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ABSTRACT: We present high time resolution airborne ethane - y 4 15
(C,He) and methane (CH,) measurements made in March and ~ ,, _ ; e .
October 2013 as part of the Barnett Coordinated Campaign over / ‘ﬁ i

the Barnett Shale formation in Texas. Ethane fluxes are quantified 3 7] 9 &
using a downwind flight strategy, a first demonstration of this :]g 33 — o <~ Barmett Shale/‘ \ f?
approach for C,Hg Additionally, ethane-to-methane emissions o 6 =2
ratios (C,H4:CH,) of point sources were observationally ] ! \ 3
determined from simultaneous airborne C,Hy and CH, measure- 324 e

ments during a survey flight over the source region. Distinct T T T T T 0
C,H4:CH, X 100% molar ratios of 0.0%, 1.8%, and 9.6%, indicative -100 -99 98 97 96

of microbial, low-C,Hy fossil, and high-C,Hy fossil sources,

° Longitude

respectively, emerged in observations over the emissions source

region of the Barnett Shale. Ethane-to-methane correlations were used in conjunction with C,Hy and CH, fluxes to quantify the
fraction of CH, emissions derived from fossil and microbial sources. On the basis of two analyses, we find 71—85% of the
observed methane emissions quantified in the Barnett Shale are derived from fossil sources. The average ethane flux observed
from the studied region of the Barnett Shale was 6.6 + 0.2 X 10° kg hr™' and consistent across six days in spring and fall of 2013.

B INTRODUCTION

Methane (CH,) is an important greenhouse gas (GHG) that
influences climate and affects atmospheric chemistry as a
precursor for tropospheric ozone production." Inventory-based
estimates suggest that fossil fuel extraction, distribution, and
processing are the most significant sources of anthropogenic
methane emissions in the United States.” However, quantifi-
cation and partitioning of CH, enhancements between fossil
fuel-related activities and methane’s other major sources,
predominantly microbial, which include agriculture, landfills,
and wetlands, have proven difficult for past and present
emissions estimates and on regional, national, and global
scales.>™” This difficulty is reflected in the persistent disagree-
ment between bottom-up (ground-based inventory) and top-
down (airborne-based) estimates of CH, emissions

Previous efforts to quantify and apportion CH, emissions
between fossil fuel and microbial sources have utilized carbon-
13 isotopes (*C:'*C is enriched in fossil fuel-derived carbon
compared to carbon produced by microbial activity) and
nonmethane hydrocarbons (NMHCs) such as ethane (C,Hy)
and propane (C;Hg), which are primarily emitted from fossil
fuel sources as tracer species.* "> Ethane is a useful tracer for
fossil fuel-derived CH, because it is not emitted by methane’s
microbial sources. Major global sources of C,Hg are the oil and
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gas sector (8—9.2 Tg yr'), biofuel production and use (2.6 Tg
yr~!), and biomass burning (2.4—2.8 Tg yr™').>"*~"> Ethane is
also an important trace gas from a regional atmospheric
chemistry perspective because of the role it can play in days
subsequent to its release in enhancing regional tropospheric
ozone concentrations and peroxyactyl nitrate production by
way of its reaction with the hydroxyl radical (OH)."'*'”

To date, most measurements of atmospheric C,Hy have
utilized offline analyses from whole-air or flask samples. Global
concentrations and emissions rates of NMHC:s including C,Hy
have been determined from worldwide networks of whole-air
samples''™"* and on smaller scales using whole-air samples
from both ground-based and airborne platforms,"*'*72° often
with the goal of attributing CH, emissions to different source
sectors. When used for attribution, whole-air samples may be
well suited for characterization of static or regional sources, but
limitations in the frequency and speed with which samples can
be collected and analyzed means that they are not ideal for
observations of narrow plumes or quickly changing emissions
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Table 1. C,H, Fluxes, CH, Fluxes, and C,H:CH, for All Downwind Mass Balance Flights”

