatial 
autocorrelation, meaning that similar concentrations of these 
elements are somewhat clustered together in space. They did 
not explore the effects of this autocorrelation.

Proximity to UOGD

Overall, the team noted small but statistically significant 
increases in both barium and strontium concentrations near 
UOGD, particularly in the regions of Pennsylvania where 
UOGD overlaps with legacy hydrocarbon extraction. Using a 
regression analysis, the team found that barium and strontium 
were significantly higher within 1 km of UOGD than beyond 1 
km. Additionally, the concentrations of barium and strontium 

showed a small but significant increase with a higher density 
of wells within 1 km of the water sample location.

The team also examined the effects of elevation on the 
relationships between barium and strontium concentrations 
and UOGD well proximity and density, which were not con-
sidered in their initial calculations. Hydrological processes 
are usually topologically driven, meaning that water flows 
down gradient even in the subsurface. By considering only 
higher elevation UOGD wells in their regression analysis, the 
team observed a larger regression coefficient and higher con-
fidence values, showing a strengthened positive correlation 
between barium and strontium concentrations and UOGD 
well proximity and density.

Subregions in Pennsylvania

While both the northeast and southwest of Pennsylvania 
have a high density of UOGD, they have differences in other 
land uses and geology. The northeastern area of the state has 
much less coal mining or COGD; it is also characterized by 
higher topographic relief and a higher prevalence of large 
faults. This makes it a useful area to compare to the primary 
study area of southwestern Pennsylvania to better understand 
some of the correlations that were observed by the team. For 
example, the team was able to identify an increase in barium 
and strontium concentrations associated with UOGD well 
density in southwestern but not northeastern Pennsylvania.

Some of the geological features that are more prevalent in 
northeastern Pennsylvania are associated with natural brine 
migration, and proximity to these features corresponded to 
higher concentrations of barium and strontium. Fixed-effects 
models that considered geological sources of salt species, as 
well as proximity to other anthropogenic sources (conven-
tional development, coal mining, or road salt from highways), 
allowed the research team to account for some overlapping 
sources. They concluded that, overall, the two regions showed 
positive correlations between salt concentrations and UOGD, 
but the geological features of northeastern Pennsylvania may 
obscure some of these effects (Appendix A, Table A7).

AIM 2. EVIDENCE OF UOGD AND OTHER LEGACY 
HYDROCARBON EXTRACTION CONTAMINATION

To identify the characteristics of brine salt species that 
co-occur with chloride, the investigators used NMF to delin-
eate the sources of different prominent chemistries. They 
were able to identify the signatures of Appalachian Basin 
brines (i.e., similar to Marcellus-produced water), meteoric 
recharge (precipitation and infiltration), and road salt. Based 
on their analysis, 29% of the chloride present in southwest-
ern Pennsylvania groundwater sampled in this study is from 
Appalachian Basin brine, which they conclude reflects brines 
that are naturally present in groundwater. However, using 
this method, the team was able to identify potential contam-
ination hotspots in areas proximate to UOGD, high-density 
UOGD areas, spills, and impoundments based on hydrocar-
bon-related land use patterns identified previously.
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AIM 3. CONTAMINANTS OF BOTH SCIENTIFIC AND 
PUBLIC CONCERN

The focus groups indicated that communities in south-
western Pennsylvania were most concerned about potential 
radiation exposure from wastewater that spilled or leaked 
at the surface. They expressed frustration about not under-
standing if there was a relationship between UOGD and 
cancer. There has not been extensive testing for radioactive 
or other hazardous trace elements in the samples collected 
for the Shale Network database. Furthermore, in some cases, 
the method detection limits for some constituents of concern 
were above health-based risk guidance values, meaning it is 
impossible to know if those constituents were present at lev-
els that may be harmful. To ascertain potential concentrations 
of these trace elements (e.g., thallium, arsenic, cadmium, or 
radium), the researchers performed a ratio analysis based on 
relationships of analytes in regionally 
produced water. While not directly 
observed, this analysis offers some 
insight into the potential presence of 
hazardous trace elements.

