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Abstract We present atmospheric measurements of methane (CH4) and ethane (C2H6) taken aboard a
National Oceanic and Atmospheric Administration WP-3D research aircraft in 2015 over oil- and natural
gas-producing regions of the central and western United States. We calculate emission rates from the
horizontal flux of CH4 and C2H6 in the planetary boundary layer downwind of five of these oil- and
gas-producing regions: the Bakken in North Dakota, the Barnett in Texas, the Denver Basin in Colorado, the
Eagle Ford in Texas, and the Haynesville in Texas and Louisiana. In general, we find that the enhancement of
C2H6 relative to CH4 in the atmosphere is similar to their relative abundances in locally produced natural
gas. For the Bakken and Barnett regions, both absolute CH4 emissions and the percentage of produced
natural gas emitted to the atmosphere are consistent with previous studies. The percentage of produced
natural gas emitted to the atmosphere was lower than in previous studies in the Denver Basin and the
Haynesville regions, which may be due to a decrease in drilling activity, an increase in emission controls, or
some combination thereof. Finally, we provide the first estimates of basin-wide emissions from the Eagle
Ford region using in situ airborne data and find C2H6 emissions to be greater than those from the Bakken
region. Emissions from the Bakken and Eagle Ford regions combined account for 20% of anthropogenic C2H6

emissions in North America.

1. Introduction

In March 2015, U.S. production of natural gas reached a then-record monthly high of 7.6 × 1010 m3 (2.8 trillion
cf, www.eia.gov), while U.S. crude oil production reached levels not seen since 1972. These totals represented
a 40% increase in production since March 2006, due largely to the advancement of horizontal-drilling and
hydraulic-fracturing techniques. Oil and natural gas (O&NG) production operations emit natural gas to the
atmosphere both as a result of routine operations, such as through venting and the use of pneumatic con-
trols, and unintentionally, via leaks and other fugitive emissions. Methane (CH4) is typically the largest com-
ponent of natural gas and is also a greenhouse gas (GHG) 28–34 times more potent than carbon dioxide on a
100-year time scale (Myhre et al., 2013). In the 2015 U.S. Environmental Protection Agency (EPA) GHG inven-
tory (U.S. Environmental Protection Agency, 2017), emissions from O&NG production and processing
accounted for 24% of human-caused CH4 emissions in the United States. Additionally, unintended emissions
of natural gas from the O&NG industry potentially represent an unknown loss of commodity.

In addition to CH4, natural gas is a source of ethane (C2H6) and higher hydrocarbons to the atmosphere. C2H6

is typically the second-most abundant component of natural gas and is produced mainly via thermogenic
processes. This makes it a useful tracer for fossil-based CH4 emissions, especially in regions with significant
microbial CH4 sources, such as ruminants and landfills (Yacovitch et al., 2014) that complicate source identi-
fication from atmospheric CH4 observations alone. Both CH4 and C2H6 contribute to global background
ozone production (e.g., Fiore et al., 2002; Tzompa-Sosa et al., 2017). Also, recent studies have used emissions
of C2H6 as a tracer for the relative role that O&NG production has on the global CH4 budget (e.g., Franco et al.,
2016; Hausmann et al., 2016; Helmig et al., 2016; Schwietzke et al., 2014; Simpson et al., 2012). Global trans-
port and chemistry models therefore need accurate O&NG CH4 and C2H6 emission inventories in order to
properly assess their impact on the global scale.
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Numerous studies have examined CH4 emissions from O&NG-producing regions in the United States in the
past 10 years. These include top-down studies that quantify total CH4 and C2H6 emissions using ambient
measurements, bottom-up studies that quantify CH4 emissions from individual components and processes,
and studies to reconcile any differences between the two methods. Several top-down studies used measure-
ments from aircraft to provide snapshots of emissions on a given day when meteorology is favorable for
determining emissions; others were monthlong studies aimed at understanding the day-to-day variability
of emissions. Here we use airborne in situ data to quantify emissions from regions studied previously using
top-down methods: the Bakken shale region of North Dakota (Peischl et al., 2016), the Barnett shale region
in Texas (Karion et al., 2015; Smith et al., 2015), the Denver Basin region (sometimes referred to as the
Denver-Julesburg Basin or Wattenberg Field) in Colorado (Pétron et al., 2012, 2014), and the Haynesville shale
region in Louisiana and Texas (Peischl et al., 2015). We also quantify emissions from a region not as well-
studied, the Eagle Ford shale region in Texas. Emissions determined from one flight in the Upper Green
River region in Wyoming will be discussed in a separate work.

Here we estimate total atmospheric CH4 and C2H6 emissions from O&NG-producing regions using measure-
ments made aboard a National Oceanic and Atmospheric Administration (NOAA) WP-3D (P-3) aircraft during
March and April 2015 during the Shale Oil and Natural Gas Nexus (SONGNEX) field campaign. We then use a
CH4 emission inventory to estimate emissions from sources not related to the O&NG industry, such as live-
stock and landfills, and attribute the remaining CH4 emissions to O&NG activity. We evaluate this attribution
to O&NG sources by examining the enhancement ratio of C2H6 to CH4 in the atmosphere downwind of the
O&NG regions and comparing the enhancement to the abundance in natural gas from the region. We also
examine the correlation of ammonia (NH3) to CH4 in the atmosphere to determine the impact livestock
and manure management have on observed CH4 enhancements. Next, we compare emissions from O&NG
operations to production data in order to determine the percentage of produced natural gas that is emitted
to the atmosphere. Finally, we compare our results to previously published work.

2. Instrumentation

During SONGNEX, the NOAA P-3 was equipped with 18 instruments measuring trace gases and particle
microphysical properties. The specific measurements used for this analysis, along with their estimated uncer-
tainties, are listed below.

