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Abstract 17 

Recent warming of the Arctic has motivated assessments of methane (CH4) release from 18 

the North Slope Region of Alaska (NSRA). This study examines the contributions of thermogenic 19 

emissions from the Prudhoe Bay Oil Field (PBOF) to the elevated concentrations of atmospheric 20 

CH4 observed across the NSRA. We report high precision atmospheric measurements of CH4 and 21 

ethane (C2H6) within and downwind of the PBOF. Biogenic CH4 emissions, due to methanogenic 22 

processes within the Arctic tundra, are not co-emitted with C2H6. We show that the thermogenic 23 

gas emanating from oil and gas extraction point sources contains on average 1 mole of C2H6 for 24 
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every 16 moles of CH4. We use a mass balance approach to estimate total emissions of thermogenic 25 

CH4 from two days in the summer of 2016 and find 2 - 5 times greater emissions than the sum of 26 

all sources in the PBOF reported to the EPA Greenhouse Gas Reporting Program in 2016. 27 

Although higher than reported, these emissions are much smaller than estimates of CH4 emissions 28 

from other oil and natural gas production areas in the US, and they make a very small contribution 29 

to total CH4 emissions from the North Slope.  30 

Keywords: Prudhoe Bay, Fugitive Methane Emissions, Thermogenic Methane, Arctic Methane 31 

Emissions, Oil and Gas Methane Emissions 32 

 33 

Introduction 34 

Methane (CH4) is the second most potent anthropogenic greenhouse gas. Methane 35 

emissions have been a particular concern in the Arctic, where warming temperatures could cause 36 

massive amounts of organic carbon trapped in the active layer of the permafrost (Hugelius et al., 37 

2014) to be decomposed under anoxic conditions to produce large amounts of atmospheric CH4.   38 

Elevated atmospheric concentrations of CH4 have traditionally been observed throughout 39 

the North Slope Region of Alaska (NSRA), located on Alaska’s northern coast and bounded at the 40 

southern edge by the foothills of the Brooks Range (Figure 1). The dominant source of these CH4 41 

enhancements is generally understood to be biological metabolism of soil organic matter stored in 42 

the active layer of the permafrost(McGuire et al., 2012). A number of recent studies have sought 43 

to quantify the flux, seasonality, and environmental factors that drive these emissions within the 44 

NSRA(Chang et al., 2014; Miller et al., 2016; Colm Sweeney et al., 2016; Zona et al., 2016), but 45 

there has been a persistent concern that a significant fraction of the observed CH4 enhancement 46 

could originate from petroleum production at the nearby Prudhoe Bay Oil Field (PBOF).  47 



Prudhoe Bay Oil Field is situated on top of a deep sandstone formation near the town of 48 

Deadhorse, Alaska in an area roughly 80x50 km2 in size. Thermogenic hydrocarbon gases and 49 

crude oil are formed in the sandstone at a depth of around 2,500 meters below the surface by 50 

thermal alteration of organic matter at high temperatures and pressures (AOGCC  2018). PBOF is 51 

nominally an oil producing field, but large amounts of natural gas (3.1 trillion cubic feet per year 52 

(TCFy-1) are co-produced and ultimately reinjected into the formation to ensure the oil remains 53 

recoverable (AOGCC, 2018). Until now, the total flux of fugitive and process CH4 emissions from 54 

PBOF has never been quantified by top-down methods due to the complexity associated with 55 

trying to measure a concentrated CH4 source in the midst the diffuse CH4 emissions from the Arctic 56 

tundra.  57 

The present study quantified thermogenic CH4 emissions from PBOF with a series of 58 

aircraft flights which surveyed concentrations of atmospheric CH4 and C2H6 to quantify the 59 

relative enhancement of thermogenic CH4, which is co-emitted with C2H6, versus biogenic 60 

emissions, which are not. We determined the mean CH4: C2H6 ratio from PBOF facilities, and then 61 

used a mass balance approach to determine the total flux of C2H6 coming from PBOF. From the 62 

mean CH4: C2H6 ratio and the C2H6 flux it is possible to determine the CH4 emissions coming 63 

from thermogenic sources in the PBOF. Subsequent measurements made during the campaign over 64 

the widespread NSRA, outside of PBOF, can be used to qualitatively evaluate the contributions of 65 

thermogenic gas from deep geologic reservoirs to widespread CH4 enhancements observed over 66 

the Alaskan Arctic in the height of the growing season.  67 



Methods 68 

Measurement Description 69 

Measurements were made on a National Oceanographic and Atmospheric Administration 70 