Assuming that the chloride to thal-
lium ratio in produced water would 
be preserved regionally, the team 
identified certain hotspots where 
thallium might exceed EPA limits 
based on the high UOGD-attributable 
chloride concentrations. The other 
trace elements were calculated to 
not exceed EPA limits. However, 
the investigators noted that many 
variables could not be considered in 
this simple ratio analysis, including 
secondary changes in the groundwa-
ter chemistry from produced water 
released into the environment that 
could mobilize other toxic species.

AIM 4. HOTSPOT MAPPING

Using the sliding window analysis, 
the team mapped hotspots that were 
areas of high chloride concentrations 
that were correlated with proximity 
to wells or dense UOGD. These 
areas were further refined using the 
representative chemistries revealed 
by NMF analysis in conjunction with 
land uses associated with UOGD-im-
pacted groundwater.

Effects of Spills

The team examined barium 
and strontium concentrations in 
relation to the three identified spill 
mechanisms: (1) casing or cementing 

violations, (2) impoundment violations, and (3) pollution 
(i.e., spill) violations. Across the entire state, concentrations 
of barium and strontium increased with an increase in the 
number of spill violations within 1 km of the sampling site 
compared to sites farther away. There was no correlation 
with either impoundment or cementing or casing violations 
and increases in barium and strontium concentrations when 
considering statewide data. However, an additional spill 
increased the corresponding concentrations of these analytes 
more than the presence of an additional well, indicating that 
spills contribute more strongly to UOGD-related groundwater 
impacts than well density alone.

Similar to understanding the effects of well proximity and 
density on groundwater quality, when analyzing the impacts 
of spill violations on groundwater quality in the different 
subregions of the state, the team identified some differences 

Commentary Figure 2. Locations of potential contamination, as suggested by the analysis of 
the groundwater dataset in Washington County, PA, within 1-km buffers around 
impoundments and UOG wells. Also shown are the UOGD control regions (in blue) defined 
as being greater than 3 km from UOG wells or impoundments. Minimal-UOGD (greater than 
5 km from wells or impoundments) control sites are not shown but are all located just to the 
north of the Washington County-Allegheny County border. No spills were identified in this 
region. (Source: Investigators’ Report Figure 3.)
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in the salt species concentrations that they attribute to the 
geological features of northeastern Pennsylvania. Again, 
when accounting for the effect of geological features using 
a fixed-effect analysis, the differences were minimized. The 
team concluded that the geological features in northeastern 
Pennsylvania may have obscured the effects of UOGD spill-re-
lated impacts on groundwater and should be accounted for in 
analyses. The researchers also found that spills of produced 
water would need to be greater than 1,000 L to account for 
the increased barium concentrations, based on a mass balance 
calculation and their understanding of geological conditions.

Impoundments as a Source

In southwestern Pennsylvania, the team observed signifi-
cantly higher concentrations of barium, but not strontium, in 
samples within 1 km of impoundments compared to those 
farther away. Median barium concentrations were 34% higher 
in samples near impoundments reprimanded by PADEP in 
2014 than in those farther from such sites.

By combining regression analysis, NMF, and sliding win-
dows analysis, the team created a map of locations of potential 
contamination in one of the counties in southwestern Penn-
sylvania, as suggested by their analysis of the groundwater 
dataset (Commentary Figure 2).

AIM 5. FACILITATE A DIALOGUE BETWEEN 
SCIENTISTS AND COMMUNITY

Obstacles to Community Knowledge

The focus group reported that the largest obstacle to learn-
ing more about UOGD-related water contamination and any 
potential public health impacts was government practices, not-
ing a profound lack of trust by participants in state regulators 
and the PADEP, who are tasked with overseeing UOGD. The 
participants also cited industry practices, including the use 
of nondisclosure agreements, as impediments to knowledge. 
They also discussed conflicts within their communities, for 
example, tensions among neighbors regarding whether UOGD 
is helping (employment, financial gain for landowners) or hurt-
ing communities (health issues, environmental degradation), 
and the lack of resources to access external expertise. Finally, 
participants noted the logistical difficulties and immense 
resources required to conduct an environmental site investi-
gation to understand UOGD-specific impacts in an area with a 
history of energy development and its legacy of pollution.