2.1. CH4

Methane was measured by wavelength-scanned cavity ringdown spectrometry (Picarro 1301-m, Sunnyvale,
CA). Uncertainties were estimated by introducing standards near the inlet tip regularly throughout the pro-
ject, as described by Peischl et al. (2012). The standards were calibrated to the World Meteorological
Organization (WMO) scale (X2004A) before and after the project using a set of four standards calibrated by
the NOAA Earth System Research Laboratory’s Global Monitoring Division. A high and low standard were
introduced in order to span the majority of ambient measurements, typically 2–4 times per flight, which
we refer to as a “calibration.” A third standard, or “target,” was introduced 4–8 times per flight to check the
stability and accuracy of the calibration by comparing its value retrieved in flight to that from the WMO scale.
Over the course of SONGNEX, the retrieved value of this standard in flight was 1831.8 ± 0.6 ppb; the WMO
standard value was 1831.6 ± 1.0 ppb. All uncertainties are reported herein as 1σ. For the CH4 data reported
here, we estimate a 1-Hz precision of ±0.4 ppb and a total uncertainty of ±1.2 ppb. All CH4 data are reported
as dry air mole fractions.

2.2. C2H6

Ethane was measured by tunable infrared laser direct absorption spectroscopy (Aerodyne mini ethane spec-
trometer, Billerica, MA; Yacovitch et al., 2014). Ultrapure zero air (Scott-Marrin Inc., Riverside, CA) and an C2H6

calibration standard (Matheson Linweld, Sioux City, IA) were regularly delivered to the inlet line to evaluate
instrument sensitivity between approximately 0 and 100 ppbv C2H6 in flight. Instrument zeroes were deter-
mined in flight by sampling an excess of ultrapure zero air for 30 s approximately every 15 min and linearly
interpolating the retrieved values; instrument calibrations were performed by standard replacement for 60 s
approximately once every 2 hr in flight. These tanks were calibrated after the SONGNEX field project with a
set of C2H6 standards obtained from the NOAA Earth System Research Laboratory’s Global Monitoring
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Division (Hall et al., 2007). Unlike the CH4 measurement, the C2H6 sample was not dried. We estimate a 1-Hz
precision of 0.04 ppbv and a total uncertainty of ±(0.07 ppbv + 2.1%) for C2H6measurements. The uncertainty
of the C2H6 measurement is reported as the following uncertainties added in quadrature: uncertainty of zero
air, ±0.04 ppbv; uncertainty of interpolated zero, ±0.06 ppbv; C2H6 standard uncertainty, ±2% relative to the
NOAA Earth System Research Laboratory GMD scale (Hall et al., 2007); and variability of in-flight standard
retrieval, ±0.7%. C2H6 was also measured in whole air samples taken aboard the P-3 aircraft, and a compar-
ison of the two measurements is presented by Lerner et al. (2017).

2.3. NH3 and Meteorological Data

Ammonia was measured by chemical ionization mass spectrometry (Nowak et al., 2007). We estimate a 1-Hz
precision of ±35 pptv and a total uncertainty of ±(25% + 500 pptv), determined from regular in-flight calibra-
tions and instrument background checks. Meteorological and navigational measurements were made by var-
ious sensors aboard the NOAA P-3 and reported at 1 Hz. We estimate the following uncertainties for these
measurements: wind speed (±1 m/s), wind direction (±5°), ambient temperature (±0.5 °C), potential tempera-
ture (θ, ±0.5 K), dew point temperature (±0.5 °C), heading (±0.5°), radar altitude (±15 m), GPS altitude (±16 m),
H2O (±5% in units of g/kg), and ground speed (±3.4 m/s). For comparisons of dry CH4 fluxes to ambient C2H6

fluxes, H2O corrections were less than 1% for all flights, with the exception of the two Eagle Ford flights, for
which H2O was ~2%. These corrections are either negligible or within the uncertainties of the emissions esti-
mates stated below.

3. Additional Data

Well locations, O&NG production data, and natural gas composition data were obtained from various sources
(e.g., Brandt et al., 2015; Hill et al., 2007; Rodriguez & Philp, 2010; Sherwood et al., 2017; see Text S1 in the sup-
porting information). CH4 emissions from sources not related to O&NG production, such as livestock and
landfills, are derived from the work of Maasakkers et al. (2016), which partitioned the 2012 U.S. EPA CH4 emis-
sions inventory onto a 0.1° latitude × 0.1° longitude grid. We scale gridded enteric fermentation and manure
management emissions by the ratio of the total number of cattle and calves for the counties in each region of
interest in 2015 versus 2012. Cattle and calf data were downloaded from the U.S. Department of Agriculture
National Agriculture Statistics Service website (https://www.nass.usda.gov). This scaling resulted in a change
in estimated CH4 emissions from enteric fermentation and manure management of <10% in each region.
Emissions from individual grid cells are apportioned by geographic area in cases where the NOAA P-3 flight
track intersected a grid cell. We assume a ±100% uncertainty in this inventory, in part because most of the
non-O&NG sources are livestock-related, which have a 100% uncertainty at the 0.1° scale (Maasakkers
et al., 2016). The U.S. EPA Greenhouse Gas Reporting Program (GHGRP) is used to locate CH4 emissions from
known point sources of CH4 in 2015 (downloaded March 2017 from http://ghgdata.epa.gov/ghgp).

Accurate mass balance calculations of area source emissions require a spatially and temporally uniform
wind field in order to satisfy the assumption that upwind emissions contribute with equal weighting to
the enhancement above background of a measured gas downwind, because the enhancement scales
with the inverse of the wind speed (Text S2). These wind measurements are made onboard the NOAA
P-3, but the Hybrid Single-Particle Lagrangian Integrated Trajectory model (Stein et al., 2015), run with
the North American Mesoscale 12-km resolution meteorological data and modeled vertical transport, is
used to assess the spatial and temporal uniformity of wind fields before the arrival of the NOAA P-3 in
a region.

We not only report volumes of natural gas in m3 at 0 °C and 101.325 kPa and use this for our calculations but
also provide the volumes in cubic feet (cf) and pressures in pounds per square inch (psi) as reported by the
U.S. Energy Information Administration (EIA) or the states for reference. The following conditions are reported
for natural gas volumes: EIA, Colorado, and North Dakota, 15.56 °C (60 °F) and 101.56 kPa (14.73 psi);
Louisiana, 15.56 °C and 103.59 kPa (15.025 psi); and Texas, 15.56 °C and 101.01 kPa (14.65 psi).