(NOAA) Twin Otter aircraft based in Deadhorse, Alaska from July 24th to August 21st of 2016. 71 

The aircraft was instrumented with a Cavity Ringdown Spectrometer measuring CO2, CO, CH4, 72 

and H2O at ~0.3Hz resolution with precision of ~ 50, 4, 0.4, and 3x104 ppb (  
����	
���	��� )in 5 seconds, 73 

respectively. (Picarro, Model G2401)(Crosson, 2008). Ethane was measured at 1Hz using an 74 

infrared laser spectrometer manufactured by Aerodyne Research (Yacovitch et al., 2014), modified 75 

for flight as described below. The dry mole fractions of CH4, CO2, and CO were computed from 76 

Figure 1 Methane and C2H6 enhancements (∆CH4 & ∆C2H6) measured within the planetary boundary layer over background 

concentrations measured in the free troposphere with aircraft vertical profiles on all campaign flights over the NSRA. Red dots show

the location of operational wells in the PBOF. The inset map shows the location of the NSRA study domain within the state of Alaska.



the Picarro H2O data using an analyzer-specific empirical correction derived from laboratory-77 

based tests (Chen et al., 2013; Rella et al., 2013). In-situ measurements of CH4, CO2, CO, and 78 

C2H6 were calibrated using in-flight inlet overblow injections of calibrated tank air traceable to 79 

World Meteorological Organization (WMO) and NOAA scales (CO2-X2007; CH4–X2004A; CO–80 

X2014A, www.esrl.noaa.gov/gmd/ccl/).  81 

To provide an independent check on the compatibility of in-situ measurements and the 82 

larger array of ground-based trace gas measurements in the region, flask samples were also 83 

collected throughout each flight (roughly 24 per flight) and analyzed at the NOAA Earth System 84 

Research Laboratory in Boulder, Colorado (Sweeney et al., 2015). Along with CH4, CO2, CO, and 85 

C2H6, flask samples were analyzed for several additional hydrocarbons, halocarbons, fluorinated 86 

gases, and isotopes of CH4. Wind speed and direction were measured at 10Hz using an Aventech 87 

AIMMS-30 differential pressure wind probe. Additional measurements included GPS position and 88 

ambient pressure (from the Picarro located in the unpressurized airplane cabin), temperature, and 89 

relative humidity (Vaisala HMP60). 90 

Ethane measurements were made with an Aerodyne Research Inc. Mini Tunable Infrared 91 

Differential Laser Absorption Spectrometer (ARI-TILDAS) based on direct absorption 92 

spectroscopy, in which a mid-infrared light source is passed through a multi-pass Herriot cell with 93 

an effective path length of 76m (McManus et al., 2008). Recent upgrades in interband cascade 94 

laser technology enabled the ARI-TILDAS to interrogate the rotational-vibrational infrared 95 

absorption of an C2H6 molecule at the 2997 cm-1 q-branch. Spectra were fit based on 96 

experimentally determined absorption parameters (Harrison et al., 2010; Yacovitch et al., 2014).  97 

Prior to field deployment, the C2H6 instrument precision was characterized over a typical 98 

2-hour flight out of Boulder, CO which climbed from 1600 to 8000 meters above sea level by 99 



measuring a single tank of dry gas and overflowing excess sample across the inlet to provide 100 

ambient pressure to the sample line. After drift correcting based on zero gas injections every 10 101 

minutes, the 1s root mean squared deviation (RMS) from the calibrated tank value was 65 pptv. 102 

After shipment to Alaska and realigning the instrument optics, the inflight 1s RMS was < 40 pptv,  103 

and with precision better than 10 pptv when the data were averaged over 17 s intervals 104 