Policy Recommendations for Facilitating Stakeholder 
Dialogue

Based on the focus group participant feedback, the inves-
tigators developed the following policy recommendations for 
creating productive dialogue with communities on topics of 
contentious environmental issues:

•	 Engage the community early and throughout the process, 
such as permitting a facility, the life cycle of the project, 
and its decommissioning.

•	 Choose appropriate communication channels to improve 
engagement, including those appropriate for the area, such 
as local news outlets, nongovernment organizations, and 
citizen scientist efforts.

•	 Encourage regulators to improve transparency in their 
communication with the communities, including more 
information about the potential risks of the ongoing or 
proposed activities and the gaps and limits to scientific or 
regulatory understanding.

•	 Create a systems approach to permitting that allows for a 
better understanding of the cumulative effect of multiple 
UOGD-related facilities or infrastructure.

•	 Consider community concerns about the lack of environ-
mental monitoring by making concerted efforts to address 
data gaps. For example, in the case of southwestern 
Pennsylvania, regular radiation testing in water should be 
a high priority.

HEI ENERGY REVIEW COMMITTEE’S 
EVALUATION

STUDY DESIGN, DATASETS, AND ANALYTICAL 
APPROACHES

In its independent evaluation of the study, the HEI Energy 
Review Committee agreed that the study scope and analysis 
that allowed for the separation of UOGD from legacy contam-
ination were compelling and well executed. The Committee 
felt that the study design, methodology for data analysis, and 
modeling approach bring scientific rigor to understanding 
potential exposure to UOGD and advance the ability to inves-
tigate potential health effects from water contamination from 
UOGD. The following sections describe the strengths and 
limitations of the research.

Geoscientific Analysis	   The Committee recognized that a 
key strength of this work lies in identifying potential ground-
water impacts from UOGD, specifically in areas with legacy 
contamination and multiple brine sources. The geostatistical 
analysis, which uses available groundwater data to isolate the 
effects of UOGD, represents a novel method and important 
contribution to understanding its influence on the quality 
of drinking water sources, particularly in regions with long 
histories of hydrocarbon extraction.

The Committee valued the integration of traditional 
geostatistical methods with machine learning techniques to 
correlate brine signatures with various land uses.

Focus Groups	   The investigators generated a rich new data-
set of public opinion on the intersection of UOGD, ground-
water contamination, and public health through a series of 
focus groups. The team demonstrated an effective approach 
for multidirectional communication, which brings value to 
and informs decision-making for both researchers and policy-
makers. The Committee appreciated the way the researchers 
framed the goals of the community conversations to reduce 
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knowledge gaps rather than to change public perceptions. In 
particular, they commented that this approach is more likely 
to engender open and honest conversation and a receptive 
audience.

Furthermore, the Committee appreciated the integration of 
community concerns with quantitative geoscientific analysis, 
particularly in addressing concerns about potential radiation 
exposure from wastewater management spills as a key con-
tamination pathway. Initially, the Committee struggled to 
understand the connection between the geochemical analyses 
and the focus group activities. Therefore, the Committee 
urges caution in describing this approach to ensure it accu-
rately reflects that community concerns are used to guide 
the research design and interpret the results, which allows 
for the acknowledgment of these concerns and their potential 
resolution through scientific analysis.

Spatial Autocorrelation	  The Committee also noted some 
limitations to the research approach. The results from both 
the Bruner-Munzel and Wilcox-Mann tests to identify median 
concentrations of analytes in water samples across different 
hydrocarbon land use classifications are based on assumptions 
of sample independence. While the water samples included 
in the database do not have temporal dependence, they are 
not spatially independent, showing a small degree of spatial 
autocorrelation.

