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ABSTRACT: Understanding emissions of methane from legacy
and ongoing shale gas development requires both regional studies
that assess the frequency of emissions and case studies that assess
causation. We present the first direct measurements of emissions in
a case study of a putatively leaking gas well in the largest shale gas
play in the United States. We quantify atmospheric methane
emissions in farmland >2 km from the nearest shale gas well cited
for casing and cementing issues. We find that emissions are highly
heterogeneous as they travel long distances in the subsurface.
Emissions were measured near observed patches of dead vegetation
and methane bubbling from a stream. An eddy covariance flux
tower, chamber flux measurements, and a survey of enhancements
of the near-surface methane mole fraction were used to quantify
emissions and evaluate the spatial and temporal variability. We combined eddy covariance measurements with the survey of the
methane mole fraction to estimate total emissions over the study area (2,800 m2). Estimated at ∼6 kg CH4 day

−1, emissions were
spatially heterogeneous but showed no temporal trends over 6 months. The isotopic signature of the atmospheric CH4 source
(δ13CH4) was equal to −29‰, consistent with methane of thermogenic origin and similar to the isotopic signature of the gas
reported from the nearest shale gas well. While the magnitude of emissions from the potential leak is modest compared to large
emitters identified among shale gas production sites, it is large compared to estimates of emissions from single abandoned wells.
Since other areas of emissions have been identified close to this putatively leaking well, our estimate of emissions likely represents
only a portion of total emissions from this event. More comprehensive quantification will require more extensive spatial and
temporal sampling of the locations of gas migration to the surface as well as an investigation into the mechanisms of subsurface gas
migration. This work highlights an example of atmospheric methane emissions from potential stray gas migration at a location far
from a well pad, and further research should explore the frequency and mechanisms behind these types of events to inform careful
and strategic natural gas development.

KEYWORDS: methane leakage, methane emissions, hydraulic fracturing, stray gas, eddy covariance, chamber flux measurements,
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■ INTRODUCTION

Targeting the reduction of methane emissions is an effective
component of strategies to mitigate climate change because
methane has a radiative forcing 28−36 times that of carbon
dioxide over a 100 year period.1,2 In addition, the global
average atmospheric methane mole fraction has increased
annually except for three years since 1984 when the U.S.
National Oceanic and Atmospheric Administration (U.S.
NOAA) began measuring atmospheric methane.3 Assessment
of the anthropogenic contribution to the global methane
budget is difficult partly because methane is emitted from
multiple sources, both natural and anthropogenic, none of
which are well quantified.1,4 Anthropogenic sources include
agriculture, waste management, and fossil fuel production and
use.5 Shale gas development has been of particular interest in

the last decades since this new type of fossil fuel production
has substantially increased our ability to extract methane from
the subsurface.6 This development utilizes new advances in
horizontal drilling and high-pressure, high-volume hydraulic
fracturing to extract oil and gas from deep, low-permeability
rock such as shale and now represents a significant but poorly
quantified source to the atmosphere.7,8 Anthropogenic releases
of previously deeply buried gas derived from high-temperature
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rock processes (so-called thermogenic natural gas) occur in
addition to the low natural rates of emission of thermogenic
gas in hydrocarbon-rich basins worldwide.9

Methane increasingly plays a key role in providing energy for
the United States in the form of natural gas, and it has been
touted as a bridge fuel to more renewable energy sources.10

Natural gas production in the United States has increased 4%
annually on average from 2006 to 2020, and it is projected to
continue to grow through 2050.11 The Marcellus Shale, found
underlying much of Pennsylvania and neighboring states, is
one of the main drivers of growth in shale gas production in
the United States.12 While previous extraction targeted
reservoirs of migrated gas, horizontal drilling and hydraulic
fracturing techniques have allowed gas extraction directly from
source rocks that generate methane, such as the Marcellus
Shale.13 Since the first shale gas well was developed in
Pennsylvania in 2004, activities associated with natural gas
extraction have sometimes released thermogenic methane into
the atmosphere.14 Methane emissions may occur at many
points during the extraction and transportation process.15

Atmospheric measurements have been used to quantify
methane emissions in assessments of gas leakage from
operating shale gas well pads. Most of this emission is thought
to derive from above-ground gas containment infrastructure,
and studies have shown that a high percentage of overall
emissions from natural gas extraction come from a small
number of high-emitting wells.16,17 However, given that the
state regulator, the Pennsylvania Department of Environmental
Protection (PA DEP), cites 1−3% of new shale gas wells for
casing or cementing issues as described in the literature,18 a
small fraction of operating shale gas wells could also be leaking
at depth and allowing gas migration to the atmosphere. These
emissions are not considered in the PA DEP Greenhouse Gas
Inventory for the state.19 The PA DEP Oil and Gas
Compliance Report indicates that at least 499 unconventional
wells have been cited with a violation related to casing between
2008 and 2021.20 Although the PA DEP tries to ascertain that
casing and cementing problems have been solved, occasionally
wells may continue to or may begin to leak long after the
violation.18,21−23 Such wells are not well studied because of the
legal difficulties of getting access to sites or data. For example,