fluxcg, (X 10° kg hr™; fluxcpy fluxcopg fluxcope: fluxcpy no. of \' (€] PBL
date Karion et al.**) (X 10° kg hr™") (x 10° kg hr™") (mol:mol X 100) transects (ms™) (deg) (magl)
27-03-13 87 93 + 48 6.3 + 3.5 3.6 +0.8 1 11.6 180 1500
30-03-13 78 59 + 30 6.5 + 3.8 59 + 0.8 1 6.0 225 1260
16-10-13 41 S5+ 15 6.4 + 2.0 62 + 04 2 7.6 8 670
19-10-13 61 60 + 19 6.8 + 2.4 6.0 + 0.5 S 5.6 344 1011
20-10-13 88 92 + 5§ 6.7 + 4.0 39 + 09 2 6.6 171 933
25-10-13 109 113 + 49 164 + 7.0 74 + 0.6 2 6.0 150 70S
28-10-13 64 80 + 41 6.6 + 3.6 44 + 0.7 2 5.2 156 660
mean:” 76 + 13 74 + 18 6.6 + 02 50+ 12

“Data shown are averages for all transects flown on a given day. “Means for columns exclude data from 25-Oct. (data from 25-Oct. is included in the
mean of Karion et al,”* column 2). Uncertainties on daily average values are determined as described in the Methods section. The standard deviation

of the means is taken as the uncertainty on the mean values for the region.

encountered from an airborne platform. In a field where
variable amounts of tracer species (such as C,Hj) relative to
CH, are emitted from different sources, correlations or
emissions ratios based on flask samples can be misleading.
We illustrate this in Figure S1 of the Supporting Information
for the Barnett Shale, demonstrating that subsampling the
C,H4:CH, ratio on the airborne data set results in a calculated
C,H4:CH, ratio not representative of any emission ratio seen.
We therefore advise caution in interpreting limited air samples.

In contrast, the recently developed C,Hy laser absorption
spectrometer measures C,Hg mole fractions with a 1 Hz
frequency and subppb precision,”’ making possible character-
ization from rapidly changing sources and tightly constrained
emissions estimates of C,Hg regional fluxes. When paired with
simultaneous CH, measurements, the continuous in situ
airborne observations of C,Hg provide a new and useful
method for attribution of CH, emissions to specific source
sectors.

Herein, we present the first C,Hy emissions estimates from a
region of high gas and oil production over the Barnett Shale
formation in Texas, using high resolution airborne C,Hg
measurements and a mass balance flight strategy. Measure-
ments were collected as part of the larger Barnett Coordinated
Campaign designed to investigate methane emissions from the
Barnett shale formation. The studied emissions source region
was defined as the eight counties (Dallas, Johnson, Tarrant,
Wise, Denton, Parker, Hood, and Montague) within which
about 92% of gas production in the region occurs.”**> These
counties, bounded by about —98° to —96.5° longitude and 32°
to 34° latitude, were covered during all downwind mass balance
flights. Using concurrent airborne measurements of CH,, ratios
of ethane-to-methane emissions (C,Hg:CH,) of specific CH,
emissions sources were also studied on a survey flight over the
source region. In combination with CH, fluxes,”* the measured
C,H; fluxes and the distribution of C,H4:CH, over the source
region enable partitioning of CH, emitted between biogenic
and fossil fuel sources.

B METHODS

Instrumentation. An airborne measurement campaign was
conducted onboard a Mooney aircraft (Scientific Aviation, Inc.)
over the Barnett Shale region in Texas in March and October
2013. An Aerodyne ethane laser absorption spectrometer was
deployed on the aircraft and quantified C,Hy mixing ratios with
a 1 Hz data acquisition frequency. The major components of
the C,Hy spectrometer are a tunable mid-infrared (3.3 ym)
diode laser, a multipass absorption sample cell, and an infrared
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detector. Details regarding the theory and operation of the
C,H; spectrometer are described by Yacovitch et al’!
Additional instrumentation and airborne measurements,
including CH, and H,0 mole fractions (Picarro, G2401-m,
cavity ring-down spectroscopy; ~0.5 Hz data acquisition
frequency), wind speed and direction, GPS location, and
arrg:ient temperature and pressure, are described by Karion et
al.