(Supplemental section 1.1). Observed concentration changes in C2H6 were small compared to its 105 

background concentration (~0.5 ppb), and the high measurement precision of C2H6 was essential 106 

to distinguish and accurately measure emission-related signals over the background. The high 107 

precision and measurement frequency (1 Hz) that can be obtained from the C2H6 spectrometer 108 

makes it a more accurate tracer for thermogenic CH4 emissions when compared to traditional 109 

methods such as isotopic CH4 measurements(Sayres et al., 2017).   110 

Flight Patterns 111 

Over the course of the campaign, 14 research flights were flown for a total of >90 hours of 112 

airborne data. All fights took off from Deadhorse, AK. Ten flights were designed to capture the 113 

large-scale CH4 and C2H6 variability over NSRA and provide continuity with other multi-year 114 

aircraft datasets collected over the Alaskan tundra  (Chang et al., 2014; Commane et al., 2017; 115 

Hartery et al., 2018; Parazoo et al., 2016). NSRA flights covered a region bounded by Toolik Lake, 116 

Ivotuk, Utqiaġvik (formerly Barrow) and Deadhorse (Figure 1).  These flights typically required 117 

landing in Utqiaġvik to refuel before returning to Deadhorse. 118 

We flew 4 flights designed to quantify CH4 emissions from the PBOF using a mass balance 119 

analysis. These flights were flown in a box pattern with the headings of individual legs determined 120 

by the mean wind direction. At least one leg of each flight was flown at a constant altitude 121 



perpendicular to the mean wind direction, downwind of the PBOF and far enough from the 122 

majority of point sources to allow enhancements to mix homogenously throughout the PBL 123 

(Karion et al., 2013). Of the 4 mass balance flights, 2 flights had steady enough winds to allow for 124 

predictable transport across the study domain and stable enough horizontal winds within the 125 

planetary boundary layer (PBL) to allow for strong vertical mixing of emissions from the ground 126 

upwards required for the mass balance method (Cambaliza et al., 2014). 127 

An upwind leg was flown perpendicular to the prevailing winds each day to determine the 128 

background mole fractions of C2H6 and CH4 and to confirm that there were no detectable sources 129 

of C2H6 upwind of the PBOF. The mean background value measured on the upwind side of the 130 

mass balance domain  was subtracted from the downwind transects in order to compute the 131 

Figure 2 Time series of CH4, C2H6, and potential temperature measured on the transect upwind of the PBOF on 2016-

08-06. A strong biogenic CH4 enhancement is observed below the boundary layer while C2H6 is constant above and below 

the boundary layer. The boundary layer can be identified using the potential temperature signal shown in the lower 

portion of the right axis. The direction of flight on this transect was south and then westbound. 



enhancement used in the mass balance calcualation. The background transect was defined based 132 

on the observation of a consistent upwind C2H6 mole fraction as shown in Figure 2. The inset in 133 

Figure 2 shows an example of how the background flight tracks were positioned well upwind of 134 

potential sources. By flying a vertical profile through the PBL on the upwind side of PBOF, we 135 

were able to confirm that there was no gradient in C2H6 above and below the PBL, which further 136 

supports the inference that there were no significant sources of C2H6 upwind of PBOF.  Each flight 137 

included a vertical profile up to the free troposphere to determine the height of the PBL, the 138 

homogeneity of CH4 and C2H6 within the PBL, and the gradients in CH4 and C2H6 between the 139 

PBL and the free troposphere.  140 

Two flights within the PBOF circled several individual facilities at a distance of ~0.5 km, 141 

in order to measure the molar ratio of CH4:C2H6 in the natural gas being emitted from these 142 

facilities. A total of 71 plumes were measured to derive an average CH4:C2H6 molar ratio. These 143 

plumes were readily identified from the data and the ratio of mole fraction enhancements in each 144 

of these plumes was determined by fitting a scatterplot of C2H6 versus CH4 for each plume using 145 

an ordinary least squares regression (errors are attributable mainly to the C2H6 data). Because the 146 

temporal profile of these plumes was short (approximately 5-10 seconds) and the enhancements 147 

were very high due to the close proximity of the aircraft to the facility, it was assumed that the 148 

background was invariant for these short plumes. The average r2 value of the fitted plumes was 149 