Figure 1. Top left: image looking southwest showing patches of dead vegetation visible at a farm field near Gregs Run. Top right: a closer image of
a patch of dead vegetation taken during winter. Bottom left: a map of the sites of interest in this study. Methane bubbles were observed in Gregs
Run (near red star) and Sugar Run (yellow star) near Hughesville, PA. A nearby shale gas well (orange circle) has been cited by the Pennsylvania
Department of Environmental Protection for integrity issues. Although this well is located greater than 2 km from Gregs Run, it is the closest oil
and gas well to this site. As mentioned by Woda et al., 33.3% of unconventional wells within a 13 km × 13 km square centered around Sugar Run
have received at least one citation relating to the well integrity.27 Bottom right: areas of methane emissions as identified by methane mole fraction
enhancements measured using a Bascom-Turner Gas-Rover on April 18th, 23rd, and 27th, 2019. Stars indicate the location of the eddy covariance
flux tower deployed at site 1 from 12-1-18 to 4-1-19 and site 2 from 4-2-19 to 5-31-19. Hexagons indicate the location of chamber flux
measurements, and the study area is denoted by the transparent circle. Gregs Run is located within the trees to the left of the field.
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we are unaware of any documented direct atmospheric
measurements of methane emission rates due to subsurface
stray gas migration from a problematic shale gas well. Such gas
leakage at depth can travel through the water- and air-saturated
subsurface and emit into the atmosphere several kilometers
from the well pad. Therefore, the prevalence and spatial extent
of fugitive gas emission from shale gas wells are largely
unknown. Instead, stray gas migration has been simulated,24 or
methane emissions to the atmosphere have been inferred from
incidents of methane dissolution into waterways.25

Here, we present the first direct atmospheric measurements
of emissions of methane at a site of putative stray gas
migration. In the scientific literature, this site was first
mentioned by Heilweil et al. (2014), in which they study an
incident of contamination of water resources by methane in a
stream named Sugar Run.26 The incident occurred near
Hughesville in central Pennsylvania after a relatively high
density of shale gas wells were emplaced between 2008 and
2012.27 Woda et al. reported that 33.3% of the 101 spudded
wells in the 13 km × 13 km square around latitude 41.23 and
longitude −76.60 received one or more violations for casing or
cementing issues, which is a higher frequency than statewide
estimates.27 Geological, temporal, geochemical (major ele-
ment, trace element, long-chain hydrocarbon, isotopic, noble
gas), and modeling evidence has been used to establish that the
best explanation of contamination of Sugar Run is related to
the new shale gas wells nearby.26−29

In the small stream of Sugar Run, Heilweil et al. observed
bubbles of gas and elevated concentrations of dissolved
methane.25 The PA DEP and researchers investigated this as
potential stray gas migration from unconventional natural gas
wells located nearby.21,25,26 Much of the attention has focused
on the gas well that is located nearest to Sugar Run, API- 081-
20292. Although it is the nearest gas well, it is located over a
kilometer from many areas of the stream that have been
sampled by researchers. API-081-20292 was drilled between
02/12/11 and 03/17/11 and hydraulically fractured between
06/28/2011 and 07/1/2011.30 Shut-in pressure tests indicated
defective cement in the annuli of the well,30 and the well was
shut in on 6/9/2016 after several issues had ensued (for
summary, see Woda et al.).27 When a well is shut in, it is sealed
at the surface and no longer produces. However, if problems at
depth remain, it is possible that deep leakage into aquifers
continues or even increases. A history of events and casing and
cementing violations before 2018 were previously summarized
for this well (see Woda et al., 2018 SI); more recent
developments are mentioned occasionally on the PA DEP
website.20

To investigate the incident at Sugar Run, Heilweil et al. used
a simple groundwater model to estimate the influx of methane
to Sugar Run, and geochemical tracers were used to infer that a
thermogenic source of methane is contributing to the elevated
concentration.25,26 Grieve et al. also measured dissolved
hydrocarbons and geochemical tracers in Sugar Run and
observed many characteristics consistent with the contami-
nation of this stream by nearby leaking wells.21 In addition,
they also estimated the influx of methane into the stream.21

Woda et al. sampled concentrations of dissolved methane in
streams and homeowner water wells at Sugar Run near the
shale gas well that was cited by the Pennsylvania Department
of Environmental Protection for violations regarding well
integrity.27 They found that the concentrations of ethane and
methane in streams and homeowner water wells in this area

were elevated compared with predrill concentrations.27 Ethane
is of particular interest in this context because it is rarely if ever
found in biogenic natural gas. They hypothesize that the
geology of this area, namely, the shallow depth of the
Marcellus Shale and the inferred abundance of vertical
fractures along the axis of a large fold that dips under the
stream, may allow gas to migrate to the surface easily in this
area.27 At a second site of interest along this fold, the Nittany
Anticlinorium (Figure 1), a homeowner noticed that patches of
dead vegetation began to appear in a farm field on their
property in 2015 after the onset of problems in Sugar Run.
Images of the progression of dead vegetation can be found in
Wen et al.29 This latter field is more than 2 km away from any
shale gas well with casing and cementing violations (Figure
1).31 The homeowner also noticed intermittent bubbling in a
stream named Gregs Run, which parallels the field. The PA
DEP discovered up to 100% combustible gas by volume in soil
gas samples in the areas of dead vegetation within the farm
field.30 In addition to the problems at Sugar Run, the PA DEP
has determined that oil and gas activities impacted the
homeowner water well at this property near Gregs Run.32

Although well API-081-20292 has been cited by the PA DEP
for “casing and cementing activities that failed to prevent
migration of gas or other fluids into sources of fresh
groundwater”,20 no final determination has been made to the
best of our knowledge regarding the source of the
contamination at the property near Gregs Run.32

This study investigates and quantifies atmospheric methane
emissions in the aforementioned farm field using eddy
covariance flux measurements coupled with chamber flux
measurements and a methane mole fraction survey. We
quantified both the temporal and spatial variability of the
methane fluxes and estimated total emissions from our study
site. This work represents the first such attempt to quantify
atmospheric methane emissions from a site of putative stray
gas migration. In addition to estimating a portion of emissions
due to suspected stray gas migration into the farm field, we
outline a methodology for combining mole fraction and flux
measurements to quantify emissions from similar highly
heterogeneous source regions.