4. Emission Flux Calculations

Themass balance technique (White et al., 1976) used here to quantify emissions has been extensively used to
estimate CH4 and C2H6 emissions from O&NG-producing regions in the United States, including the Uinta
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Basin of Utah (Karion et al., 2013), the Denver Basin of northeastern Colorado (Pétron et al., 2014), the
Marcellus shale region of northeastern Pennsylvania (Barkley et al., 2017; Peischl et al., 2015), the
Fayetteville shale region of Arkansas (Peischl et al., 2015; Schwietzke et al., 2017), the Haynesville shale region
of northwestern Louisiana and eastern Texas (Peischl et al., 2015), the Barnett shale region of Texas (Karion
et al., 2015; Smith et al., 2015), the Bakken shale region of North Dakota (Kort et al., 2016; Peischl et al.,
2016), and the San Juan region of New Mexico and Colorado (Smith et al., 2017). A similar mass balance tech-
nique has been used to quantify CH4 and other emissions from portions of O&NG-producing regions and
from large point sources (Caulton et al., 2014; Conley et al., 2016; Lavoie et al., 2017). The analysis and tech-
nique presented here expand upon the work of Peischl et al. (2015) and are summarized in Text S2.

5. Results

The SONGNEX field campaign comprised 18 flights of the chemically instrumented NOAA P-3 research air-
craft in March and April 2015 upwind of, over, and downwind of regions with O&NG production in the cen-
tral and western United States (Figure 1). Here we present airborne data from 5 regions: the Bakken shale
in North Dakota; the Barnett shale near Dallas, Texas; the Denver Basin of northeastern Colorado; the Eagle
Ford shale in southern Texas; and the Haynesville shale in eastern Texas/northwestern Louisiana. We quan-
tify CH4 and C2H6 emissions from these regions, compare these values to previous emission estimates,
attribute CH4 emissions specific to O&NG activity, and determine the amount of natural gas emitted to
the atmosphere for each of these regions. To our knowledge, this work provides the first basin-wide esti-
mate of atmospheric CH4 and C2H6 emissions using airborne in situ data from the Eagle Ford region of
Texas. Therefore, we use this region as an example below and present the analysis of the other regions
in Text S3.

Figures 2 and 3 and S1–S4 show NOAA P-3 flight tracks colored by CH4 mixing ratio in the boundary layer
for each of the five O&NG-producing regions studied. The insets of the maps in these figures are repre-
sented by black rectangles in Figure 1. Data on reported O&NG production per well are gridded to high-
light areas of the highest production in each region. The grid dimensions for a given region are roughly
proportional to the area of the study region. Each grid is colored linearly such that white represents zero
production, black represents the maximum production, and half the maximum gridded production is
green for natural gas and cyan for oil.

Figure 1. Map of central North America, with the National Oceanic and Atmospheric Administration P-3 flight tracks during
the Shale Oil and Natural Gas Nexus field campaign shown as yellow lines. The black boxes represent the insets for the
maps in Figures 2 and 3 and S1–S4.
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5.1. CH4 and C2H6 Emissions

The NOAA P-3 sampled the Eagle Ford shale region of southern Texas on 2 and 7 April 2015 (Figures 2 and 3).
We separate the region into two sections, west and east, due to the size of the region, the relative differences in
O&NGproduction, and the different levels of backgroundCH4 upwind of the two regions. Figures 2 and 3 show
reported O&NG production (section S1 in the supporting information) on a 6.6 × 6.6 km grid. In this case, the

Figure 2. (a) Map of the western Eagle Ford study region, with the 2 April National Oceanic and Atmospheric
Administration P-3 flight track represented by a thin black line colored by observed CH4 in the boundary layer. The
wider hash marks represent the downwind transect used for the mass balance calculation. Also shown is a 6.6 × 6.6 km grid
of normalized natural gas production, where zero production is represented as white, the maximum production is repre-
sented as black, and the color scale is linearly interpolated through shades of green. Note: The maximum production grid is
defined as the maximum for the entire Eagle Ford region, spanning Figures 5 and 6. CH4 point sources are shown as
open circles colored blue for oil- and gas-related sources and brown for all others, sized by emissions in the Environmental
Protection Agency Greenhouse Gas Reporting Program inventory for 2015. (b) Map similar to (a), but for the 7 April flight.
Normalized oil production is shown using cyan as the intermediate color. (c) Time series of CH4 (blue), C2H6 (red), and
altitude (black) from the 2 April flight. The enhancement used for the mass balance calculation is shaded above the esti-
mated background. The dashed lines represent the background uncertainty. (d) A time series from the 7 April flight, with
coloring and lines defined as in (c).
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gridded production in Figures 2 and 3 is scaled to the maximum grid cell for the entire Eagle Ford region. The
western region iswhere themajority of natural gaswas produced, and the eastern region iswhere themajority
of oil was produced in 2015. The P-3 flew further to the west on the 7 April flight than the 2 April flight and
consequently sampled a factor of 1.07 more natural gas production. For our analysis, we take the weighted
mean emission and compare it to a mean natural gas production upwind of the two flights (Table 1).