0.74. The median CH4:C2H6 enhancement ratio (EMER) 	���
�	�����
�	���
� and its 95% confidence 150 

interval were determined for the PBOF by iteratively subsampling the distribution of slopes 151 

calculated for each plume.  Section 2.1 of the supplement shows the measured and bootstrapped 152 

distributions of the EMER and further describes this methodology. 153 

Lidar Measurements of Planetary Boundary Layer Height 154 



Data from a pulsed Doppler Lidar (Halo Streamline) operated at the Atmospheric Radiation 155 

Measurement mobile facility at Oliktok Point, Alaska 156 

(https://www.arm.gov/capabilities/observatories/nsa) was used to determine the boundary layer 157 

winds before the aircraft took off, and to define the coastal boundary layer height in the PBOF. 158 

The Lidar measures line-of-sight velocity and backscatter at ≈ 0.6 Hz with a range resolution of 159 

18m. A detailed description of the system design and operating principles of the Doppler Lidar 160 

can be found in Pearson, Davies, & Collier 2009 (Pearson et al., 2009). Every 10 min, the Lidar 161 

took 35s to perform an eight-point plan-position-indicator scan at 70 degrees in elevation above 162 

the horizon to measure the horizontal wind speeds. Otherwise, the Lidar pointed vertically to 163 

observe the vertical wind speed and aerosol backscatter. These vertically pointing measurements 164 

were processed in 10-min bins to compute the vertical velocity variance (σw
2) and mean 165 

backscatter profiles. 166 

Vertical profiles of these measured quantities (i.e., mean wind, σw
2, aerosol backscatter) 167 

were combined to determine the PBL height at Oliktok Point using fuzzy logic (Bonin et al., 2017). 168 

Since the turbulence was generally weak (σw
2 < 0.2 m2 s-2), likely due to the proximity of the cold 169 

ocean surface which acts to stabilize the PBL, the backscatter profiles were the dominate factor in 170 

determining the PBL height.  Large gradients in the backscatter, typically located at the top of the 171 

PBL between the aerosol rich air in the PBL and clean air in the free troposphere, were detected 172 

by running a Haar wavelet (Haar, 1910) over the backscatter profile to deduce the PBL height. 173 

Boundary layer heights at Oliktok Point during the two days used in the mass balance analysis of 174 

PBOF are shown in supplemental section 3.1. 175 

Mass Balance Analysis 176 



Analysis of available operational meteorological models with domains covering the PBOF 177 

region showed that the PBL height was significantly over estimated, failing to reproduce the inland 178 

intrusion of the cold air from the marine boundary layer. Given the lack of reliable meteorological 179 

models, our estimate of total emissions from the PBOF employed the simplifying assumptions of 180 

a mass balance (Cambaliza et al., 2014; Karion et al., 2013) combined with our direct 181 

measurements of winds, PBL height and C2H6 enhancements. Estimated emissions of C2H6 were 182 

combined with the EMER to derive the flux of thermogenic CH4 from the PBOF.   183 

Total emissions of C2H6 were estimated by integrating the horizonal mass flux of air (nair 184 

* WS, molair/(m2s)) from ground level (Zsurface) to the top of the PBL (ZPBL) along the downwind 185 

transect perpendicular to the wind, then multiplying by the C2H6 enhancement (XC2H6) and 186 

integrating along the length of the downwind track. For the mass balance experiments the 187 

downwind C2H6 enhancement  was computed by subtracting the mean upwind C2H6 mole fraction 188 

measured in the upwind transects from the downwind measurement. Wind measurements from the 189 

aircraft indicated that there were only minor gradients in winds throughout the PBL. A distribution 190 

of the measured wind speed is used in the final calculation to estimate the contribution of 191 

variability in winds to the total uncertainty. We assumed the enhancement of C2H6 was constant 192 

from the surface (Zsurface) to the top (ZPBL) of the PBL based on vertical profile measurements 193 

Equation 1 Where (-bck and bck) represent the background concentraitions at the “edges” of each downwind 

plume, XC2H6 represents the C2H6 enhancement above the background concentration (determined from the upwind profile), 

nair represents the density of air within the PBL. WS represents the mean wind speed across the domain, and cos(ø) 

represents a correction for the non-orthogonality of the flight track with respect to the prevailing wind direction (ø 

being the amount of degrees that the flight track is deviating from the normal wind direction). 