■ METHODS
Site Description. The study site is in Hughesville,

Pennsylvania, on privately owned land. The field was
previously used to grow crops, but since patches of dead
vegetation began to appear around 2014, it was left to lie fallow
and is now covered primarily by grass or bare ground. The field
itself is flat and surrounded by sloped terrain on the east and
by forest to the west. Prevailing winds at a few meters above
ground generally come from the north/northeast, likely
channeled by the surrounding terrain. Our area of study
within the field is approximately 2,800 m2, which encompasses
the average area of the flux footprint of the eddy covariance
flux tower (Figure S8).

δ13CH4 Isotopic Ratio. Measurements of the isotopic ratio
of δ13CH4 can be used in analyses of methane emissions to
infer the type of source from which the methane originated.33

In this study, the isotopic ratio of δ13CH4 was measured to
determine whether methane escaping to the surface at the farm
field was of thermogenic or biogenic origin. Thermogenic
methane forms when organic matter deep under the Earth’s
surface is subjected to high pressures and high temperatures,
whereas bacteria decompose organic matter at shallow depths
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to form biogenic methane.34 Sources that are thermogenic
tend to yield gas that has an isotopic ratio that is heavier (less
negative) since the methane is enriched in 13C, and sources
that are biogenic tend to have an isotopic ratio that is lighter
(more negative) because microorganisms preferentially process
13C.35 For example, Schwietzke et al. found that the global
average δ13CH4 isotopic signatures for fossil fuel sources and
biogenic sources are −44.0 and −62.2‰, respectively.33 The
isotopic ratio can vary greatly for fossil fuel sources found at
different locations, formations, and at different depths (e.g.,
Baldassare et al.).34 For example, in a sample of 234 Marcellus
gas wells, the average value of δ13C1 for Marcellus formation
gas found from 0 to 1,000 ft was −43.53‰, whereas gas found
from below 5,000 ft had an average isotopic ratio of
−32.46‰.34

We measured the isotopic ratio using a Cavity Ring Down
Spectrometer (G2132-i, Picarro, Inc.), described in Rella et al.
and Miles et al.36,37 The gas inlet was placed about 1 m above
ground level, and the gas was transported to the Cavity Ring
Down Spectrometer through 30 m polyethylene/aluminum
composite tubing (1/4 in. (0.64 cm) OD, Synflex 1300, Eaton
Corp.) with a 15 min residence time. The gas samples were not
dried, but the water vapor concentration was less than 1.9%
during the measurement period, and this causes errors in
δ13CH4 of less than 1‰.38 The instrument was calibrated in
the laboratory using mole fraction-isotopic ratio pairs at 7.3,
6.2, 3.3, and 1.8 ppm and −23.9, −38.3, −54.5, and −66.5‰
δ13CH4, obtained by mixing zero air with commercially
available isotopic standard bottles (Isometric Instruments,
Inc.) known to within 0.2‰. The CH4 mole fraction was
corrected for water vapor using methods described in Rella et
al.36 We used a 1 min averaging period, for which the Allan
standard deviation is 1‰,37 and plotted the isotopic ratio on a
Keeling plot37,39 to determine the source isotopic ratio.
We also measured δ13CH4 (as well as δ D-CH4) in a water

sample collected from a deep domestic water well near Gregs
Run on June 4th, 2018. This domestic well was located at the
property of the homeowner whose field was sampled in this
study. The sample was collected in an Isoflask and analyzed by
Isotech, Inc. in accordance with Isotech protocol,40 following
the same protocol as was used for a subset of samples reported
by Woda et al.27

Emission Pattern Map. A Bascom-Turner Gas-Rover41

was used to identify areas in which the methane mole fraction
was elevated above the background mole fraction both to
scope out a location for eddy covariance flux measurements
and to create a map of the spatial pattern of emissions to be
used in the interpretation of eddy covariance flux measure-
ments. The instrument measures the enhancement of the mole
fraction of methane using either catalytic combustion or
thermal conductivity (depending on range) with a manufac-
turer-reported accuracy of ±2% of the sample.41 The Gas-
Rover was calibrated using the automatic calibration system
within the instrument with a calibration tank comprised of
2.5% methane before each day of measurements.41 We
surveyed the enhancement of the mole fraction of methane
in a grid within a circle of 30 m radius except when forested
terrain prohibited measurements (Figure S2). Because the lag
time between the Gas-Rover air intake and the mole fraction
measurement is ∼5 s, steps of <0.5 m were taken every 5 s.
However, the GPS error occasionally caused the point spacing
to be slightly less dense (Figure S2). The Gas-Rover inlet was
held ∼13 cm above the ground. Survey measurements were

linearly interpolated onto a 0.5 m × 0.5 m grid, and the
multiple survey data sets were then averaged by grid cell.
Surveys of the near-surface mole fraction of methane that were
used for analysis were conducted on April 18th, 23rd, and
27th, 2019. The near-surface mole fraction of methane was
surveyed with a coarser grid pattern prior to December 2018 to
inform the placement of the flux tower.