Figure 3. (a) Map of the eastern Eagle Ford study region, with the 2 April National Oceanic and Atmospheric Administration
P-3 flight track represented by a thin black line colored by observed CH4 in the boundary layer. The wider hash marks
represent the downwind transect used for the mass balance calculation. Also shown is a 6.6 × 6.6 km grid of normalized
natural gas production, where zero production is represented as white, the maximum production is represented as black,
and the color scale is linearly interpolated through shades of green. Note: The maximum production grid is defined as
the maximum for the entire Eagle Ford region, spanning Figures 5 and 6. CH4 point sources are shown as open circles
colored blue for oil- and gas-related sources and brown for all others, sized by emissions in the Environmental Protection
Agency Greenhouse Gas Reporting Program inventory for 2015. Urban areas are outlined in pink; the large urban area in
the northwestern part of the map is the San Antonio metropolitan area. (b) Map similar to (a), but for the 7 April flight.
Normalized oil production is shown using cyan as the intermediate color. (c) Time series of CH4 (blue), C2H6 (red), and
altitude (black) from the 2 April flight. The enhancement used for the mass balance calculation is shaded above the esti-
mated background. The dashed lines represent the background uncertainty. (d) A time series from the 7 April flight, with
coloring and lines defined as in (c).
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5.1.1. Eagle Ford West
For the 2 April flight, winds were out of the south-southeast at 5.2 ± 1.0 m/s. We estimate the adjusted
PBL depth to be 1,060 ± 250 m above ground level (agl) for the downwind transect following the method
described in section S2; uncertainties in these two values constitute the majority of the uncertainty in the
derived emission rates. We estimate the emission of CH4 between the upwind transect at 27.8°N latitude
and the downwind transect at 28.65°N (Figure 2) from the difference in CH4 flux between the downwind
and upwind transects (Peischl et al., 2015). Emissions from the largest point source in the 2015 GHGRP for
the region, the City of Laredo Landfill located at 27.5°N and 99.4°W, scale to 1.2 tonnes CH4/hr. This emis-
sion is accounted for by the upwind transect. We calculate a flux of CH4 entering the region of
17 ± 7 tonnes CH4/hr, shown as a light blue enhancement labeled “upwind” in Figure 2c. We subtract this
from the flux exiting the region, shown as the light blue enhancement labeled “downwind” in Figure 2c,
of 57 ± 14 tonnes CH4/hr. The result is an emission from between the two transects of
41 ± 16 tonnes CH4/hr. The terms do not sum to the total due to rounding. Similarly, we calculate an
upwind flux of 1.1 ± 0.8 tonnes C2H6/hr and a downwind flux of 18 ± 6 tonnes C2H6/hr to determine
an emission of 17 ± 7 tonnes C2H6/hr from the region. For the 7 April flight, winds were again out of
the south-southeast at 8.1 ± 1.0 m/s. We estimate the adjusted PBL depth at 1,525 ± 230 m agl for the
downwind transect. We calculate an emission of 44 ± 15 tonnes CH4/hr and 17 ± 4 tonnes C2H6/hr.
The largest sources of uncertainty were the wind speed, ±18%, and the boundary layer depth, ±15%. A
1/σ2-weighted average of the two flights results in emissions of 42 ± 11 tonnes CH4/hr and
17 ± 3 tonnes C2H6/hr from the western Eagle Ford region (Table 1).
5.1.2. Eagle Ford East
For the 2 April flight, winds were out of the southeast at 7.3 ± 1.0 m/s. We estimate the adjusted PBL depth to
be 1,220 ± 240 m agl for the downwind transect. We calculate an emission of 46 ± 12 tonnes CH4/hr and
21 ± 6 tonnes C2H6/hr from the eastern portion of the Eagle Ford region. We estimate the uncertainty of inter-
polating the C2H6 measurement during zeroes to be ±18%. For the 7 April flight, winds were out of the south-
east at 8.7 ± 1.7 m/s. We estimate the PBL depth to be 1,585 ± 240 m agl for the downwind transect. The
estimated background mixing ratio has been adjusted linearly according to equation (S3) to account for dilu-
tion due to a growing PBL depth. The PBL depth grew by nearly a factor of 2 between the upwind transect
and the downwind transect. We adjust the initial background estimate, 1,876 ppb, by accounting for dilution
with approximately 1,860 ppb of CH4 above the PBL (Figure 3d) and assign a ±3 ppb uncertainty to the back-
ground. We calculate an emission of 45 ± 21 tonnes CH4/hr and 20 ± 4 tonnes C2H6/hr. We estimate the C2H6

interpolation uncertainty at ±18%. A weighted average of the two flights results in emissions of
45 ± 10 tonnes CH4/hr and 20 ± 3 tonnes C2H6/hr (Table 1).

We perform a similar analysis for the other regions studied during SONGNEX (Text S3). We find emissions of
29 ± 7 tonnes CH4/hr and 27 ± 6 tonnes C2H6/hr from the Bakken region, 66 ± 22 tonnes CH4/hr and
5.9 ± 2.0 tonnes C2H6/hr from the Barnett region, 24 ± 5 tonnes CH4/hr and 7.0 ± 1.1 tonnes C2H6/hr from the
Denver Basin region, and 51 ± 16 tonnes CH4/hr and 4.5 ± 1.5 tonnes C2H6/hr from the Haynesville region
(Table 1).

Table 1
Summary of C2H6 and CH4 Emissions from Study Regions

Region

C2H6
emission
(tonnes/hr)

CH4 emission
(tonnes/hr)

Estimated CH4 emissions from
O&NG activity (tonnes/hr)

Monthly NG production from
emission region (109 m3)

Abundance of CH4
in natural gas (%)

NG produced emitted
to atmosphere (%)

Bakken 27 ± 6 29 ± 7 28 ± 7 1.12 ± 0.02 47 ± 13 5.4 ± 2.0
Barnett 5.9 ± 2.0 66 ± 22 46 ± 30 3.64 ± 0.07 87 ± 3 1.5 ± 1.0
Denver
Basin

7.0 ± 1.1 24 ± 5 18 ± 8 1.18 ± 0.02 77 ± 8 2.1 ± 0.9

Eagle Ford
West

17 ± 3 42 ± 11 41 ± 11 2.7 ± 0.3 77 ± 10 2.0 ± 0.6

Eagle Ford
East

20 ± 3 45 ± 10 42 ± 11 2.0 ± 0.2 68 ± 9 3.2 ± 1.1

Haynesville 4.5 ± 1.5 51 ± 16 42 ± 18 4.50 ± 0.23 90 ± 7 1.0 ± 0.5
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5.2. Source Attribution

In this section, we estimate CH4 emissions from sources related to O&NG production for the Eagle
Ford region. Source attribution for the other regions is treated in Text S4. To accomplish this, we
use a gridded 2012 U.S. EPA CH4 inventory (Maasakkers et al., 2016) to estimate emissions not related
to O&NG production in each region. These sources typically consist of enteric fermentation, manure
management, landfills, wastewater treatment, and coal mining. We then check these estimates using
airborne data. For example, we compare downwind atmospheric enhancements of C2H6 relative to
CH4 with natural gas composition data from the regions studied to see if produced natural gas
emitted to the atmosphere could explain the enhancements and examine correlations of C2H6 and
NH3 with CH4 under the assumption that co-emitted species will have higher a coefficient of
determination (R2).