Under the operational conditions of the field deployment,
the C,Hj instrument time response was about 600 ms, and the
in-flight 1 s precision was about 0.08 ppb. Spectral background
scans were done every 15 min using ultra-zero air to minimize
spectral drift. The instrument records wet C,Hg mole fraction,
which is corrected to dry-air mole fraction utilizing H,O vapor
measured by the Picarro. The stability of the instrument during
flight was tested by comparing C,H4 mole fractions measured
in the free troposphere at the beginning and end of a flight.
Free troposphere measurements of the C,Hs mole fraction
were taken at altitudes above the mixed layer during vertical
profiles conducted to determine boundary layer height. In this
analysis, we assume the concentration of C,Hy in the free
troposphere remained stable for the almost 4 h duration of a
flight. The C,Hy values measured about 4 h apart on 19-Oct.
were 1.10 = 0.06 and 1.11 =+ 0.07 ppb. This is supportive
evidence that in-flight drift varied within the instrument
precision during a typical research flight.

The accuracy of the C,Hg instrument relative to known
standard scales was investigated by comparing the measured
C,Hg in a tank of compressed air with that quantified by gas
chromatography with flame ionization detection (GC-FID).*®
The absolute spectroscopy-determined value measured by this
instrument underestimated the mole fraction measured by GC-
FID (17.57 ppb) by 3%. Herein, we report the spectroscopic
C,Hg values; however, if combining these C,H, observations
with other C,H data sets, this calibration offset must be
accounted for.

Flux Calculations. Measurements of C,Hy mole fraction
enhancements downwind of the source region were obtained
on seven flights conducted on days when the wind speeds and
directions were stable for about 18 h prior to flight. Winds were
considered stable if back trajectories, constructed using
Weather Research and Forecasting (WRF) winds, indicated
that the air intercepted by a downwind flight transect originated
upwind and outside of the source region and if the wind
direction varied by less than 45° as the air mass transited across
the source region. Fluxes are calculated from the downwind
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enhancements in C,Hy mole fraction using the mass balance
method, according to eq 1:

b ZpBL
fluxcype =V f , AXcsz( f nairdz]cos 6 dx "
- 1

Zground

where AX(,ys is the molar enhancement of C,Hg above
background concentrations, —b to b is the width of the
enhancement plume, Zg g to zpg, is the height of the
planetary boundary layer (PBL), and V cos € is the component
of uniform horizontal wind speed perpendicular to the flight
path. This mass balance method has been used to quantify
emissions from point and regional sources," "> although this is
the first application to C,Hg fluxes. The CH, fluxes for each
flight are also calculated here for comparison with those of
Karion et al,** and they agree within the uncertainty bounds
for each individual transect and the average total CH, emissions
from the Barnett region (Table 1). Differences between the
fluxes of Karion et al. and this study are caused by using
independently determined CH, backgrounds and PBL heights
in eq 1 (wind speed and directions are taken from Karion et
al**). We use the CH, fluxes calculated herein in our analysis of
CH, apportionment.

PBL heights are estimated from vertical profiles of H,O and
CH, mole fractions. Horizontal wind speeds and directions are
obtained from modeled WRF winds averaged within the PBL
and over the transit time of the air mass across the source
region to the location of the downwind flight path (Supporting
Information and Karion et al.**). Background concentrations of
C,H4 and CH, are determined using a linear fit to the mean
values observed at the plume edges (Figure 1).

Uncertainty in PBL height is assigned as the maximum
difference between heights of different PBL estimates during a
flight. The 1 s precision of 0.08 ppb is taken as the error on the
C,H¢ mole fraction measurement. Uncertainty in C,Hg
background mole fraction is derived from the variability of
the mole fraction at the plume edges. Errors in wind direction
and speed, and CH, mole fractions and background values are
given by Karion et al.** Uncertainties for each of the individual
quantities included in eq 1 are summed in quadrature to obtain
the error estimates on the C,Hy and CH, fluxes calculated for
each downwind transect.