Eddy Covariance. Methane fluxes were measured using an
LI-COR Eddy Covariance system comprised of an LI-7500DS
Open Path CO2 Analyzer, an LI-7700 Open Path CH4
Analyzer, a Gill WindMaster Pro Sonic Anemometer, and a
Vaisala temperature and relative humidity sensor with a
radiation shield. Instruments were mounted on a tripod at a
height of 3.43 m. The LI-7700 was separated from the sonic
anemometer by 76 cm in the southward direction, and the LI-
7500DS was separated from the sonic anemometer by 13 cm
to the north and 18 cm to the east. Data were collected at a
rate of 10 Hz. We calculated fluxes and applied various
corrections described below using LI-COR’s EddyPro
software.42,43 Additional information about flux processing
and corrections is described in the SI. All fluxes measured
when the friction velocity was below 0.1 m s−1 were discarded
to avoid underestimation of the flux due to potential drainage
flow in stable conditions (Figure S7). The eddy covariance flux
tower was placed at one site from December 1st, 2018 to April
1st, 2019 and later moved to a second site closer to identified
areas of emission from April 2nd to May 31st, 2019 (Figure 1).
We calculated flux footprints using a two-dimensional

parameterization of the backward Lagrangian stochastic
particle dispersion model LPDM-B44 called the Fast Footprint
Parameterization (FFP).45 This model provides both cross-
wind and along-wind components of the flux footprint to
determine both the size and shape of the area contributing to
the measured flux. FFP assumes that the flow is horizontally
homogeneous, but not that the sources/sinks within the
footprint are homogeneous.45 The model also assumes that the
flow is statistically stationary over the half-hour averaging
period.45 FFP requires inputs of measurement height, either
mean wind speed or roughness length, Obukhov length,
friction velocity, the standard deviation of lateral velocity
fluctuations, and boundary layer height. Except for the
boundary layer height, each input was imported from EddyPro
output. Values of the boundary layer height were retrieved
from 3 hourly values of the planetary boundary height from the
North American Regional Reanalysis (NARR).46 The simu-
lated boundary layer height was taken from the grid point that
most closely matches our measurement site.

Chamber Flux Measurements. To investigate the spatial
heterogeneity of the methane fluxes, we constructed and
deployed closed, circulating flow flux chambers at eight
different locations that fall within the flux tower footprint
(Figure 1). The flux chamber design was guided by the USDA-
ARS GRACEnet Project Protocols Chapter 3.47 The chamber
system we designed is closed and circulates air between a Los
Gatos Ultraportable Greenhouse Gas Analyzer (UGGA) and
the chamber, and the buildup of CH4 over time is measured.
With knowledge of the chamber volume and surface area, we
calculated a flux (see SI Section 4.2). We calculated the change
in CH4 mole fraction with time using a linear regression. This
simplified technique can underestimate the overall flux,47 but
our lack of knowledge of the emission mechanism and process
(e.g., diffusion, ebullition, etc.) justifies its use in this
instance.47
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The chamber was constructed of a 53 cm × 32.8 cm × 10.2
cm stainless steel steam table pan commonly used for catering.
It contains three outlets: a gas intake, a gas outlet, and a small
vent to the atmosphere made of nylon compression fittings.
The vent allows changes in atmospheric pressure to move gas
within the length of a 1/16 inch inner diameter tube while
minimizing the loss of methane from the chamber to the
atmosphere. A steam table pan with the bottom removed
serves as a chamber collar and is inserted into the ground so
that a seal with the ground surface and the chamber can be
achieved with minimal disturbance to the ground surface
during measurement (Figure S12). The chamber collar was
inserted approximately 8 cm into the ground at least 24 h
before the chamber measurement. Each chamber collar
measurement location was chosen based upon the methane
mole fraction range measured by the Gas-Rover. Two locations
for chamber measurements were chosen based upon a Gas-
Rover measurement of methane mole fraction that did not
differ from background, and moving forward, we will call these
“zero flux” sites (Figure 1, bottom right; chamber sites 3 and
4). We call areas in which the methane mole fraction is
elevated and vegetation is visibly dead “hot spots”. Two
chambers were placed in an identified hot spot southwest of
tower site 2 where the methane mole fraction was most
elevated (Figure 1, bottom right; chamber sites 5 and 6).
Three chambers were placed in a hot spot northeast of tower
site 2 (Figure 1, bottom right; chamber sites 1, 2, and 8), and
one chamber was placed in a hot spot with occasionally
elevated methane mole fraction southeast of tower site 1
(Figure 1, bottom right; chamber site 7). A total of eight
chamber measurement locations were measured on five
separate days spanning the months of April and May.
The UGGA measures the mole fraction of CH4, H2O, and

CO2 using an enhanced cavity absorption technique and has a
manufacturer-reported precision of ∼2 ppb over 1 second and
∼0.25 ppb over 100 s for CH4 within 0.01−100 ppm. For
measurements of methane mole fraction higher than this range,
the analyzer will measure with a precision of ±1% of the
measurement. Prior to measurements, the laser offsets within
the UGGA were checked to ensure they were within the
absorption lines for CH4 and H2O, and before the season of
measurements, the UGGA was calibrated using a commercial
gas standard. Each chamber measurement was conducted for a
period of 5 min. The lag time of gas measurement for the
UGGA and associated gas handling system is 10 s. The
chamber was attached to the collar 30 s before the
measurement period and usually removed 30 s after the 5
min measurement period. On each day of measurements, each
chamber flux site was sampled at least twice.
Eddy Covariance, Flux Footprint, and Emission