5.2.1. Eagle Ford West
We estimate an emission of 0.9 tonnes CH4/hr from the western portion of the Eagle Ford region not related
to O&NG production and processing (Maasakkers et al., 2016). Enteric fermentation accounts for the majority
of these emissions at 0.7 tonnes CH4/hr.

Information on natural gas composition is sparse for the western Eagle Ford region. We therefore use
composition data from a variety of generalized source analyses, with the C2H6:CH4 ratio given for each
reference: upstream of two gathering stations, 0.131 and 0.085 (Bowles, 2014); a sample from a transmis-
sion pipeline operator known to operate in the central and southern Eagle Ford region, 0.185 (George &
Bowles, 2011); general Eagle Ford shale gas characteristics, 0.187 (Cohen, 2013) and 0.245 (Conder &
Lawlor, 2014); and general Western Gulf Basin natural gas characteristics, 0.050 (Pring, 2012, Table E-2)
and 0.094 (Lange et al., 2014, Table 4–2). Despite the limited natural gas composition data available
for the western Eagle Ford region, the composition data generally bracket the atmospheric enhance-
ments of C2H6 and CH4 (Figure 4d). A linear least squares fit of the data from the downwind transect
results in a slope of 0.116 and 0.080 ppbv C2H6/ppb CH4 for the 2 and 7 April flights, respectively.
The R2 relationships on the 2 and 7 April flights were 0.19 and 0.00, respectively, for NH3 and CH4,
and 0.73 and 0.54, respectively, for C2H6 and CH4. Therefore, we conclude that O&NG activity is respon-
sible for the majority of CH4 emissions to the atmosphere in this region and attribute an emission of
41 ± 11 tonnes CH4/hr from O&NG sources in the western Eagle Ford region out of a total emission
of 42 ± 11 tonnes CH4/hr (Table 1).

5.2.2. Eagle Ford East
We estimate an emission of 2.8 tonnes CH4/hr from the eastern Eagle Ford region from sources not
related to O&NG production and processing (Maasakkers et al., 2016). The majority of these emissions
come from enteric fermentation, which accounts for 2.0 tonnes CH4/hr.

Zhang et al. (2017) analyzed the chemical composition of natural gas from 37 Eagle Ford shale oil wells
after hydraulic fracturing. The C2H6 and CH4 composition of this gas is similar to the atmospheric
enhancement of these compounds (Figure 4e). A linear least squares fit of the data from the downwind
transect results in a slope of 0.185 and 0.205 ppbv C2H6/ppb CH4 for the 2 and 7 April flights, respectively.
Additionally, the R2 relationships on the 2 and 7 April flights were 0.07 and 0.08, respectively, for NH3 and
CH4, and 0.64 and 0.69, respectively, for C2H6 and CH4. Therefore, we conclude that O&NG activity is again
responsible for the majority of emissions in this region and attribute an emission of 42 ± 11 tonnes CH4/hr
from O&NG sources in the eastern Eagle Ford region out of a total emission of 45 ± 10 tonnes CH4/hr
(Table 1).

Similarly, we estimate CH4 emissions from sources not related to O&NG operations of 1.1–1.4 tonnes CH4/hr
from the Bakken region, 20 tonnes CH4/hr from the Barnett region, 5.9 tonnes CH4/hr from the Denver Basin
region, and 8.8 tonnes CH4/hr from the Haynesville region (Text S4). These emissions are subtracted from the
total emission to estimate a CH4 emission from O&NG production in these regions (Table 1). Figure 4 shows
that the atmospheric enhancements of C2H6 to CH4 immediately downwind of O&NG-producing regions are
similar to their abundance in natural gas from these regions. Additionally, in each region, the R2 of C2H6 ver-
sus CH4 is greater than for NH3 versus CH4, indicating that natural gas emissions are the larger source of CH4

in these regions.
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5.3. Natural Gas Production

Natural gas production is estimated using a combination of state and EIA
data, where available. We first compare the totals derived from individual
well production data to basin-wide totals to verify the well totals, then use
high resolution well location data to estimate production upwind of the
mass balance transects.

The EIA reports total Eagle Ford natural gas production in April 2015 at
5.91 × 109 m3 (220 billion cf). Texas Railroad Commission county-level pro-
duction estimates for April in the SONGNEX study region total
5.48 × 109 m3, with 3.18 × 109 m3 produced in the western counties
(Dimmit, LaSalle, Maverick, and Webb), and 2.30 × 109 m3 produced in
the eastern counties (Atascosa, Bee, Dewitt, Gonzales, Karnes, Live Oak,
McMullen, and Wilson). According to 2015 well production data from the
Texas Railroad Commission, prorated natural gas production for the entire
Eagle Ford region was only 3.14 × 109 m3 (117 billion cf), which falls below
the average statewide production reporting rate of 75%. For our calcula-
tions, we scale county-level production data by the well production loca-
tions with an estimated ±10% uncertainty. Natural gas production was
2.7 ± 0.3 × 109 m3 in the western Eagle Ford study region and
2.0 ± 0.2 × 109 m3 in the eastern Eagle Ford study region.

Natural gas production from the Bakken, Barnett, Denver Basin, and
Haynesville regions is discussed in Text S5. We determine monthly natural
gas production of 1.12 ± 0.02 × 109 m3 from the Bakken region,
3.64 ± 0.07 × 109 m3 from the Barnett region, 1.18 ± 0.02 × 109 m3 from
the Denver Basin region, and 4.50 ± 0.23 × 109 m3 from the Haynesville
region (Table 1).

5.4. Natural Gas Emissions to the Atmosphere

Here we calculate the volume of natural gas emitted to the atmosphere
from O&NG operations and compare it to the volume of natural gas pro-
duced to derive the percentage of produced natural gas that is emitted
to the atmosphere from each basin. We achieve this by taking the mass
emission of CH4 from O&NG operations in a region and converting it to a
volume emission of natural gas based on the abundance of CH4 in natural
gas from a given region.

