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Abstract

Ethane is the second most abundant atmospheric hydrocarbon, exerts a strong influence on
tropospheric ozone, and reduces the atmosphere’s oxidative capacity. Global observations
showed declining ethane abundances from 1984 to 2010, while a regional measurement
indicated increasing levels since 2009, with the reason for this subject to speculation. The
Bakken shale is an oil and gas-producing formation centered in North Dakota that
experienced a rapid increase in production beginning in 2010. We use airborne data collected
over the North Dakota portion of the Bakken shale in 2014 to calculate ethane emissions of
0.23 £ 0.07 (20) Tglyr, equivalent to 1-3% of total global sources. Emissions of this
magnitude impact air quality via concurrent increases in tropospheric ozone. This recently
developed large ethane source from one location illustrates the key role of shale oil and gas
production in rising global ethane levels.

Key Points:

e The Bakken shale in North Dakota accounted for 1-3% total global ethane emissions
in 2014

e These findings highlight the importance of shale production in global atmospheric
ethane shift

e These emissions impact air quality and influence interpretations of recent global
methane changes
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1 Introduction

Fossil fuels are the primary source of ethane (C;Hsg) to the atmosphere due to emissions
during extraction, processing, and distribution [Blake et al., 1986; Rudolph et al., 1995; Xiao
et al., 2008; Simpson et al., 2012]. Additional sources include biofuels, biomass burning, and
smaller contributions from biogenic and geologic sources [Etiope and Ciccioli, 2009]. The
atmospheric abundance of ethane results from a balance between emissions and removal via
reaction with the hydroxyl radical (OH). This reaction consumes OH, reducing atmospheric
oxidative capacity and, depending on the chemical environment, can subsequently worsen air
quality by enhancing tropospheric ozone (O3) formation through multiple pathways [Aikin et
al., 1982]. Ethane’s consumption of OH also increases the atmospheric lifetime of methane
(CH,4). Ethane thus acts as both a direct and indirect (via O3 and CH,) greenhouse gas, with
madest global impact [Highwood et al., 1999; Collins et al., 2002]. The lifetime of ethane in
the atmosphere is ~2 months, though it strongly varies seasonally at mid and high-latitudes
[Goldstein et al., 1995]. Concentrations in the remote atmosphere typically range from less
than 1 ppbito 2 ppb [Simpson et al., 2012], with much higher levels encountered in the
vicinity of sources [Smith et al., 2015]. Total global emissions are estimated at 11.3 Tg
C,He/yr in'2010 [Simpson et al., 2012]. While global observations suggest that emissions
declined from 1984 to 2010 (14.3 to 11.3 Tg/yr), one remote mountaintop location in Europe
reported an increase in regional atmospheric levels suggesting increased emissions again
from-2009,[Franco et al., 2015]. While the decline in ethane emissions was attributed to
reduced fossil fuel sources [Simpson et al., 2012], the more recent increase since 2009 was
hypothesized to possibly be caused by the increase in shale gas production in the US, though
without observations made in the US [Franco et al., 2015].

The idea that the US shale-gas contribution is responsible for the recent global increase in
ethane is plausible given the rapid increase in US oil and gas production in the past decade.
Much attention from the public and atmospheric community has focused on the greenhouse
gas impacts of expanding shale-gas production [Brandt et al., 2014; Peischl et al., 2015;
Karion et al., 2015; Caulton et al., 2014], whereas the rapid increase in shale-oil production
has received less attention. The Bakken Formation of western North Dakota, primarily an
oil-producing region where natural gas is a byproduct, has seen substantial increases over the
last decade with production levels in 2014 exceeding 2005 by a factor in excess of 3,500 for
oil'and 180 for gas (Figure 1, North Dakota Department of Mineral Resources). This
tremendous increase in productivity has the potential to significantly impact the atmosphere if
hydrocarbons are leaked or vented to the atmosphere prior to combustion. Here we present
and-analyze observations collected over the North Dakota portion of the Bakken shale during
a National Oceanic and Atmospheric Administration (NOAA) airborne study conducted in
Spring of 2014.