Use of eq 1 assumes that measurements at the altitude of the
downwind transects are representative of the entire boundary
layer. Downwind mass balance flights conducted at multiple
altitudes support the validity of this assumption for C,H¢ mole
fractions (Figure S2, Supporting Information) and CH, mole
fractions,”* although a lack of complete vertical mixing and
horizontal variability likely contribute to the variability among
flux estimates determined from different transects.

C,Hg:CH, of Emissions Sources. One flight on 17-Oct.
directly over the emissions source region was conducted under
conditions of low wind speed (< about 2 m s™') and variable
wind direction (south or east) to characterize the C,Hy:CH, of
emissions from individual sources.”’ The C,Hg:CH, values that
characterize CH, emissions, and their spatial distribution over
the source region, are determined by calculating the slopes
(using orthogonal distance regression) of the C,Hgto-CH,
relationships in two ways: Window Method and Plume
Method. In order to compare C,Hs and CH, data, the 1 Hz
C,H4 mole fraction time series was interpolated and mapped
onto the time-stamp of the CH, data set because CH, mole
fractions were reported at a lower frequency (about 0.5 Hz).
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Figure 1. C,H, (a) and CH, (b) observations in a downwind transect
on 19-Oct. The background concentrations used in the flux
calculations (solid lines) and the upper and lower uncertainty bounds
on the background estimate (dotted lines) are also shown.

Window Method. The C,Hy; and CH, observed over the
source region include contributions from fresh emission plumes
and broader background enhancements arising from mixing of
older emissions. In our analysis, fresh emissions are isolated
from mixed background enhancements by restricting analysis of
C,H¢:CH, slopes to changes in C,Hy and CH,, over distances
of less than or equal to 3 km (which corresponds to a 45 s
window of data). To minimize the likelihood of including
signals linked to small-scale atmospheric variability and
nonlocal emissions, only data increments for which CH,
mole fraction enhancements are greater than 10 ppb are
included in the analysis.

The length scale of 3 km is chosen to avoid double-counting
emissions plumes on multiple flight transects over the source
region (which were spaced about 10—20 km apart); 3 km is the
estimate for the horizontal diffusion of an air mass that has
traveled about 10 km under the meteorological conditions of
17-Oct. (winds less than 2 ms™" at the surface and high solar
insolation).”” The 45 s increments of data are sampled in 5 s
intervals along the time series of C,Hs and CH, As an
additional step to restrict analysis of C,Hq:CH, to fresh CH,
emissions, linear trends over the 45 s C,H, and CH,, time series
increments are removed prior to the slope calculation to
eliminate C,H¢-to-CH, correlations over length scales greater
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than or equal to 3 km. Examples of linearly detrended C,Hq
and CH, time series increments, and the associated C,Hg vs
CH, data and linear regression lines, are shown in Figure S3 of
the Supporting Information.

To characterize total observed CH, emissions in the Barnett
Shale region by a distribution of C,Hq:CH, ratios, the
frequency of each slope in the calculated data set is weighted
by the integrated magnitude of the CH, enhancement over
each increment to account for differences in emission sources.
If the flight pattern over the field produced a representative
random sampling of CH, emissions, potential positive or
negative biases introduced by weighting the slope frequencies
by the CH, enhancements (e.g., biases caused by sampling near
or far from point sources) will cancel. The sampling
representativeness is tested in the analysis presented in the
section on Representativity of Source Field for Downwind
Observations.

Plume Method. A second analysis of this same flight consists
of selecting individual CH,, plumes of width less than or equal
to 3 km and a CH, enhancement greater than 10 ppb from the
time series (this filter is chosen to ensure we are not fitting
atmospheric variability but only plumes due to localized
sources); a total of 108 plumes fit these criteria. For each
plume, the slope is calculated (Figure S4, Supporting
Information). The C,Hy and CH,, time series are not detrended
prior to the slope calculation. The integral of CH, is also
calculated for each CH, plume and used to weight the
frequency of each slope in the constructed histogram (Figure
SS, Supporting Information).

For both methods, the p-value of the C,Hg-to-CH,
correlation is also calculated for each increment of data. The
p-values describing the statistical significance of the C,Hq-to-
CH, correlations are used to filter the results of the slope
analyses to obtain the amount of CH, enhancement observed
over the source region that is significantly correlated with C,Hy
(see the section on Attribution of CH, Emissions).