For the Eagle Ford region, there was a general lack of information on nat-
ural gas composition until the study by Zhang et al. (2017). A previous
study of Eagle Ford emissions (Roest & Schade, 2017) relied on reports to
the Texas Commission on Environmental Quality (Pring, 2012) to estimate
the natural gas composition from this region. We use the results from
Zhang et al. (2017) to represent eastern Eagle Ford natural gas
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Figure 4. C2H6 to CH4 enhancements above background from the downwind trans-
ects used in the mass balance calculation for each region (red and blue markers) are
compared to the natural gas composition (gray lines) for the following regions:
(a) Bakken, (b) Barnett, (c) Denver Basin, (d) western Eagle Ford, (e) eastern Eagle
Ford, and (f) Haynesville. The dashed black line in (a) represents the 1:1 line. The
aspect ratio is the same for each graph, so a direct comparison of slopes may be
made. The solid black line in (b) represents the composition ratio used by Zavala-
Araiza et al. (2014); the two dotted black lines in represent the highest frequency
enhancement ratios reported by Smith et al. (2015). The black line in panel
(e) represents the C2H6 to CH4 ratio used by Roest and Schade (2017) to estimate
CH4 emissions from C2H6 measurements taken in the region.
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composition, and the multiple studies cited in section 5.2, which includes the study by Pring (2012), to repre-
sent western Eagle Ford natural gas composition.
5.4.1. Eagle Ford West
Here we use the same studies that reported C2H6 and CH4 abundance in natural gas for the source attribution
to estimate CH4 abundance in natural gas from the western Eagle Ford region. Bowles (2014) reports CH4

abundances of 80.0% and 74.6% upstream of two natural gas processing plants in 2014, with a range
between 74.5% and 88.7% between 2010 and 2014. George and Bowles (2011) report a CH4 abundance of
74.6% from a pipeline operator in the region. Other reported general Eagle Ford/Western Gulf abundances
include 75% (Cohen, 2013), 66.6% (Conder & Lawlor, 2014), 90.1% (Pring, 2012), and 77.15% (Lange et al.,
2014). Based on these studies, we estimate a CH4 abundance in natural gas from this region of 77 ± 10%,
which results in 2.0 ± 0.6% of the natural gas produced in the region that is emitted to the atmosphere
(Table 1).
5.4.2. Eagle Ford East
The mean abundance of CH4 in 37 natural gas samples from oil wells by Zhang et al. (2017) taken from
the eastern Eagle Ford region is 62 ± 3%. The atmospheric enhancements of C2H6 to CH4 seem to be well
represented by the composition from the Zhang et al. (2017) analyses, although there are likely emissions
from the natural gas wells too. According to Texas Railroad Commission county production data, gas and
oil wells produced an equal amount of natural gas in April 2015. Thus, our estimate of CH4 abundance in
natural gas from this region should include some portion of natural gas similar to that in the western
Eagle Ford. We therefore estimate the abundance to be 68 ± 9% for the eastern Eagle Ford region, which
covers the range of variability in the CH4 abundance from oil wells and the mean abundance used for the
western Eagle Ford region. This results in 3.2 ± 1.1% of the natural gas produced in the region that is
emitted to the atmosphere (Table 1).

The abundance of CH4 in natural gas from the Bakken, Barnett, Denver Basin, and Haynesville regions is deter-
mined from previous studies and reported in Text S6 and in Table 1. The resulting emissions of produced nat-
ural gas to the atmosphere are 5.4 ± 2.0% from the Bakken region, 1.5 ± 1.0% from the Barnett region,
2.1 ± 0.9% from the Denver Basin region, and 1.0 ± 0.5% from the Haynesville region.

6. Discussion

Here we compare the results of our analysis, specifically the estimated CH4 and C2H6 emissions from O&NG
activity and the percentage of produced natural gas emitted to the atmosphere, with previous work. To help
frame a comparison of these numbers, we additionally present changes in the natural gas production and the
drill rig count in these regions between studies. The drill rig count may be interpreted as a proxy for well com-
pletions, which are one of the larger sources of CH4 during the O&NG drilling stages (U.S. Environmental
Protection Agency, 2017).

6.1. Bakken

The CH4 and C2H6 emissions attributed to O&NG operations in the Bakken region remained constant within
uncertainties between May 2014 and April 2015. Peischl et al. (2016) attributed 26.5 ± 6.5 tonnes CH4/hr to
O&NG operations in May 2014, compared to 28 ± 7 tonnes CH4/hr in April 2015. Similarly, Kort et al. (2016)
reported emissions of 26 ± 8 tonnes C2H6/hr in May 2014, compared to 27 ± 6 tonnes C2H6/hr in this study.
However, the natural gas produced in the region increased by a factor of 1.13 between these two studies in
2014 and 2015, which accounts for the small but not statistically significant decrease in the percentage of
produced natural gas emitted to the atmosphere from 6.3 ± 2.1% to 5.4 ± 2.0%. Other factors may have con-
tributed to a decrease in the percentage emitted as well, including the rig count, which decreased from 180
in May 2014 to 86 in April 2015. Additionally, Gvakharia et al. (2017) reported that up to one fifth of CH4 emis-
sions in the region could be accounted for from the incomplete combustion of flared natural gas. According
to the State of North Dakota Industrial Commission, the volume of flared natural gas decreased by 20%
between May 2014 and April 2015.

6.2. Barnett

The CH4 and C2H6 emissions attributed to O&NG operations in the Barnett region also remained constant
within reported uncertainties between March/October 2013 and April 2015. Karion et al. (2015) attributed

10.1029/2018JD028622Journal of Geophysical Research: Atmospheres

PEISCHL ET AL. 7734



60 ± 11 tonnes CH4/hr to O&NG operations in March/October 2013, compared to 46 ± 30 tonnes CH4/hr
attributed in this study for April 2015. Smith et al. (2015) reported an emission of 6.6 ± 0.2 tonnes C2H6/hr
in March/October 2013, compared to 5.9 ± 2.0 tonnes C2H6/hr for this study. The estimates of the percentage
of produced natural gas emitted to the atmosphere have remained nearly unchanged, 1.6 ± 0.3% versus
1.5 ± 1.0%, despite a decrease in the number of drill rigs from an average of 35 in March 2013, to 33 in
October 2013, and finally to 6 in April 2015.