2 Materials and Methods
2.1 Aircraft flights and instrumentation

Flights were conducted in May 2014 with the National Oceanic and Atmospheric
Administration (NOAA) DHC-6 Twin Otter aircraft. This study focused on assessing the
atmospheric impact of oil and gas production in the Bakken with continuous measurements
of methane, ethane, carbon dioxide, water vapor, carbon monoxide, ozone, black carbon,
wind, pressure, and temperature as well as whole-air flask samples for analysis of dozens of
other compounds. Flights consisted of horizontal transects in the daytime boundary layer to
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characterize emissions from the entire Bakken field, along with vertical profiles to quantify
the depth of the mixed layer. The Twin Otter flew on 12 separate days. Flights typically
were 3 to.3.5 hours, on half of the flight days two research flights were flown (one 3-3.5 hour
flight, a stop for refueling, and then a second 3-3.5 hour flight). Four different days (of the
12 research flight days) with steady-winds appropriate for mass-balance calculations are the
focus of the analysis where we analyze downwind flights characterizing emissions from the
entire field.

Airborne ethane measurements were made with an Aerodyne mini direct absorption
spectrometer. The instrument has been described in detail previously [Smith et al., 2015;
Yacovitch et al., 2014]. The instrument was deployed as in Smith et al. [2015] with the
addition of hourly sampling of a standard gas to verify instrument stability. The instrument
scans multiple ethane absorption lines centered at 3.3 um. Air is not dried prior to sampling;
wet air mole fractions are observed and converted to dry mole fraction (values reported here)
using the coincident water vapor observation made by a Picarro G2401-m. In-flight precision
in typical conditions was < 0.1 ppb. Assessment of in-flight standards indicates accuracy
averages 0.5 ppb. All data reported here is dry air molar fraction, adjusted to be on the
NOAA-2012 ethane scale by pre and post-campaign calibration (standard gas cylinders were
prepared gravimetrically). Airborne methane measurements were made with a Picarro
G2401-m. Sampling frequency is ~ 0.5Hz. In-flight calibrations ensure reported dry air
mole fraction is on the WMO X2004A scale [Dlugokencky et al., 2005]. Total uncertainty is
estimated at £ 1.0 ppb. Wind speed and direction were measured at 1Hz with estimated
uncertainty at £ 1 m/s with a differential GPS approach as described by Conley et al. [2014].
Ozone was measured with a 2B Technologies analyzer. A Rosemount de-iced total
temperature sensor, model 102CP2AF, was used to measure ambient temperature. This was
calibrated before and after the campaign and performed with estimated precision of + 0.2°C
and accuracy of +1.0°C.

2.2 Mass-balance methodology

The mass balance approach provides an observation-based method for quantifying
atmospheric fluxes of trace gases from a defined area. This approach assumes steady
horizontal wind fields and a well-developed planetary boundary layer (pbl). We apply this
method as has been extensively documented and demonstrated in the past for similar studies
of oil and gas producing basins for methane, ethane, and black carbon [Smith et al., 2015;
Peischl et al., 2015; Karion et al., 2015; Karion et al., 2013; Petron et al., 2014; Schwarz et
al;, 2015]. The ethane flux is calculated as:

Z1

b
fluxethane =v erthane f Ngirdz COS(H) dx
-b

Zground

Here Xethane 1S the molar enrichment of ethane above background concentrations, v cos(6) is
the component of the horizontal wind perpendicular to the flight path, -b to b is the width of
the downwind plume, ng;r is the molar mass of dry air, zgoung IS the ground level of the flight
leg, and z; represents the top of the mixing box. We calculate z; as described by Peischl et
al. [2015], where we account for ethane enhancements just above the pbl top by increasing
the integrated mixing depth.

Zy = (3Zpbl +2z.)/4
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Where zpp is defined as the top of the well-mixed layer, and z. is the top of the entrainment
zone. This adjustment has a minimal impact in the study considered here. On average z; is
~6% larger than zp,.