Pattern Map Integration and Interpretation. We
estimated the spatial pattern of methane emissions by
combining our knowledge of the locations of emissions from
the survey of the enhancement of the methane mole fraction
with the eddy covariance flux measurements and flux
footprints. Prior studies have combined remote-sensing
products and flux footprint climatologies to investigate the
effects of vegetation heterogeneity on fluxes and flux
footprints,48,49 and in this study, we utilized the measurements
of the methane mole fraction to better interpret our fluxes and
flux footprints. We hypothesized that the measurements of
near-surface enhancement of methane mole fraction are
proportional to the methane emission rate. We quantified

fluxes based upon this hypothesis with a multiplicative factor,
which converts the near-surface methane mole fraction
enhancements to a flux. By estimating this multiplier, we can
use the methane mole fraction enhancement survey to infer a
map of methane emissions.
To do this, we start with eq 1 from Kljun et al.

∫=F z Q x y f x y x y(0, 0, ) ( , ) ( , )d dm
D

c c (1)

where Fc is the measured flux at the tower height and location
(μmol m−2 s−1), Qc is a surface source or sink of methane
(μmol m−2 s−1), f is the footprint function (m−2), x and y are
the upwind and cross-wind directions over which the flux
footprint is integrated, and D is the area of the Earth’s surface
over which the integration is performed. Since we do not have
direct measurements of Qc, we instead substitute measure-
ments of the enhancement of the near-surface mole fraction of
methane measured with the Gas-Rover and the multiplicative
factor (α, μmol ppm−1 m−2 s−1), which we hypothesize
converts the methane mole fraction measured by the Gas-
Rover (ppm) to a flux map, Qc (μmol m−2 s−1). We then solve
for this multiplicative factor for every eddy covariance flux
measurement

∫α=F z M x y f x y x y(0, 0, ) ( , ) ( , )d dm
D

c (2)

α =
F z

M x y f x y x y
(0, 0, )

( , ) ( , )d d
mc

(3)

where M(x, y) is the average map of the enhancement of the
mole fraction of methane measured by the Gas-Rover. α is
calculated for each half-hour flux measurement, and we average
α over time for use in the procedure of creating the proxy flux
map. In this process, we assume that the emission pattern map
created from the Gas-Rover measurements does not change in
time. All flux footprints in which the friction velocity is less
than <0.1 m s−1 are discarded since these low levels of
turbulence fall outside of the range tested and validated by
Kljun et al.45

Proxy Methane Flux Map and Areally Integrated
Emission Estimate. We create a proxy flux map by
multiplying the Gas-Rover enhancement map, M(x, y), and
the temporal average of α. To evaluate the accuracy of this
procedure, we compare chamber flux measurements to the
appropriate corresponding grid cell of a proxy flux map.
Locations of chambers are mapped using the GPS embedded
in the Gas-Rover in an attempt to avoid location incon-
sistencies associated with using multiple positioning systems.
We compare calculations of α at two different tower
deployment locations to investigate its consistency. We use
our estimates of α, which take into account changes over time
in the footprint area, to test for changes in methane emissions,
Qc, over time. Finally, we estimate an overall areal methane flux
from our study site by integrating over the domain of the proxy
flux map. The emissions from each grid cell are summed to get
an approximate overall site flux, and we estimate a site level
flux with each average α conversion factor that we calculated
based on different tower locations and mole fraction
enhancement survey maps. To estimate the bounds of
uncertainty in this flux, we estimate site emissions using
proxy maps calculated from the 10th and 90th percentile values
of the distribution of α estimates.
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■ RESULTS AND DISCUSSION

δ13CH4 Isotopic Ratio. The isotopic ratio of δ13CH4
37 was

measured on May 20th, 2019 in hot spot areas of the field in
which we observed methane fluxes to determine whether the
methane was of thermogenic or biogenic origin.35 We
determined the source isotopic ratio to be −29‰ (Figure
S1). This indicates that the methane is likely thermogenic in
origin. Furthermore, this ratio is similar to the source isotopic
ratio reported for well API #081-20292 (−28 to −29.5‰,
located more than 2 km away from our study site).27 The
methane source isotopic ratio for the homeowner water well
near the field was −28.92‰ (δ D −164.2), and nearby
homeowner water wells measured by Woda et al. (2018) in
2017 were also similar to our measured ratio (−29.81 and
−27.53‰).27 The PA Department of Environmental Protec-
tion has determined that some of these nearby water wells have
been impacted by stray gas migration.32

Methane Location Survey. The Gas-Rover surveys
revealed that methane mole fractions at many locations were
much higher than the typical background of around 1.8 ppm;3

for example, mole fractions approaching 2,000 ppm were
measured in some locations (Figure 1). Enhanced methane
mole fractions are limited to particular locations, which we call
hot spots. Locations of hot spots appeared spatially similar
between surveys on a coarse scale (10−20 m2; Figure S3),
which we interpret to mean that the areas of emission are
generally constant between survey visits. We used these results
to inform the placement of the eddy covariance flux tower and
the flux chambers. Some small-scale (∼0.5−1 m2) variations in
the location of elevated methane mole fractions between
survey measurements were observed on some days (Figure
S3). These variations were attributed to GPS error, day-to-day
variability in atmospheric turbulence, or small-scale changes in
the location of methane emissions. Emissions were often
colocated with areas of dead vegetation, but emissions were
also measured in other areas.
Flux Magnitude. Eddy Covariance Fluxes. The time series

of 4,622 half-hour methane fluxes measured with eddy
covariance from December 1st, 2018 to May 31st, 2019
(Figure S9) shows persistent emission of CH4. The average
diameter of the flux footprint was ∼20 m, which sufficiently
sampled most emission hot spots (Figure S8). After conditions
with insufficient turbulence with a friction velocity less than 0.1
m s−1 were subtracted from this data set (Figure S7), 2,843
half-hour-average eddy covariance fluxes remained. Methane
fluxes measured over the 6 month span ranged from −2.17 to
8.46 μmol m−2 s−1 with an average flux of 1.33 μmol m−2 s−1.