B RESULTS AND DISCUSSION

C,Hg and CH, Fluxes. The emissions of C,Hs and CH,
from the Barnett Shale source region are determined from the
downwind measurements using the mass balance method (eq
1). Examples of C,Hy and CH, enhancement plumes observed
on 19-Oct. are shown in Figure 1. One to five transects were
flown on each of 7 days; the C,Hg and CH, fluxes calculated
from each transect (Table S1, Supporting Information) are
averaged to obtain daily estimates of emissions (Table 1).

Flight tracks showing the observed downwind C,Hg mole
fractions for different wind directions are plotted in Figure 2.
Downwind emissions were sampled from multiple directions
surrounding the source region to test for biases from upwind
sources. Additionally, to confirm similar CH, production,
regions were sampled on each flight, and back trajectories from
the downwind flight transects were modeled using WRF wind
fields. Karion et al.** concluded that all seven flights sampled at
least the eight counties of Dallas, Johnson, Tarrant, Wise,
Denton, Parker, Hood, and Montague, covering 92% of gas
production in the Barnett Shale region.

The daily average fluxes show a consistent day-to-day picture
of C,Hg emissions, with the exception of 1 day: The fluxc,ys of
164 X 10° kg hr™' observed on 25-Oct. is over two times
higher than any of the other daily averages. The larger C,Hy
emissions observed on this flight are explained by the flight
sampling emissions from a region further north and west than
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Figure 2. Downwind flight paths colored by observed C,H4 mole
fraction on 27- and 30-March and 16-, 19-, 20-, 25-, and 28-Oct.
Arrows indicate approximate wind directions for each flight (N for 16-
and 19-Oct., SE for 25-Oct., S for 20- and 28-Oct. and 27-March, and
SW for 30-March). The locations of gas-producing well pads (light
gray) and liquid-producing well pads (black) are also shown. Wells are
defined by the Texas Railroad Commission (Texas RRC) as primarily
gas-producing if they produce greater than 100 thousand cubic feet
(MCF) per day per barrel of hydrocarbon liquids per day.

was covered on other days (ie., outside of the eight county
source region), which resulted in higher liquids production
coverage.”* Data of 25-Oct. are therefore excluded from the
averages for the eight-county source region (Table 1). On the
basis of the remaining six days spanning two seasons (March
and October 2013), the average C,H emissions from the
Barnett region are 6.6 + 0.2 ( X 10*) kg hr™".The average CH,
emissions calculated using data from the same six days are 74 +
18 X 10® kg hr™". This estimate agrees within error with the
estimate of Karion et al.** of 76 + 13 x 10° kg hr".We note
that that the fluxcyy, value of Karion et al. is calculated using
data from eight flights, including the flight of 25-Oct., and a
flight on 25-March during which C,Hy was not measured. The
standard deviation of the means is used as the uncertainty on
the average flux estimates.

Across the six days used to determine fluxes from the region,
no statistically significant variability in C,Hg emissions is
observed. This finding strengthens the average flux results, as
biases due to different upwind sources or transport conditions
would not present in the same direction on different days with
different wind directions. Furthermore, this indicates that
although the Barnett Shale source region is complex and a
range of activities varying from day-to-day contribute to CH,
emissions over the entire field this variability appears to cancel
and ethane emissions persist at a constant level.

Characterization of Methane Emissions by C,Hg:CH,.
The spatial distributions of measured C,H, concentrations and
calculated C,H:CH, values (as determined using the Window
Method) over the source region are plotted in Figure 3 (see
Figure S5, Supporting Information, for C,Hy:CH, results of the
Plume Method). Shown for comparison are liquid-producing
well pad locations (where liquids = oil + condensate) and well

pads producing primarily gas (defined as wells producing
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Figure 3. Flight path over emissions source region of the Barnett Shale
on 17-Oct. Coloring along the flight path shows (a) C,Hg mole
fraction or (b) C,HsCH, determined using the Window Method.
Wind direction is not indicated because wind speed was low (less than
2 ms™') and direction was variable. The locations of primarily gas-
producing well pads (light gray) and liquid-producing well pads