3 Observations and ethane flux estimate

The atmospheric C,Hg:CHj, relationship observed over and downwind of the Bakken shale
was consistent and elevated throughout the campaign. On downwind flight legs
characterizing the total field emissions (Figure 2a), we observed a 40.5% molar C,Hg:CH4
enhancement ratio (95% CI1 40.2 to 40.7; Figure 2b). This is a notably higher value than
observed-over Los Angeles [Wennberg et al., 2012; Peischl et al., 2013] or over the Barnett
shale in Texas [Smith et al., 2015], where molar enhancement ratios tended to remain below
15%.  This very high C,Hgs:CH,4 enhancement ratio in the Bakken is consistent with an oil-
bearing reservoir rich in higher hydrocarbons and exhibiting a C,Hg:CH, ratio of 42% based
on 710 reported below-ground gas composition measurements (Table 1, Brandt et al.,
[2015]). The close correspondence of atmospheric enhancement ratios to the reservoir gas
composition indicates emissions to the atmosphere in the Bakken shale are dominated by loss
of raw gas rather than processed gas.

Flux estimates were made using the mass-balance technique for seven downwind flight legs
on four days. These flights encompass wind from both the NW and S (Figure 2a). The use
of multiple downwind legs with differing wind directions supports the calculation of a robust,
representative flux for the campaign period while simultaneously illustrating that out-of-field
sources are negligible. Key observed values for calculating mass balance fluxes are
summarized in Supporting Table S1. Average ethane emissions of 27 x 10° kg/hr were
extrapolated to an annual emission of 0.23 + 0.07 (2c) Tg C,He/yr. This extrapolation
assumes constant emissions through the course of the year. We do not have observations at
other times of year for the Bakken, but there is no reason to assume strong variance based on
reported production [US Energy Information Administration, 2016], and observations in other
oil and gas basins have shown little seasonality [Smith et al., 2015; Karion et al., 2015; Kort
etal., 2014].

Uncertainty for each individual flight flux estimate was calculated and propagated following
Smith et al. [2015], Peischl et al. [2015], and Karion et al. [2015], with values and results
summarized in Supporting Table S1. Uncertainty for the mean flux is calculated from the
variance in the individual downwind legs, and reported in the manuscript as 2c. We can also
consider that the average single flight standard deviation from propagating uncertainty is
~40% (Supporting Table S1). If we calculate the standard error of the mean using 40% as the
standard deviation, we find that twice the standard error calculated this way is 0.07—
exhibiting consistency between the individual derived flight uncertainty and the variance
observed over the course of the campaign.

4 Bakken shale contribution to global ethane changes

0.23 Tg CaHg/yr represents 1-3% of total global ethane emissions from this single location.
Annual ethane emissions are reported to have declined from 1986-2010 by 3.0 Tg in total
[Simpson et al., 2012]. Assuming a linear change in annual emissions, this corresponds to a
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decrease in emissions rate of 0.12 Tg/yr/yr. To estimate the annual change in emissions from
the Bakken, we assume that emissions of ethane track production of natural gas in the basin
(equivalent to assuming a constant leak rate with time). Figure 1 illustrates this emissions
estimate from the Bakken as well as the rate of ethane emissions increase. This estimate
indicates that the growth rate in emissions from the Bakken alone reached a sustained level in
2012 (0.06 Tg/yr/yr) sufficient to cancel half the average long-term decline rate in global
ethane emissions. This is consistent with the hypothesis that the large increase in US oil and
gas production has led to a reversal in the declining atmospheric ethane burden, and
highlights the disproportionate role played by the Bakken region, which represented only 2%
of shale gas production in the US in May 2014 [US Energy Information Administration,
2016] and yet emitted 1-3% of total global ethane emissions.

The very heavy composition of raw gas in the Bakken shale (42% molar C2:C1) helps
explain the relatively high emissions. Other shale plays in the US have notably lower ratios
(Table 2). Considering other basins relative production and raw gas composition, it is
reasonable to suspect that emissions of ethane from the Eagle Ford combines with the Bakken
to represent a large fraction of the recent global shift in ethane, whereas very dry formations
such as the Haynesville and Fayetteville likely play a modest role in ethane emissions in spite
of their large gas production. The Marcellus, a very productive formation, has been observed
to have a low C2:C1 ratio [Peischl et al., 2015], though some composition data suggests
higher ratios [Conder and Lawlor, 2014; Ghandi et al., 2015]. Observations in the
Washington DC area in recent years have suggested increasing ethane emissions from the
Marcellus [Vinciguerra et al., 2015].