(Supplement, Section 3.2) and because the downwind track was far enough away from the major 194 

point source emissions to allow for complete vertical mixing of point source plumes through the 195 

PBL(Karion et al., 2013) 196 

 A piecewise integral of the molar volume of air (nair, molair/m3) from the surface to the 197 

top of the PBL at each meter along the downwind transect was performed to correct for changes 198 

in both topography and the height of the PBL along the flight track. The ground elevation 199 

coordinate was calculated using the USGS Elevation Point Query Service (Hollister, 2017). The 200 

PBL height was determined from vertical profile measurements as the altitude where there was a 201 

significant gradient in potential temperature, water vapor and CH4 (Figure S3.2A). The pulsed 202 

doppler Lidar was also used to measure the height of the PBL at the northern most part of the 203 

transects where the colder marine air mixed with the warmer inland air and suppressed the height 204 

of the height of the mixed layer. The height of the PBL along the flight track was estimated by 205 

interpolating between the PBL heights measured by the coastal pulsed Doppler Lidar and the 206 

aircraft profile nearest to the southern side of the PBOF domain. Our assumption of a linear 207 

gradient in the PBL height is supported by a steady decrease in potential temperature as the aircraft 208 

headed toward the coast during the downwind transects indicating that the change in boundary 209 

layer height was not abrupt as caused by a frontal system. A discussion of our method for 210 

approximating the effect of the marine layer on the PBL height and a conservative estimate of 211 

potential errors associated with this model is presented in section 3.3 of the supplemental 212 

information.  213 

We used the HYSPLIT model (Stein et al., 2015) run forward in off-line STILT (Lin et al., 214 

2003) mode and driven by metrological products from the Global Forecast System (GFS), to verify 215 

that winds were steady across the PBOF domain previous to the time at which downwind plumes 216 



were sampled by the aircraft. The HYPLIT model was also used to confirm that downwind 217 

enhancements of thermogenic CH4 measured by the aircraft were consistent with the spatial 218 

distribution of point sources reported in the Greenhouse Gas Reporting Program (GHGRP). The 219 

details of the HYSPLIT analysis are shown in section 4 of the supplement. Due to inaccuracies in 220 

the GFS PBL height, further analysis of this data using either forward or inverse modelling 221 

approaches was not possible.  222 

Results 223 

Regional scale distribution of  CH4 and  C2H6 224 

Figure 1 shows the PBL enhancements above background of CH4 and C2H6 for all 14 225 

flights within NSRA. Enhancements above background were calculated by subtracting free 226 

tropospheric mole fractions (nominally 0.6 ppb and 1913 ppb for C2H6 and CH4) measured during 227 

aircraft vertical profiles on each day. Methane enhancements were very widespread outside of the 228 

PBOF, reaching maximum values > 150 ppb. In sharp contrast, enhancements of C2H6 were limited 229 

almost exclusively to the PBOF and areas affected by PBOF outflow.  230 

Figure 3 Shows a tracer-tracer plot of all data within the Planetary Boundary Layer measured inside and outside of PBOF. 



Figure 3 shows CH4 and C2H6 enhancements within the PBL (enhancement above free 231 

tropospheric values measured during vertical profiles throughout each flight) for flight segments 232 

outside and inside of the PBOF. Figure 3 illustrates both the lack of C2H6 enhancements and the 233 

prevalence of large CH4 enhancements outside of PBOF . Section 5 of the supplemental 234 

information shows the timeseries from inside and outside of PBOF and shows the different spatio-235 

temporal characteristics of mole fraction enhancements that result from point source emissions 236 

found in the PBOF versus the regional-scale biogenic emissions found in the NSRA outside of the 237 