Fluxes measured at sites 1 and 2 were similar in magnitude and
range (Figure 2). We moved the tower to placement site 2 for
three reasons: (1) it is located closer to the areas of methane
emissions identified with the Gas-Rover, (2) we believed that
the prevailing winds would allow the areas of high emission to
be sampled more frequently at site 2 (Figure S5), and (3) it
provides an assessment of the robustness of the spatial patterns
we derive by providing data from a second location. We found
that the average flux at site 2 (1.44 μmol m−2 s−1) was slightly
higher than that at site 1 (1.27 μmol m−2 s−1) (Figure 2),
probably due to the more frequent sampling of identified hot
spots in the second tower location. The distribution of flux
measurements is positively skewed (Figure 2), consistent with
the heterogeneous distribution of emissions. Other measure-
ments of heterogeneous fluxes, such as measurements of CO2
emissions related to a volcanic system at Yellowstone,50 also
show a positively skewed distribution.

Chamber Fluxes. Methane fluxes measured with chambers
ranged from 0 to 21 μmol m−2 s−1, and these fluxes were also
spatially heterogeneous (Table 1). The heterogeneity in flux is

consistent with the spatial patterns identified by the Gas-Rover
surveys of the mole fraction enhancement. Measurements at
chamber locations 5 and 6 (see Figure 1 for chamber
locations) yielded average fluxes of 7.7 and 3.2 μmol m−2

s−1, respectively, while the mean flux at all other sites was less
than 1 μmol m−2 s−1. Chamber locations 5 and 6 were
sampling an area of dead vegetation where we found the
greatest enhancement in methane mole fraction in Gas-Rover
surveys. The zero flux sites (sites 3 and 4) had methane fluxes

Figure 2. Half-hourly methane flux histograms at site 1 (December 1st, 2018 through April 1st, 2019) and site 2 (April 2nd through May 31st,
2019).

Table 1. Methane Emissions (μmol m−2 s−1) from 5 min
Chamber Measurementsa

mean standard deviation maximum minimum count

site 1 0.3 0.2 0.5 0 10
site 2 0.9 1.4 3.5 0 8
site 3 0 0 0 0 8
site 4 0 0 0 0 10
site 5 7.7 7.5 21.2 0 10
site 6 3.2 3.8 12.1 0.2 10
site 7 0.7 1 3 0 10
site 8 0.1 0 0.2 0.1 8

aMeasurements were made at eight locations as shown in Figure 1 on
five separate days, with two measurements made on each day.
Measurements where leakage was suspected were discarded, as
discussed in the Supporting Information.
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below the detection limit of our instrument, supporting our
hypothesis that background emissions from the field were
generally low and elevated fluxes were concentrated in hot
spots. Intermediate-magnitude emission sites (1, 2, 7, 8) were
those documented as intermediate in magnitude by the near-
surface mole fraction data. We see no evidence of small, diffuse
methane fluxes throughout the field. All locations, even the hot
spots, occasionally emit no measurable methane, suggesting
that there is temporal variability in emissions at the resolution
of these chambers (∼0.2 m2, 5 min).
Spatial Pattern of Fluxes. Eddy Covariance Fluxes.

Winds were predominantly out of the northeast and southwest
when the tower was deployed at site 1 (December 1st, 2018 to
April 1st, 2019) and shifted slightly so that they were more
northerly and southerly when the tower was deployed at site 2
(April 2nd to May 31st, 2019) (Figure S5). The largest average
methane fluxes measured by eddy covariance at site 1 came
from the north/northwest and southeast directions (Figure 3).
When comparing these measurements with chamber measure-
ments and the Gas-Rover survey, the largest average methane
fluxes appear to coincide with the areas of emission identified
to the north and northwest of the tower, as well as to the
southeast. When the tower was moved to site 2, the greatest
average methane flux came from the emission area to the
southwest of the tower (Figure 3). The emission area northeast
of the tower had a surprisingly small average flux, especially
considering that the area was sufficiently sampled due to
frequent winds from that direction. However, winds most
frequently came from the northeast at night, and increased
stability and a smaller flux footprint may have prevented
frequent sampling of the hot spot located northeast of the
tower.
While the magnitude of methane fluxes measured in the

farm field depends upon the spatial scale at which we are
measuring, flux measurements made at a site level via eddy
covariance and at a small scale via flux chambers are generally
consistent. Eddy covariance measurements show a mean flux of
1.3 μmol m−2 s−1 with a range from −2.2 to 8.5 μmol m−2 s−1.
Chamber flux measurements range from 0 to 21 μmol m−2 s−1

with a mean flux of 1.7 μmol m−2 s−1. The difference in the
range of fluxes measured by each method is likely due to the
spatial scales of the different measurements; in particular, the
eddy covariance method smooths out the very high emissions
from small areas. Chamber flux measurements also generally

supported the spatial pattern of emissions shown in the eddy
covariance data (Figure S14).