5 Implications for tropospheric ozone

Emissions of ethane, methane, and other VOCs from the Bakken have the potential to impact
ozone formation on a variety of spatial scales. Local ozone enhancements observed during
the Spring 2014 airborne study were relatively small due to low temperatures, large solar
zenith angles, and generally high wind speeds. Initial GEOS-Chem modeling (for details see
Supporting Text S1) suggests that in summer, when surface ozone production peaks, up to 4
ppb of additional ozone are produced in plumes downwind of the Bakken region due to
emissions of alkanes with composition as in Table 1 (Figure 3, Supporting Movie S1). An
increase of this magnitude could contribute to non-compliance with air quality regulations in
affected areas downwind. More accurate modeling of the net impact of Bakken emissions on
ozone formation would require additional measurement-based constraints on other reactive
volatile organic compounds, including oxygenated compounds [Edwards et al., 2015] and on
nitrogen oxides [Ahmadov et al., 2015] emitted from oil and gas activities in the region.

6 Conclusions

Much attention has focused on fugitive methane emissions from shale gas. This work
demonstrates that we must also consider the impact of fugitive ethane emissions, particularly
in basins where heavy gas composition leads to higher fugitive ethane efflux at similar
volumetric leakage rates. The role of fugitive emissions with heavy gas composition also
impacts assessments of global methane emissions from global ethane levels. Analyses that
assume a temporally constant oil and gas production ethane:methane emission ratio lower
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than present in the Bakken, or other productive basins, will erroneously conclude a large
fossil methane emissions increase since 2010. Finally, the large, recently developed ethane
source reported here has potential impacts on simulations of atmospheric composition in the
last decade, as such a perturbation to ethane emissions are not presently represented in
inventories and may impact representations of tropospheric ozone.

Acknowledgments and Data

Data from the aircraft campaign reported in the manuscript are archived and available at
http://www.esrl.noaa.gov/csd/groups/csd7/measurements/2014topdown/. This project was
supported by the NOAA AC4 program under grant number NA140OAR0110139 and NASA
grant NNX14AI87G. J. Peischl and T. Ryerson were supported in part by the NOAA
Climate Program Office and in part by the NOAA Atmospheric Chemistry, Carbon Cycle,
and Climate Program. We thank Arlene Fiore (Columbia) for computational resources. We
thank Anna Karion for assistance with fieldwork and manuscript comments, Michael Trainer
for scientific direction and manuscript comments, and NOAA Aircraft Operations Center
staff and flight crew for their efforts in helping collect these data.

References

Ahmadov, R., et al. (2015), Understanding high wintertime ozone pollution events in an oil-
and natural gas- producing region of the western US. Atmos. Chem. Phys. 15, 411-
429.

Aikin, A.C., Herman, J. R., Maier, E. J., McQuillan, C. J. (1982), Atmospheric chemistry of
ethane and ethylene. J. Geophys. Res. 87 (C4), 3105-3118.

Barkley, M. P., et al. (2011), Can a “state of the art” chemistry transport model simulate
Amazonian tropospheric chemistry? J. Geophys. Res. Atmos. 116, D16302.

Blake, D. R., Rowland, F. S. (1986), Global atmospheric concentrations and source strengths
of ethane. Nature 321, 231-233.

Brandt, A. R., et al. (2014), Methane leaks from North American natural gas systems.
Science 343, 733-735.

Brandt, A. R., et al. (2015),“Energy intensity and greenhouse gas emissions from crude oil
production in the Bakken formation: Input data and analysis methods” Energy
Systems Division, Argonne National Laboratory; https://greet.es.anl.gov/publication-
bakken-oil

Caulton, D. R., et al. (2014), Toward a better understanding and quantification of methane
emissions from shale gas development. Proc. Natl. Acad. Sci. U.S.A. 111, 6237-6242.