(black) are also shown.

greater than 100 thousand cubic feet (MCF) per day per barrel
of hydrocarbon liquids per day). The C,Hs and CH,
concentrations are highest over regions with highest well
density (see Figure 3 for C,Hg and Karion et al.** for CH,).
Both C,Hg and C,H¢:CH, show peaks over areas of high liquid
production, indicative that a high-C,Hy source of CH,
emissions is associated with the wells producing large amounts
of condensate or oil (i.e, “wet gas” wells). The lower values of
C,H4:CH, (clustered around about 1—3%) are broadly
distributed over the region and likely characterize emissions
from fossil sources not associated with liquid production (ie.,
“dry gas”). In addition to wells, the Barnett Shale contains a
range of potential methane sources linked to natural gas
activities, including gathering facilities and local distribution; all
of these sources may be contributing to the “dry gas” signature.
Processing plants may contribute to either the “dry” or “wet”
signature. Nonfossil sources of methane present in the region
(which do not produce ethane) include landfills and ruminants.

A plot of C,Hy against CH, observations from this flight
(Figure 4a) reveals that there are two distinct predominant
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Figure 4. (a) C,H, observations plotted against CH, observations of
17-Oct. The entire data set (gray points) and points colored by the
slope calculated using the Window Method for each 45 s data
increment are shown. Individual colored points are plotted as the
median of C,H,; and CH, within each 4S s window analyzed. (b)
Histogram of C,H4:CH, calculated using the Window Method. For
each bin, the fraction of calculated slopes having a p-value < 0.0S is
shown in red, while the fraction associated with p-value > 0.0S is blue.
The black line shows the PDF of the red data; the two local maxima of
the PDF at 1.8 and 9.6 are used as the slopes of the lines shown in
panel a. See the Methods section for further details on the analysis.

C,H¢:CH, correlations over the source region. The 1 Hz C,Hy
measurement, compared to low-temporal resolution measure-
ments such as whole-air samples, is critical for resolving these
multiple separate C,Hs:CH, correlations. The histogram of
slopes calculated for the fresh emissions using the Window
Method (Figure 4b) shows approximately three distributions of
CH, sources, consisting of a microbial source (C,Hs:CH, X
100% = 0%) and two fossil fuel sources having maxima in
C,HgCH, X 100% at 1.8% and 9.6%. Repetition of the slope
analysis using 90 and 180 s increments of data, rather than 4S5 s,
reveals no significant differences in the shape of the slope
histogram or the C,HsCH, of the peaks (Figure S6,
Supporting Information).
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Figure 5. Flight paths colored by C,H:CH, X 100% for the data of 17-Oct. (both panels) and either 19-Oct. (a) or 20-Oct. (b). Downwind
transects of 19- or 20-Oct. are enclosed by the dashed line boxes. The 17-Oct. observations are averaged in sections defined by the gray lines, which

are parallel to the wind direction on the 19 and 20-Oct., respectively.

The data of Figure 4a show features of the fresh
enhancement plumes (points colored by slopes calculated
over 45 s increments) and the older, mixed background
enhancements (trends in C,Hg:CH, correlations shown by the
overall slopes of the gray points). The C,Hq:CH, slopes
calculated for the small-scale fresh emissions are similar to the
larger overall trends in background enhancements (ie., green
points fall along the line of 9.6% slope, whereas blue points fall
along the line of 1.8% slope).

Attribution of CH, Emissions. Estimate of CH, Emissions
from Fossil Fuel Sources. Observations from the 17-Oct. flight
are used to estimate the most likely attribution of CH,
emissions to fossil fuel sources. The histograms of slopes that
characterize CH, emissions sources (Figure 4 and Figure SS,
Supporting Information) reveal information on the relative
partitioning of CH, between fossil and nonfossil sources. We
observe that there must be nonzero contributions to total CH,
emissions from fossil fuel sources because a range of C,H:CH,
X 100% values greater than 0% prominently feature in the
histograms (including dominant peaks at 9.6% and 1.8%) and
nonthermogenic sources because CH, emissions not signifi-
cantly correlated with C,Hy are observed (peak at 0%). We
leverage this distinction in two approaches to partition source
contributions between fossil and nonfossil emissions. We focus
on the flight on 17-Oct. and consider the cumulative
distribution function (CDF) of C,H:CH, as one method
(CDF-partitioning) and as a second method consider the
significance of the correlations between C,Hy and CH, (p-value
partitioning).