PBOF region. 238 

Meteorological conditions 239 

The spatial distribution of the particles in the HYSPLIT model output indicates that winds 240 

were coming from approximately 120⁰ and 325⁰ on 06 August and 08 August, 2016 respectively. 241 

The modeled wind directions agree with the wind directions measured by the aircraft for each 242 

transect (Table S4.3A). Measured 1Hz wind speeds from the aircraft were 5.4±1.2	��  and 243 

6.1±1.5��   on 06 August and 08 August, 2016. We estimate that the transport time of an airmass 244 

across the PBOF (approximately 80km) was roughly 4 hours during our study days. Analysis of 245 

mean particle trajectories from HYSPLIT and the spatial distribution of individual particles 246 

suggests that the flow was steady and consistent across the domain prior to and during the flights. 247 

There was evidence of horizontal wind shear that could have potentially caused PBOF emissions 248 

to be advected out the side of our mass balance domain. 249 

Further analysis of the vertical gradient in backscatter and vertical wind observed by the 250 

pulsed Doppler Lidar, as well as the aircraft vertical profiles, shows that mixing between the PBL 251 

and free troposphere was negligible. The pulsed Doppler Lidar shows that small vertical motions 252 

associated with the weak updrafts generally at the mixed layer boundary were not able to penetrate 253 



into the free troposphere thus validating the assumption in the mass balance calculation that there 254 

is minimal detrainment (leakage) into the free troposphere from the PBL.  255 

Measured PBL height values range from approximately 90 magl at the coastal Lidar to 525 256 

magl at the inland aircraft vertical profile. The differences in the measured PBL height between 257 

the Lidar site and the aircraft profiles, determined based on mole fraction and meteorological 258 

measurements, were consistent with the expected spatial gradient in PBL height  between the 259 

marine PBL near the coast and the well-developed PBL inland.   260 

Mass Balance 261 

The EMER determined from two flights dedicated to surveying the composition of point 262 

sources in the PBOF was very stable at 16.6 ±	0.74 (mol CH4 / mol C2H6; 95% confidence 263 

interval). Five transects were flown downwind of the PBOF on 06 August 2016 and one transect 264 

was flown on 08 August 2016. Flux estimates from each of the 6 realizations of the mass balance 265 

experiment are shown in Figure 3. The total flux was consistent between the two days, indicating 266 

that emission sources were stable over those two days. 267 

 268 



Figure 4 Flux estimates from six realizations of the mass balance experiment conducted on two different days. The height of the 269 

box represents one standard deviation in the estimated flux distribution in order to show the spread of the error associated with 270 

each estimate. The gray line represents the median flux calculated from the six realizations. The purple line marks the total CH4 271 

emissions from the PBOF in the 2016 GHGRP. The transect locations are shown on a map in figure S4.1A. 272 

From the ensemble of transects collected, an estimated flux of 1500 [1151, 1888] kg/hr 273 

(95% Confidence Interval) of thermogenic CH4 was emitted by the PBOF during the two days 274 

with measurements in the summer of 2016. Our confidence intervals for each transect include an 275 

additional uncertainty of 20% for the PBL height to capture the difference in the PBL height as 276 

measured by the Lidar at Oliktok Point and by the aircraft vertical profiles inland. Total uncertainty 277 

in the flux estimate was estimated for each downwind transect by iteratively subsampling 278 

probability density functions of aircraft meteorological data (winds speed and direction), boundary 279 

layer height (obtained by interpolating the height measured at the inland profile and at the Oliktok 280 

Point Lidar and adding an additional 20% error), and EMER (from the bootstrapped distribution 281 

of the survey plumes), then iteratively computing the mass balance flux by equation 1 for each 282 

flight transect. The overall error of the total flux (1500 [1151, 1888] kg/hr) is contained with the  283 

95% confidence interval of the convolution of flux distributions from each transect. The relative 284 

magnitude of our error estimate is comparable to other studies using similar top-down 285 

methodology(Cambaliza et al., 2014; Heimburger et al., 2017) and to that obtained by a 286 

individually summing each source of proportional error in quadrature. 287 

Discussion 288 

North Slope Region  289 

Our large-scale measurements of CH4 over the NSRA, specifically those parts to the west 290 

and south of PBOF (Fig 1), are consistent with observations made near Utqiaġvik and throughout 291 

the region that show large enhancements of CH4 coming from the tundra area (Chang et al., 2014; 292 