It is difficult to understand how any autocorrelation may 
influence the significance of the concentrations of barium or 
strontium relative to UOGD processes. Furthermore, the Com-
mittee noted that the distance of 14.4 km used in the test for 
spatial autocorrelation is much greater than the 1-km radius 
used in the geostatistical analysis. The team had defined 1 
km as “hydrologically plausible” in Pennsylvania, meaning 
that the distance used in Moran’s I test will likely not reflect 
the actual distance of groundwater migration. Importantly, 
however, the Committee noted that this potential autocor-
relation does not invalidate the team’s findings. Overall, the 
Committee notes that future studies may explore the potential 
impact of autocorrelation on geostatistical relationships.

Generalizability of Guidelines	  The research team devel-
oped helpful guidelines to generalize their approach, but 
the Committee noted the likely challenges to adapting this 
approach to areas beyond Pennsylvania. The second step of 
this approach is to “identify the largest dataset of water quality 
data available for the target area of UOGD,” followed by geo-
spatial regressions, fixed effects approaches, and geospatial 
analysis tools to identify hotspots. Much of the information 
about the types of incidents the investigators used in their 
regression analysis is publicly accessible in Pennsylvania. 
This large, publicly available groundwater database enabled 
them to perform a large-scale investigation of impacts on 
groundwater that highlighted relevant UOGD processes. 
These findings may be relevant for other major shale areas; 
however, many oil and gas regions lack the information and 
resources to assess UOGD impacts on groundwater.

FINDINGS AND INTERPRETATION

Effects of UODG Wastewater Spills and Leaks

The investigators concluded that the trends in salt species 
in southwestern Pennsylvania were explained by large spills or 
leaks of produced water from impoundments at a few specific 
locations. Overall, the Committee agreed and found that this 
report offered a comprehensive and thoughtful discussion and 
well-supported conclusions. Furthermore, the finding that a 
minor but observable salinization of groundwater in this area is 
likely from UOGD-produced water spills and leaks has important  
implications for best practices and policy development for waste 
management. The increase in salt species concentrations near 
decommissioned wastewater impoundments offers addi-
tional evidence that UOGD hydraulic fracturing (i.e., well 
simulation) or oil and gas well integrity issues are unlikely to 
be the cause of groundwater contamination in Pennsylvania. 
The management of waste and produced water at the surface 
should be an important component of risk mitigation practices 
nationwide, particularly where large volumes of produced water 
are stored or transported.

The geochemical analysis of a large existing database 
allowed the team to distinguish the influences of geogenic and 
anthropogenic processes, including legacy hydrocarbon devel-
opment, on groundwater chemistry and thereby identify poten-
tial linkages between UOGD and water contamination. Small 
but significant increases in brine salt concentration may be 
attributed to UOGD, likely due to spills or leaks from impound-
ments of produced water. The geostatistical techniques used 
to identify and isolate where the salinization of groundwater 
is likely stemming from UOGD rather than other ongoing or 
historical land use practices are an insightful and novel data 
mining approach to leverage an existing groundwater dataset. 
It is unclear, however, the extent to which co-located extractive 
processes (conventional development or coal mining) exacer-
bated UOGD-related impacts. This was not explicitly explained 
in the report and could be explored further.

Identifying Contaminant Hotspots

The team described in general terms the types of contami-
nants that are associated with produced water that were con-
tained in the dataset. Salt and brine-related chemicals are the 
most dominant species in produced water and, therefore, are 
the most likely to be detected in the environment if produced 
water is spilled or discharged. The limitations of the dataset 
mean that the researchers were restricted in what could be 
used for their geostatistical analysis. However, the team 
did not address the idea that the salt signatures that signify 
potential UOGD groundwater impacts may also be indicators 
for other anthropogenic organic chemicals found in produced 
water or from hydraulic fracturing fluids.