Collins, W. J., Derwent, R. G., Johnson, C. E., Stevenson, D. S. (2002), The Oxidation of
Organic Compounds in the Troposphere and their Global Warming Potentials.
Climatic Change 52, 453-479.

Conder, M. W. and Lawlor, K. A., Production Characteristics Of Liquids-Rich Resource
Plays Challenge Facility Design, retrieved August 17, 2015, from
http://www.aogr.com/magazine/editors-choice/production-characteristics-of-liquids-
rich-resource-plays-challenge-facilit

©2016 American Geophysical Union. All rights reserved.


http://www.esrl.noaa.gov/csd/groups/csd7/measurements/2014topdown/

Conley, S. A., Faloona, I. C., Lenschow, D. H., Karion, A., Sweeney, C. (2014), A Low-Cost
System for Measuring Horizontal Winds from Single-Engine Aircraft. J. Atmos.
Oceanic Technol. 31, 1312-1320.

Draxler; R. R., Rolph, G. D., HYSPLIT (Hybrid Single Particle Lagrangian Integrated
Trajectory) Model, access via NOAA ARL READY, NOAA Air Resources
Laboratory, college Park, Md, 205; http://www.arl.noaa.gov/HYSPLIT.php.

Dlugokencky, E. J., R. C. Myers, P. M. Lang, K. A. Masarie, A. M. Crotwell, K. W. Thoning,
B. D. Hall, J. W. Elkins, and L. P. Steele (2005), Conversion of NOAA atmospheric
dry air CH, mole fractions to a gravimetrically prepared standard scale, J. Geophys.
Res., 110, D18306, doi:10.1029/2005JD006035.

Edwards, P. M., et al. (2015), High winter ozone pollution from carbonyl photolysis in an oil
and gas basin. Nature 514, 351-354.

Etiope, G. and Ciccioli, P. (2009), Earth’s Degassing: A Missing Ethane and Propane Source.
Science, 323, 478.

European Commission, Joint Research Centre JRC Netherlands Environmental Assessment
Agency PBL, Emission Database for Global Atmospheric Research (EDGAR),
release version 4.2. (2011), (available at http://edgar.jrc.ec.europa.eu).

Fiore,’A. M., et al. (2014), Estimating North American background ozone in U.S. surface air
with two independent global models: Variability, uncertainties, and recommendations.
Atmos Environ. 96, 284-300.

Franco, B., et al. (2015), Retrieval of ethane from ground-based FTIR solar spectra using
improved spectroscopy_ Recent burden increase above Jungfraujoch. Journal of
Quantitative Spectroscopy and Radiative Transfer 160, 36-49.

Ghandi, A. et al. (2015), Energy Intensity and Greenhouse Gas Emissions from Crude Oil
Production in the Eagle Ford Region: Input Data and Analysis Methods. UC Davis
Institute of Transportation Studies, Prepared for Argonne National Laboratory,
September 2015.

Giglio, L., Randerson, J. T., van der Werf, G. R. (2013), Analysis of daily, monthly, and
annual burned area using the fourth-generation global fire emissions database
(GFEDA4). J. Geophys. Res. Biogeosci. 118, 317-328.

Goldstein, A. H., Wofsy, S. C., Spivakovsky, C. M. (1995), Seasonal variations of
nonmethane hydrocarbons in rural New England: Constraints on OH concentrations in
northern midlatitudes. J. Geophys. Res. 100 (D10), 21023-21033.

Highwood, E. J., Shine, K. P., Hurley, M. D., Wallington, T. J. (1999), Estimation of direct
radiative forcing due to non-methane hydrocarbons. Atmos. Environ., 33, 759-767.

Hudman, R. C., et al. (2012), Steps towards a mechanistic model of global soil nitric oxide
emissions: implementation and space based-constraints. Atmos Chem Phys. 12, 7779—
7795.

Karion, A., et al. (2015), Aircraft-Based Estimate of Total Methane Emissions from the
Barnett Shale Region. Environ. Sci. Technol. 49, 8124-8131.