Proxy Flux Map. The multiplicative factor used to convert
measurements of the methane mole fraction enhancement to a
proxy flux, α, had a similar mean value when calculated using
flux data from each of the two different flux tower locations.
This supports our assumption that methane mole fraction
enhancements and methane emissions are correlated (eq 3). α
at site 1 (site 2) was 0.63 (0.52) μmol ppm−1 m−2 s−1 when
calculated on a 0.5 m × 0.5 m grid. When calculated on a 1 m
× 1 m grid, the average value of α at site 1 (site 2) was 0.64
(0.51) μmol ppm−1 m−2 s−1, differing from the calculations on
a 0.5 m × 0.5 m grid by only 0.01 μmol ppm−1 m−2 s−1. The
magnitudes of the proxy flux maps from site 1 and site 2 only
differ slightly since the conversion factors calculated for the
two different tower deployments only differ slightly (Figure
S20). Fluxes measured using chambers fall within the
distribution of calculated proxy fluxes (Figure S21). Proxy
fluxes are shown at grid cells where the methane flux was
measured using chambers in Table S2. While chamber flux
data and the near-surface mole fraction map compare well
qualitatively, there is some mismatch between the fluxes
measured with chambers and proxy fluxes (Table S2). This
mismatch is likely due to errors in upscaling point measure-
ments to be representative of an area, errors within the GPS, or
poor temporal sampling. We further tested the validity of our
assumptions in calculations of α by examining its dependence
on wind speed (Figure S18) and wind direction (Figure S19).
We observe no dependence upon wind speed (Figure S18),
although we do observe variation in α by wind direction. To
account for this uncertainty in calculations of α, we estimate a
range of potential site-wide emission rates using values from
the 10th and 90th percentiles of the distribution of α
calculated at each half-hour.

Temporal Pattern of Fluxes. Eddy Covariance Fluxes.
Given sufficient sampling time in which many wind directions
and stability conditions are sampled in a heterogeneous source
area, temporal trends in methane fluxes may be discernible
through eddy covariance measurements (e.g., Figure 4 and
Table S1). Methane fluxes measured via eddy covariance did
not appear to have any readily discernible temporal pattern
(Figures 4 and S9), and monthly mean emissions were similar
between all months (Table S1). We found no correlation
between fluxes and precipitation or fluxes and water level as

Figure 3.Mean methane fluxes by wind direction at site 1 (left side) from December 1st through April 1st and at site 2 (right side) from April 2nd
through May 31st. The polar coordinate is the wind direction in degrees, and the radial coordinate shows the mean methane flux (μmol m−2 s−1) in
the corresponding binned wind direction.
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measured by the closest USGS stream gage. We also did not
see a clear temporal trend in α at the monthly scale (Figure
S16) or a persistent pattern in the daily cycle of α (Figure
S17), supporting our finding that there are no readily
discernible temporal patterns in fluxes since α accounts for
variations in wind direction and stability by incorporating the
flux footprint.
Upscaling and Areally Integrated Site Flux. Best

estimates of the integrated emissions from the 30 m radius
circular study area fall within the range of 5−7 kg day−1 (Table
2). The methane emission from the 2,800 m2 domain centered

at tower site 1 is 6.57 kg day−1 (Table 2). Using the 10th and
90th percentiles of the distribution of values of α (Figure S15)
produces a range of uncertainty of 1.66−13.97 kg day−1. The
site level methane emission from the 30 m radius circle
centered at tower site 2 is 5.62 kg day−1, with a similarly
calculated range of uncertainty of 2.03−10.47 kg day−1. When
calculating site level methane emissions using individual mole
fraction enhancement maps instead of the averaged map and
the mean α value for each mole fraction enhancement map,
emissions range from 5.8 to 8.7 kg/day (Table 2).

These emission estimates only represent a portion of the
total emissions from this event. Methane emissions can be
found at other locations across this landscape, both within
other parts of the field we measure and at other locations
nearby.27 We observed various other patches of dead
vegetation within the field outside of our area of study. In
the domain of our surveys of the enhancement of the methane
mole fraction, we found that areas of dead vegetation were
often colocated with areas of enhanced surface-level methane
mole fraction (Figure 1). This suggests that other areas of dead
vegetation within the field are additional locations of methane
emissions. We also did not study emissions from the nearby
stream, Gregs Run. The observed bubbling from the stream
strongly suggests that methane could be upwelling into the
water or along with the water. Thus, while we compare the
magnitude of emissions we found from our small area of study
with other sources, we do not have a comprehensive estimate
of total emissions from this region and the impact of this
potential stray gas migration may be much larger than our
estimates. These results represent a first attempt to quantify
surface methane emissions likely from stray gas migration. We
compare the magnitude of the emissions we have measured
with emissions estimated from nearby measurements of stream
methane concentration as well as other methane sources
associated with natural gas extraction in Pennsylvania for
context.
Methane emission rates estimated from nearby stream