Miller et al., 2016; Sweeney et al., 2016). Furthermore, these large enhancements do not appear to 293 

originate from point sources within the NSRA, based on their relatively small spatial variability 294 

(tens of kilometers) when compared to the point source enhancements in PBOF (tens of meters). 295 

The emissions outside of the PBOF are not significantly thermogenic, based on the lack of 296 

observed C2H6 enhancements (Fig 3), supporting other studies(Chang et al., 2014; Miller et al., 297 

2016; Sweeney et al., 2016) which suggested that most of the CH4 enhancement over the North 298 

Slope was of biogenic origin. We cannot rule out geogenic contributions from diffuse seeps of 299 

shallow origin, e.g. from coalbed CH4, where the associated C2H6 signal might be much smaller 300 

than for the deep gas in the PBOF and other thermogenic reservoirs. Our results demonstrate that 301 

emission of thermogenic CH4 from deep reservoirs within PBOF is emitting at rates too low to be 302 

considered a major factor in the total CH4 enhancement observed throughout the North Slope 303 

Region of Alaska.   304 

We further contextualize our estimate of CH4 emissions from PBOF by comparing it to an 305 

estimate of total CH4 emissions from the NSRA from the literature. Based on the estimated CH4 306 

flux from the North Slope and the total area from their chosen land mask, Chang et. al.  2014 307 

calculates total CH4 emissions in NSRA during the peak of the growing season (May-September) 308 

to be approximately 52 +/- 15 * 10
3 kg * hr

-1, suggesting that thermogenic CH4 emissions from 309 

PBOF are responsible for approximately 2.8% [1.68% - 4.85%] of the total CH4 emissions from 310 

the NSRA during the growing season (Chang et al., 2014) Biogenic CH4 emission from the tundra 311 

displays a strong seasonal dependence with near zero fluxes throughout the winter (Zona et al., 312 

2016), whereas we assume that PBOF thermogenic emissions do not vary with season, suggesting 313 

that the fraction of total annual CH4 emissions from PBOF would be larger than 3% . Nevertheless, 314 



the total CH4 flux from PBOF is a small compared to the total CH4 emissions throughout the 315 

NSRA. 316 

Prudhoe Bay Oil Field  317 

PBOF is the largest oil field in Alaska, producing approximately 97% of the oil from the 318 

state. Oil from PBOF is carried 800 miles via the Trans-Alaska Pipeline System from Deadhorse 319 

to Valdez, AK where it is either refined or tankered and exported to market.( AOGCC, 2018) With 320 

no way to transport the co-produced natural gas, it is first dehydrated and then either reinjected to 321 

facilitate future recovery of liquid crude, flared, or used as an onsite fuel source (British Petroleum 322 

Fact Sheet: Gathering Centers , Flow Stations, 2011). Despite a large drop in oil production since 323 

the PBOF opened in 1977, the amount of co-produced natural gas has remained relatively constant 324 

throughout the lifetime of the field( AOGCC, 2018) (Figure S6.1A). Total CH4 emissions reported 325 

Figure 5 Methane emission rates from oil and gas producing regions in the United States estimated using top-down 

methods. 



to the EPA GHGRP(EPA, 2018) for 2016 from the PBOF are ~420 kg/hr(EPA, 2018). This rate is 326 

23% lower than emissions reported to the GHGRP in 2015, partly due to 35% fewer sites in PBOF 327 

reporting to the GHGRP in 2016 and partly because the largest emitting sites reported significantly 328 

less emissions than in previous years. Though the GHGRP is not designed to be a comprehensive 329 

bottom up emission inventory, it is a helpful metric to compare to our results and the best available 330 

benchmark for PBOF emissions during our study. We find that CH4 emissions for the PBOF from 331 

the 2016 GHGRP were lower than the total emissions measured by our mass balance analysis by 332 

a factor of 2-5. Our results are consistent with previous studies that have shown CH4 emissions by 333 

production facilities are underestimated in reporting to the GHGRP and other emission inventories. 334 