6.3. Denver Basin

The CH4 and C2H6 emissions attributed to O&NG operations in the Denver Basin region also remained sta-
tistically unchanged between 2008 and March 2015. Pétron et al. (2012) attributed approximately
14.8 tonnes CH4/hr, with a range of 8.2–28.8 tonnes CH4/hr, to O&NG operations in the summer of
2008, compared to the 19.3 ± 6.9 tonnes CH4/hr attributed by Pétron et al. (2014) in May 2012, and
the 18 ± 8 tonnes CH4/hr attributed by this study for March 2015. Our estimated percentage of produced
natural gas emitted to the atmosphere of 2.1 ± 0.9% in the Denver Basin region in March 2015 is lower
than the 4.0% (range of 2.3–7.7%) and 4.1 ± 1.5% emissions estimated by Pétron et al. (2012) and Pétron
et al. (2014) for the Denver Basin during the summer of 2008 and May 2012, respectively. A Welch’s t test
comparing the percentage emitted reported here to that of Pétron et al. (2014) results in a t statistic of
1.7, which means there is roughly an 83% likelihood that the percentage of produced natural gas emitted
to the atmosphere has decreased between the two studies. Future studies will be necessary to determine
if this trend is significant.

Natural gas production increased by a factor of 1.7 between the 2012 study by Pétron et al. (2014) and this
work in 2015. However, the drill rig count for the Denver Basin decreased from 45 in May 2012 to 30 in
March 2015. In addition, the state of Colorado introduced new regulations to limit CH4 and volatile organic
compound emissions in the intervening years. Therefore, it is possible that the decrease in the percentage
of produced natural gas emitted to the atmosphere is due to a decrease in the amount of drilling activity,
an increase in effective regulation and/or emissions control, or a combination of these factors.

Robertson et al. (2017) used CH4 measurements from mobile laboratories in 2014 to derive a median per-
centage of produced natural gas emitted from well pads in the Denver Basin of 2.1% (1.6–3.0%, 1-sigma
range), which is nearly identical to our basin-wide estimate for March 2015. This implies that well pad
emissions may be the dominant source of CH4 emissions in this region. This is supported by the
GHGRP inventory for point sources, which account for only 0.4 tonnes CH4/hr from O&NG point sources,
or approximately 2% of emissions attributed to O&NG operations.

Townsend-Small et al. (2016) estimated that roughly half of CH4 emissions in the Denver Basin O&NG pro-
duction region were due to biogenic sources of CH4. Our estimates of the contribution from these
sources, derived from the 2012 EPA GHG inventory (Maasakkers et al., 2016), account for one-quarter of
the total CH4 emission, which is half that of the Townsend-Small et al. (2016) estimate, but similar to
the estimate by Pétron et al. (2014). Further, Eilerman et al. (2016) found that emission ratios of NH3 to
CH4 derived from mobile laboratory measurements at the fence-line downwind of feedlots in this region
were consistent with ratios of inventory emissions. We therefore assume that the Maasakkers et al. (2016)
inventory of CH4 emissions from biogenic sources is accurate.

6.4. Eagle Ford

The region-wide CH4 and C2H6 emissions attributed to O&NG operations in the Eagle Ford region are the
first basin-wide estimates derived using in situ airborne data, to our knowledge. Schneising et al. (2014)
used satellite measurements between the periods 2006–2008 and 2009–2011 to determine an increase in
CH4 emissions from this area of 530 ± 330 Gg CH4/yr, which scales to 61 ± 38 tonnes CH4/hr. This is con-
sistent with the combined emissions we report from the eastern and western Eagle Ford regions of
82 ± 16 tonnes CH4/hr from O&NG operations. However, the estimate by Schneising et al. (2014) implies
an atmospheric emission of roughly 12 ± 8% of the natural gas produced (Howarth, 2015), whereas our
western and eastern Eagle Ford estimates were 2.0 ± 0.6% and 3.2 ± 1.1%, respectively. The number of
drill rigs in the Eagle Ford region increased from 46 in January 2009 to 239 in December 2011, with an
average of 112 during the time period Schneising et al. (2014) examined, and by April 2015 there were
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118 rigs in the region. The amount of drilling activity during our study was likely similar to the average
drilling activity during the study by Schneising et al. (2014), which would not explain the differences in
the percentage of produced natural gas emitted to the atmosphere.

Lavoie et al. (2017) used CH4 measurements from small aircraft in June 2014 to determine emissions from
large point sources in the eastern Eagle Ford region. They found aggregate emissions from large sources
as a percentage of natural gas produced of 0.9 ± 0.3% and 1.3 ± 0.5% from their two study regions, which
combine to average 1.1 ± 0.4%. Roest and Schade (2017) used ground-based measurements of C2H6 and
other alkanes to derive an emission from upwind sources in the eastern Eagle Ford region of 0.7–1.6%
(interquartile range) between August 2013 and August 2015. Our estimates of atmospheric emissions
for the eastern Eagle Ford, 3.2 ± 1.1%, are significantly higher than these studies. One reason for this is
our estimate of CH4 and C2H6 abundance in produced natural gas from the region, which was determined
from a study (Zhang et al., 2017) published after the studies by Lavoie et al. (2017) and Roest and Schade
(2017) were published. Lavoie et al. (2017) calculated their emissions assuming produced natural gas was
100% CH4. If they had instead used our estimated abundance, 68%, their combined average percentage of
produced natural gas emitted to the atmosphere would have been 1.6 ± 0.6%, which is still lower than,
but within the combined uncertainties of, our estimate. Roest and Schade (2017) used light alkane data
from various sources to estimate the composition of raw natural gas and condensate tank gas from the
region and then used the relative enhancements of light alkanes to attribute CH4 emissions to raw natural
gas and condensate tank emissions. It is therefore difficult to estimate how the inclusion of the data from
Zhang et al. (2017) would affect their analysis.