Karion, A., et al. (2013) Methane emissions estimate from airborne measurements over a
western United States natural gas field. Geophys. Res. Lett. 40, 4393-4397.

Keller, C. A., et al. (2014), HEMCO v1.0: a versatile, ESMF-compliant component for
calculating emissions in atmospheric models. Geosci Model Dev. 7, 1409-1417.

©2016 American Geophysical Union. All rights reserved.


http://www.arl.noaa.gov/HYSPLIT.php
http://www.esrl.noaa.gov/gmd/publications/showpub.php?pubid=436
http://www.esrl.noaa.gov/gmd/publications/showpub.php?pubid=436
http://www.esrl.noaa.gov/gmd/publications/showpub.php?pubid=436

Kort, E. A., et al. (2014), Four corners: The largest US methane anomaly viewed from space,
Geophys. Res. Lett., 41, 6898-6903, doi:10.1002/2014GL061503.

Legendre, P. and Legendre, L., Numerical Ecology (Developments in environmental
modeling) (Elsevier, Amsterdam, 1998). [second edition]

Mao, J., et'al. (2013), Ozone and organic nitrates over the eastern United States: Sensitivity
to isoprene chemistry. J. Geophys. Res. Atmos. 118, 11256-11268.

Murray, L. T., Jacob, D. J., Logan, J. A., Hudman, R. C., Koshak, W. J. (2012), Optimized
regional and interannual variability of lightning in a global chemical transport model
constrained by LIS/OTD satellite data. J Geophys Res-Atmos. 117,
doi:10.1029/2012)D017934.

North Dakota Drilling and Production Statistics, “Historical monthly gas production and sales
statistics & Historical monthly Bakken oil production statistics”, accessed 9/16/15,
https://www.dmr.nd.gov/oilgas/stats/statisticsvw.asp

Peischl, J., et al. (2015), Quantifying atmospheric methane emissions from the Haynesville,
Fayettville, and northeastern Marcellus shale gas production regions. J. Geophys. Res.
120, 2119-2139.

Peischl, J., et al. (2013), Quantifying sources of methane using light alkanes in the Los
Angeles basin, California. J. Geophys. Res. 118, 4974-4990.

Petron, G., et al. (2014) A New look at methane and nonmethane hydrocarbon emissions
from oil and natural gas operations in the Colorado Denver-Julesburg Basin. J.
Geophys. Res. 119, 6836-6852.

Rudolph;J. (1995), The tropospheric distribution and budget of ethane. J. Geophys. Res. 100
(D6), 11369-11381.

Schultz, M., et al. (2007), Emission data sets and methodologies for estimating emissions,
RETRO project report D1-6, Hamburg, 26 Feb 2007 (http://retro.enes.org/reports/D1-
6 _final.pdf).

Schwarz, J. P., et al. (2015), Black Carbon Emissions from the Bakken Oil and Gas
Development Region. Environ. Sci. Technol. Lett. 2 (10), 281-285.

Simpson, 1. J., et al. (2012), Long-term decline of global atmospheric ethane concentrations
and implications for methane. Nature 488, 490-494.

Smith, M. L., et al. (2015), Airborne Ethane Observations in the Barnett Shale:
Quantification of Ethane Flux and Attribution of Methane Emissions. Environ. Sci.
Technol. 49, 8158-8166.

Speight, J.G. (2013) Shale gas properties and processing, Gulf Professional Publishing, 170
Pp.

US Energy Information Administration (2016), Monthly dry shale gas production, retrieved
March 9, 2016 from http://www.eia.gov/naturalgas/weekly/.

van Donkelaar, A., et al. (2008), Analysis of aircraft and satellite measurements from the
Intercontinental Chemical Transport Experiment (INTEX-B) to quantify long-range
transport of East Asian sulfur to Canada. Atmos. Chem. Phys. 8, 2999-3014.

Vinciguerra, T. et al. (2015), Regional air quality impacts of hydraulic fracturing and shale
natural gas activity: Evidence from ambient VOC observations. Atmos. Environ. 110,
144-150.