surfaces are similar to or less than the range of emissions
observed at the farm field near Gregs Run. Grieve et al.
measured the methane concentration in the nearby stream
named “Sugar Run” and estimated the influx of methane into
the stream from the subsurface.21,26 Those studies use a mass
balance argument to estimate that a methane flux of 290−740
mg m−2 day−1 (0.2−0.5 μmol m−2 s−1) enters Sugar Run along
the study reach of the stream, totaling between 0.7 and 1.8 kg
day−1. That estimate uses the surface area of the stream
channel as the collection area for the gas in the stream, which
ultimately emits into the atmosphere.21 However, if converging
and upwelling groundwater carried methane from the entire
area of the catchment into the stream, a more conservative
estimate of the landscape area-normalized flux would use the
area of the drainage area upstream of the sample instead of the
area of the stream (0.127 mg m−2 day−1 or 9 × 10−5 μmol m−2

s−1).
We now seek to place these fluxes in context. Leakage from

natural gas systems can occur at many points during the
extraction and transportation process, any of which can emit
methane into the atmosphere.15 For example, Omara et al.
report that the average shale gas well in PA emits around 451.2
kg CH4 day

−1 (0.13% of production).51 A different study by
Caulton et al. found that the average unconventional well pad
in Pennsylvania emits 132 kg day−1.16 The aforementioned
study by Omara et al. showed that the average conventional
gas well (a vertical well not completed using high-pressure
high-volume hydraulic fracturing) emits 19.68 kg CH4 h−1

(11% of production).51 On the other hand, a high percentage
of emissions from natural gas extraction can come from a small
number of high-emitting unconventional wells that emit up to
360 kg h−1 or 8,640 kg day−1: in other words, the distribution
of emissions from sampling many wells is positively
skewed.16,17 In addition, in long-developed hydrocarbon-rich
basins such as Pennsylvania, there are not only very large
numbers of older conventional oil and gas wells but also a high

Figure 4. Weekly mean methane fluxes (μmol m−2 s−1) from
December 1st, 2018 to May 31st, 2019. The eddy covariance flux
tower was moved from site 1 to site 2 on April 2nd, 2019.

Table 2. Site Level Methane Emissions Calculated by
Integrating Proxy Flux Mapsa

site
mole fraction

map
overall flux
(kg day−1)

average α
(μmol ppm−1 m−2 s−1)

1 average 6.57 [1.66−13.97] 0.63
2 average 5.62 [2.03−10.47] 0.52
1 1 8.70 0.87
2 1 8.04 0.72
1 2 8.55 1.37
2 2 5.77 0.83
1 3 7.11 0.71
2 3 6.11 0.64

aProxy flux maps were centered at one of the two flux tower sites and
created with one of the three methane mole fraction enhancement
maps or an averaged map. Each methane mole fraction map is
interpolated onto a 0.5 m × 0.5 m resolution grid. An estimate of
uncertainty for each integrated flux estimate is provided by calculating
an overall emission using values of α (μmol ppm−1 m−2 s−1) that fall
within 10 and 90% of the distribution.
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density of orphaned/abandoned oil and gas wells.52 In a 2014
study, Kang et al. estimated that emissions from abandoned oil
and gas wells may comprise as much as 4−6% of
anthropogenic methane emissions in Pennsylvania.53 Kang et
al. measured emissions from 88 abandoned oil and gas wells,
and they report a mean methane flow rate of 0.53 kg day−1 for
an unplugged well and 0.36 kg day−1 for a plugged well.52 At
the unplugged gas well with the highest emissions, Kang et al.
report an average emission rate of 1.8 kg day−1.52

Although reports have documented stray gas migration
events in Pennsylvania like the one we have studied,54 no
investigations have quantified the number of such stray gas
migration events that result in atmospheric methane emissions
kilometers from the well pad. Some studies suggest that stray
gas migration into groundwater is fairly rare; one study
highlighting Bradford county to the northeast suggests that 5
of 1,385 unconventional wells may have caused methane to
leak into shallow aquifers.55 We are unable to estimate the total
emissions from the putatively leaking well discussed in this
study. More extensive spatial and temporal sampling
throughout the entire farm field, as well as knowledge of the
spatial structure of emission sources, would be needed to
constrain the magnitude of emissions from this event. This
would also aid in further consideration of the significance of
this source in the context of other methane emission sources.
Documentation of the frequency of events like this one would
also be needed to estimate the overall impact on methane
emissions in the state. There may be as many as 750,000
abandoned oil and gas wells in Pennsylvania,52 while there are
over 12,000 active unconventional wells.56 Between 2008−
2021, 499 wells have received citations from the Pennsylvania
Department of Environmental Protection targeting well casing
issues. However, without knowledge of the frequency of stray
gas migration events and the number of ongoing problematic
wells, it is difficult to compare our emission estimate to these
other sources.
In this work, we show that stray gas emission from shale gas

wells can not only contaminate groundwater but can also emit
methane directly into the atmosphere. Our method can be
used to quantify similarly heterogeneous field-scale emissions.
We show that the emissions from our case study of suspected
stray gas migration are significant compared to other sources
associated with natural gas extraction in PA, such as
abandoned wells, but much smaller than the largest emissions
from active production facilities. Emissions from the site we
study appear to be consistent over several months of data
collection. Emissions exhibit a highly heterogeneous spatial
structure, perhaps associated with gas migration through
subsurface features. Quantification of total emissions from
this event would benefit from a more quantitative under-
standing of the subsurface migration pathways that the gas
might follow. It is clear that we have only quantified a fraction
of total emissions from this event. This work highlights an
example of atmospheric methane emissions from potential
stray gas migration at a location far from a well pad, and further
research should explore the frequency and mechanisms behind
these types of events to inform careful and strategic natural gas
development.
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