Figure 5. Summary of natural gas (NG) production, CH4 emissions from oil and gas activity, and NG emitted as a percen-
tage of natural gas produced in their respective regions. Numbers in boldface represent estimates presented in this study.
Data from past studies are shown for comparison purposes (Barkley et al., 2017; Karion et al., 2013; Karion et al., 2015;
Peischl et al., 2015; Peischl et al., 2016; Pétron et al., 2014; Schwietzke et al., 2017).
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6.5. Haynesville

The CH4 emissions attributed to O&NG operations in the Haynesville
region have decreased in accordance with a decrease in natural gas pro-
duction and drilling activity between June 2013 and April 2015. Natural
gas production decreased from 6.0 × 109 m3 in June 2013 to
4.5 × 109 m3 in April 2015, drill rig count decreased from 43 to 32, esti-
mated CH4 emissions from O&NG activity decreased from
74 ± 28 tonnes CH4/hr to 42 ± 18 tonnes CH4/hr, and the percentage
of produced natural gas emitted to the atmosphere decreased from
1.5 ± 0.5% to 1.0 ± 0.5%. The change in the percentage of natural gas
lost is partly due to an increase in estimated emissions from sources
unrelated to O&NG operations, from 6 tonnes CH4/hr in 2013 to
9 tonnes CH4/hr in 2015.

6.6. Additional Discussion

Figure 5 shows the results of Table 1 in graphical form. Also shown are
previous airborne mass balance studies that reported total and percen-
tage emissions for comparison. Regions are ordered by ascending nat-
ural gas production at the time they were last studied. We plot the
percentage of produced natural gas emitted against production for each
of the regions studied to better understand the relationship between
changing emissions and production over time (Figure 6). An inverse
relationship is expected because production is the denominator of the
percentage of produced natural gas emitted. Therefore, an a/x fit to
the data is shown with a black line. Emissions from Los Angeles
(Peischl et al., 2013) were not used in the fit but are included for com-
parison. We use the Haynesville emission from 2015 to illustrate what

this fit means, since the fit runs through this data point. The fit represents what the percentage of pro-
duced natural gas emitted to the atmosphere would be for a fixed Haynesville emission,
42 tonnes CH4/hr in this case, at various Haynesville production rates. Therefore, if the percentage of pro-
duced natural gas emitted from a region were to move right along this curve, it would represent an
increase in production with emission remaining constant, similar to what has happened in the Bakken
and Denver Basin regions. Likewise, decreasing emissions with production remaining constant would
result in the percentage of produced natural gas emitted moving downward on the graph. Although pro-
duction decreased between the two studies of the Fayetteville and Haynesville regions, the percentages
also moved downward on the graph. For the regions with multiple emission determinations, the percen-
tages of produced natural gas emitted to the atmosphere have moved downward on the graph, suggest-
ing more efficient production.

Recent work has noted the exceptionally large emission of C2H6 from the Bakken region of North
Dakota (Helmig et al., 2016; Kort et al., 2016). Here we again find a similar emission of C2H6 from
the Bakken region and an even larger total emission of C2H6 from the Eagle Ford region. If extrapo-
lated to a yearly emission, the combined C2H6 emission from the Eagle Ford and Bakken regions,
64 ± 7 tonnes C2H6/hr, would account for 20% of North American anthropogenic emissions in 2014
estimated by Franco et al. (2016). We further note that C2H6-to-CH4 emission ratios vary widely
between basins, complicating budgets of O&NG CH4 in the United States based on an assumed fixed
relationship with C2H6.

Finally, although the NOAA P-3 sampled in the Uinta Basin in Utah, the San Juan Basin in New Mexico and
Colorado, and the Permian Basin in Texas and New Mexico (Koss et al., 2017) during SONGNEX, we do not
report emissions estimates from those regions due to variable winds that were less conducive to an accurate
mass balance analysis. However, these flights may still be used to constrain emissions using inverse modeling
techniques, but these studies will need to accurately account for the complex atmospheric transport on
these days.

Figure 6. The percentage of produced natural gas emitted to the atmo-
sphere is plotted against natural gas production. The eastern and western
Eagle Ford emissions are represented by “E” and “W,” respectively. The
inverse relationship is expected, because production is the denominator of
the percentage. A fit of a/x to the data in Figure 5, shown by the black line,
represents a fixed emission versus varying production. Emissions from Los
Angeles are included for comparison.
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7. Conclusions

We calculate emissions of CH4 and C2H6 from five oil- and natural gas-producing regions of the central and
western United States: the Bakken region of North Dakota, the Barnett region of Texas, the Denver Basin
region of Colorado, the Eagle Ford region of Texas, and the Haynesville region of Texas and Louisiana. To
our knowledge, this is the first basin-wide estimate of emissions from the Eagle Ford region calculated using
in situ airborne data.

We find emissions of natural gas to the atmosphere, in terms of the percentage of natural gas produced, ran-
ging from 1.0 ± 0.5% in the Haynesville region of Texas and Louisiana to 5.4 ± 2.0% in the Bakken region of
North Dakota. Our estimates of basin-wide natural gas emissions from the Denver Basin region are nearly
identical to emissions in these regions determined from plume measurements from individual well pads
by mobile laboratories (Robertson et al., 2017). This similarity might imply that well pad emissions account
for the bulk of CH4 emissions in this region.

Our estimate of C2H6 emissions from the Bakken region, 27 ± 6 tonnes C2H6/hr, is similar to that found by Kort
et al. (2016), 27 ± 4 tonnes C2H6/hr. At the time, these emissions were noted because they were large enough
to have played a significant role in the increasing background C2H6 at remote sites around the globe. Here we
find an even larger emission from the Eagle Ford region of Texas of 37 ± 4 tonnes C2H6/hr. Combined, the
Eagle Ford and Bakken regions account for 20% of anthropogenic C2H6 emissions in North America if extra-
polated to a yearly emission (Franco et al., 2016).

In cases where we revisited oil- and natural gas-producing regions, we generally found that the percentage of
natural gas produced emitted to the atmosphere decreased compared to previous studies. This may be a
function of decreased natural gas production, decreased drilling activity, increased emission control or reg-
ulation, or some combination of these factors. Further study will be necessary to assess the statistical signifi-
cance of these trends.
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