In the CDF-partitioning, the minimum between the peaks at
0% and 1.8% in the histogram is used to divide the CDF of
C,H:CH, X 100% (Window Method; Figure S7, Supporting
Information) into two sources: microbial source (C,Hq:CH, <
0.8%) and sum of fossil sources (C,Hs:CH, > 0.8%). For the
Window Method, this partitions 15% to a microbial source and
85% to fossil sources. For the Plume Method C,Hs:CH, X
100% histogram, this approach attributes 19% of the CH,
enhancement to microbial sources and 81% to fossil sources.

In the p-value approach, the data of the histograms are
filtered based on the p-value of the C,H-to-CH, correlation to
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characterize plumes as either thermogenic or nonthermogenic
(e.g,, CH, plumes with and without associated C,Hy). Methane
enhancements within data increments associated with p-values
> 0.05 (i.e, no C,Hgto-CH, correlation) are attributed to
nonfossil sources, whereas enhancements associated with p-
values < 0.05 are attributed to fossil sources. Using the
Window or Plume Methods, this approach attributes 19% or
29% of CH, emissions to microbial sources, respectively. Thus,
the results of applying these two approaches to each of the
slope histograms produce four estimates that attribute from
71% to 85% of the total CH, emissions from the Barnett Shale
to fossil fuel sources.

Refined Methane Partitioning. Although it is clear that the
CH, emissions are characterized by a range of C,Hs:CH, X
100% between 0% and 20%, distinct values of 1.8% and 9.6%
are observed in the plot of C,Hy vs CH, (Figure 4a). We thus
consider a simple model where three source relations represent
the Barnett emissions and quantitatively partition CH, between
these three contributing sources (microbial source of 0%, low-
C,Hj fossil fuel source of 1.8%, and high-C,Hj fossil source of
9.6%). Examples of possible low-C,H, sources would be leaks
of pipeline-grade natural gas or fugitive emissions of very clean
unprocessed gas during drilling/production, whereas a high-
C,Hg source could be fugitive emissions of unprocessed gas
with higher ethane content or methane co-emitted along with
higher alkanes from other sources such as condensate tanks.
These are simply a few possibilities

Assuming the average downwind molar flux ratio
fluxcopg:fluxcy, of 5.0% (Table 1) observed for the Barnett
region is the result of a linear combination of the three assumed
sources, we formulate (eq 2),

0%f,, + 1.8%f . + 9.6%f,,. = 5.0% )

where fy;, fig and fy are the fractions of microbial, low-C,Hg
fossil fuel, and high-C,Hg fossil fuel, respectively, that
contribute to the total CH, emissions. With three unknowns,
eq 2 is under-constrained. However, upper/lower bounds on
the relative contribution of each source can be found by using
eq 2 and the constraints that fy; + fig + fyg = 1 and all f are
between zero and one (i.e., the fractions of CH, attributable to
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Oct. (column 2). C,Hy, CH,, and C,H:CH, X 100% observed in the downwind transects (gray points) are compared to the values simulated using

data of 17-Oct.(lines).