Community Concerns

The information gathered from the focus groups showed 
that participants in southwestern Pennsylvania are concerned 
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about radiation exposure and cancer effects from produced 
water spills and leaks stemming from wastewater manage-
ment, rather than leaks at the oil and gas wells. The team 
was not able to assess radioactivity in groundwater samples, 
as this information was largely absent from their dataset. 
However, they were able to extrapolate data to provide some 
insight into the potential for the presence of these and other 
UOGD-related contaminants of concern. These calculations 
were added to the scope of work of the research as a direct 
result of the concerns expressed by the community in the 
focus groups.

The Committee appreciated the analysis of potential metals 
and radium contamination based on the mass ratios expected 
with measurable salt species. This analysis may not put res-
idents’ minds completely at ease, but it is a good-faith scien-
tific effort to present the pertinent findings. Furthermore, the 
research team was able to confirm participant concerns that 
UOGD wastewater management is the contamination pathway 
of the highest concern. A finding that was not underscored 
in the report’s discussion, but one that bears recognition, is 
that the focus group(s) identified spills as a concern, and that 
the geochemical analyses also concluded that the most likely 
source of barium and strontium in drinking water samples 
from local wells was from spills. This supports the notion 
that local knowledge, in this case, of spills, is an important 
consideration in any exposure study.

CONCLUSIONS

In this study, the investigators used geostatistical tech-
niques to distinguish the effects of UOGD on groundwater 
from those of other land uses and legacy contamination from 
historical energy production in southwestern Pennsylvania, 
a complex task due to the overlapping impacts of these 
activities. They found that there were statistically significant 
increases in barium and strontium primarily associated 
with UOGD wastewater spills or leaks from impoundments 
containing produced water in a small number of hotspot 
regions. This potential pathway was highlighted by commu-
nity focus groups, who were most concerned about potential 
radiation exposure from spills and leaks through wastewater 
management. This study advances our understanding of 
UOGD-related exposure pathways through groundwater 
contamination, which is needed to identify potential health 
effects associated with UOGD processes. The findings of this 
analysis may inform other shale areas where contamination 
may have occurred through similar UOGD processes. How-
ever, more data related to groundwater compositions and 
UOGD-related violations in those places may be needed 
before similar analyses can be performed in regions across the 
country.
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ABBREVIATIONS AND OTHER TERMS

	 ABB	 Appalachian Basin brine

	 ATS	 Akritas-Theil-Sen

	 BTEX	 benzene, toluene, ethylbenzene, xylene 

	 COGD	 conventional oil and gas development* 

	 MCL	 maximum contamination level

	 NDA	 nondisclosure agreement

	 NE PA	 Northwestern Pennsylvania

	 NMF	 non-negative matrix factorization

	 PADEP	 Pennsylvania Department of Environmental 
Protection 

	 PASDA	 Pennsylvania Spatial Data Access

	 SW PA	 southwestern Pennsylvania†

 	 UOG	 unconventional oil and gas

	 UOGD	 unconventional oil and gas development ‡ 

	 US EPA	 US Environmental Protection Agency

* A method of extracting oil and natural gas in which the geological conditions of a hydrocarbon basin allow hydrocarbons to flow readily into well-
bores, in contrast to unconventional energy development. For more information, please refer to the HEI website: https://www.heienergy.org/term/convention-
al-oil-and-gas-development.

† For the purposes of this study, this term specifically refers to Beaver, Washington, and Greene counties.

‡ This is a broad term used to refer to methods for extracting oil and gas that differ from conventional drilling methods. For the purposes of this study, this 
term refers to the use of horizontal drilling and hydraulic fracturing to release oil and gas from shale basins. For more information, please refer to the HEI 
website: https://www.heienergy.org/term/unconventional-oil-and-natural-gas- development-uogd.

https://www.heienergy.org/term/conventional-oil-and-gas-development
https://www.heienergy.org/term/conventional-oil-and-gas-development
https://www.heienergy.org/term/unconventional-oil-and-natural-gas-
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