©2016 American Geophysical Union. All rights reserved.


https://www.dmr.nd.gov/oilgas/stats/statisticsvw.asp
http://gcmd.gsfc.nasa.gov/KeywordSearch/RedirectAction.do?target=i%2Flo2J3CXYewEtbFcOtGIea4z37ybgej0myj3sik%2Bhr6LzbtL0%2FDnTUCOWOfvynO
http://gcmd.gsfc.nasa.gov/KeywordSearch/RedirectAction.do?target=i%2Flo2J3CXYewEtbFcOtGIea4z37ybgej0myj3sik%2Bhr6LzbtL0%2FDnTUCOWOfvynO

Wennberg, P. O., etal. (2012), On the Sources of Methane to the Los Angeles Atmosphere.
Environ. Sci. Technol. 46, 9282-9289.

Wild, O., Zhu, X., Prather, M. J. (2000), Fast-j: Accurate simulation of in- and below-cloud
photolysis in tropospheric chemical models. J. Atmos. Chem. 37, 245-282.

Xiao, Y. et al. (2008), Global budget of ethane and regional constraints on US sources, J.
Geophys. Res. 114 (D21), D21306.

Yacovitch, T. I., et al. (2014), Demonstration of an Ethane Spectrometer for Methane Source
Identification. Environ. Sci. Technol. 48, 8028-8034.

Zhang, L., et al., (2014), Sources contributing to background surface ozone in the US
Intermountain West. Atmos Chem Phys. 14, 5295-53009.

©2016 American Geophysical Union. All rights reserved.



m —
*
‘0 . 8
—_ 00' S 4
=5 o '_i o
FET e g
_E * e
) °
29 SN 2
7}
< o
O ™ — ‘~’~' b 21 N
=5 | S an® El o
= Rl o
= 8 S\ sr
56 7 > £
=
33 g wl 2
= O f ° =]
a3 o
58 :
=4 »
o =
7}
uf o
o - - O
o

T T T T T T
2006 2008 2010 2012 2014 2016

Year

Figure 1. Oil (black circles) and gas (blue diamonds) production, estimated emissions (blue)
and estimated emissions growth rate (orange) for the Bakken Shale in North Dakota.
Production data from the North Dakota Department of Mineral Resources. On the right axis
we show estimated ethane emission assuming the emissions rate observed in 2014 scales
linearly with natural gas production. Emissions growth rate is shown in orange. Notice the
very large increase in production (and likely emissions) since 2010.
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Figure 2. Ethane and methane observations over the Bakken Shale. a) Mass balance flight
tracks colored by C,Hg for 13, 14, 21, and 22-May, 2014. Approximate winds illustrated,
from the NW for 13-and 14-May (flight paths below 48°), and S to SW for 21- and 22-May
(flight paths above 48° have been shifted for visual clarity). The locations of gas producing
wells are shown in gray dots. b) C,Hs:CH,4 from legs illustrated in panel a, exhibiting a slope
of 40.5% (95% CI 40.2 to 40.7) as calculated accounting for variance in both CH, and C,Hs
using a ranged major axis regression [Legendre and Legendre, 1998]. This closely matches
the 42% C,Hg:CH, ratio present in raw gas.
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Table 1. Average molar composition of natural gas in the Bakken Shale (means normalized
to 100%) as reported in Brandt et al., [2015]. This corresponds to an ethane:methane (C,:C,)
molar ratio of 42%.
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1.6

4.7

0.8

1.3

1.7

0.1

1.2

7.5

0.2
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Table 2. Ethane:methane (C,:C;) molar ratios of major shale plays in the US and percentage
of US shale gas production in May 2014. Production from the US Energy Information
Administration [2016], gas composition from well measurements reported in (a) Brandt et al.
[2015], (b) Conder and Lawlor [2014], (c) Speight [2013], (d) Peischl et al. [2015], and (e)
Ghandi et al. [2015].

Basin Bakken | Eagle | Marcellus | Barnett Haynesville | Fayetteville | Utica
Ford

Molar % a b,e 2° SC (dry) c c be

C2:C1 42 25 160 15° (wet) 0.1 L 16

% US 2 12 35 12 12 8 3

Shale Gas

production
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