each of the three sources are the ranges of fy, fip, and fy that
simultaneously satisfy eq 2 and the two additional constraints).
The bounds on the fractions of total CH, emissions from each
source in the Barnett Shale determined from this analysis are
the following: 41—52% from a high-C,Hj fossil source, 0—59%
from a low-C,Hy fossil source, and 0—48% from a microbial
source. These results reveal the importance of a high-C,Hy
fossil fuel source: Contributing about 45% to total CH,
emissions in this analysis, a high-C,H source is required to
explain the fluxc,yg:fluxcy, observed on the downwind mass
balance flights where the integrated C,HsCH, X 100%
averages to 5.0%. Because the C,Hs:CH, of the low-C,Hg
source and the microbial source fall on the same side of the
observations (i.e, C,Hs:CH, X 100% < 5.0%), this method
cannot partition tightly between those sources. Even with the
large range, the upper bound of 48% contribution of microbial
sources to total CH, emissions is consistent with the most
likely estimates (15—29%) determined from the previous
analyses. To achieve 48% microbial emissions, zero contribu-
tion of a low-C,Hy fossil source to total CH, emissions is
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required, which is inconsistent with observations. Combining
the CDF and p-value analyses with this linear combination
approach suggests the CH, emissions sources from the studied
region of the Barnett Shale are about 20% microbial, about 35%
low-C,Hg fossil, and about 45% high-C,H; fossil.

Representativity of Source Field for Downwind
Observations. Implicit in the use of the C,Hy:CH, measured
over the source region (17-Oct. flight) to apportion the
integrated, downwind CH, enhancements is the assumption
that the sampled ratios are representative of emissions from the
entire region and are consistent from day-to-day. The validity of
this assumption is investigated by simulating transport of
emissions from the source region to the location of downwind
transects.

In the simulation, the geographic area including the flight
path on 17-Oct. is divided into equally spaced sections parallel
to the average wind direction (gray lines, Figure S). The
averages of the 17-Oct. observations (either CH,, C,Hy, or
C,Hg:CH, X 100%) that fall within the longitudinal and
latitudinal boundaries of each section are calculated. Dilution
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and turbulent mixing of emissions as they are transported from
the source region to the downwind transect are not taken into
account in this simple model construct. The latitude/longitude
coordinates where the averages determined for each section
would be observed if emissions were transported to a given
downwind flight path are determined by the point where the
center of each section intersects the downwind flight path.
Thus, the simulated observations can be plotted along the
horizontal flight track and compared to the actual downwind
observations (Figure 6 and Figure S8, Suporting Information).

The shapes of simulated compared to observed quantities,
shown in Figure 6, generally agree. The success of this simple
model to replicate the shape of the downwind observations
provides powerful support that the 17-Oct. flight representa-
tively sampled emissions from the Barnett Shale region and that
the sampled emissions are representative of the overall CH,,
C,Hy, and C,H:CH, emissions from this region. Furthermore,
this analysis indicates that the emissions ratios are consistent
and repeatable across multiple days. Although point source
emissions in the Barnett Shale region may vary from day-to-day,
when observed in aggregate as done here, the net emissions
distributions remain consistent. The differences in magnitudes
of observed and simulated CH, and C,Hj are expected because
factors influencing dilution of transported emissions are not
taken into account in this simple model construct. Assumptions
causing imperfect agreement in the simulated shape of all three
quantities include the use of a single, average wind speed and a
uniform wind direction field.

Implications. We demonstrate that C,H, measurements
paired with simultaneous CH, measurements over a complex
region of high oil and gas production from the Barnett Shale
region in Texas allow quantitative attribution of CH, emissions.
Application of the multiple methods presented herein to the
net CH, emissions in the Barnett Shale region suggest about
71—85% of CH, emissions can be attributed to fossil sources.
The concepts and approaches developed and applied here to
partitioning of CH, emissions in the Barnett Shale can be
extended to study other CH, emissions regions. However,
observational characterization of the C,H4:CH, source ratios is
needed in each location, as different distributions of emissions
ratios are expected, even in other oil and gas production
regions.

We also present the first tightly constrained C,H, emissions
estimates with quantified uncertainty determined using aircraft
observations and the mass balance method. Although the
average C,H flux from the Barnett Shale region of 6.6 + 0.2 X
10* kg hr™' is small compared to estimated C,H, emissions
within the United States (270 X 10°> kg hr™') and globally
(1500 x 10° kg hr™'),'* emissions may influence local and
regional atmospheric composition through production of
tropospheric ozone. Well-constrained C,Hg fluxes, which in
this case exhibit less uncertainty and tighter constraints than
methane, likely attributable to the larger signal to background
variation, may prove useful for quantifying CH, fluxes from
regions and sources of known C,H:CH,.
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