(Alvarez et al., 2018; A. R. Brandt et al., 2014)   335 

Because recent oil and gas production in the contiguous United States has shifted to using 336 

unconventional methods (hydraulic fracturing of shale formations) or a mix of both conventional 337 

and unconventional methods, and basins employing conventional methodology (such as PBOF) 338 

have not been as extensively measured using top-down methodologies, we contextualize our 339 

results against recent CH4 emission estimates from unconventional oil and gas developments. (A 340 

R Brandt et al., 2014; Karion et al., 2015, 2013; Peischl et al., 2016; Pétron et al., 2014)  Though 341 

gas production varies regionally, our estimates of the absolute CH4 emissions from PBOF are 342 

significantly lower than absolute emission estimates from other oil and gas production regions 343 

when studied using similar mass balance methodologies (Figure 5).  344 

Survey flights sampling plumes from major point sources in the PBOF showed highly 345 

variable ratios of C2H6 to CO2 enhancements, even though C2H6 to CH4 ratios were very consistent 346 

(Supplement, Section 5.1), suggesting that thermogenic CH4 originates from both onsite leakage 347 

and incomplete combustion processes. Possible combustion sources include onsite flaring, which 348 



was often observed from the aircraft, and natural gas fueled compressors used for local gathering 349 

or reinjection, both of which are listed in the GHGRP inventory and the Alaska Oil and Gas 350 

Conservation Commission (AOGCC) database .(EPA, 2018; AOGCC) 2018) 351 

In 2016, 3.1 trillion cubic feet per year (TCFy-1) of natural gas were withdrawn from 2,071 352 

gas producing oil wells in Alaska, the vast majority of which was from the PBOF( AOGCC, 2018) 353 

(Fig S61.A). Reinjecting produced natural gas in the PBOF requires much simpler system 354 

infrastructure than production for sale, and the PBOF lacks the extensive gathering, processing, 355 

and transmission facilities that are present in most oil and gas production regions in the contiguous 356 

U.S. For comparison, the Bakken oil field in North Dakota has 13,253 gas producing oil wells that 357 

withdraw 0.6 TCFy-1 of natural gas, 1/5 as much as the PBOF. Due to improved infrastructure in 358 

recent years, 0.53 TCFy-1  of gas from North Dakota now goes to market, only 0.07 TCFy-1 is 359 

vented or flared, and none is reinjected, consistent with most oil producing regions in the 360 

contiguous U.S. (EIA, 2018). Regions that are predominantly natural gas producing, such as the 361 

Marcellus shale region in Pennsylvania, withdraw larger volumes of natural gas (5.3 TCFy-1) from 362 

natural gas specific wells and all of the gas is processed and sent to market as opposed to being 363 

reinjected. We speculate that the low CH4 emission rates calculated for PBOF compared to other 364 

oil and gas producing regions (Fig. 4) are due to the simple produced gas handling infrastructure 365 

and the immediate reinjection of produced gas back into the geologic formation in PBOF. Simply 366 

put, the gas produced in PBOF spends less time above ground where potential leaks to the 367 

atmosphere may occur, whereas in more complex fields with gathering and sales infrastructure, 368 

produced natural gas flows past many more potential leak points before making it to the end user. 369 

Our analysis shows a snapshot in time (2 days) and provides no information on how 370 

consistent PBOF emissions have been over time. Oil production from the PBOF has been declining 371 



steadily since its peak production of over 2 million barrels per day in the early 1990’s to its current, 372 

all-time low, production of ~450,000 barrels per day in 2016 (Supplement, Section 6). ( AOGCC, 373 

2018; EIA, 2018) Reinjection of the produced natural gas and a decline in recoverable oil has led 374 

to an increase in the gas to oil ratio in the field resulting in a relatively stable natural gas production 375 

rate of ~3 TCFy-1 since the beginning of 1995 (Figure S6.1A). If CH4 emissions scale with 376 

production throughput, as suggested by other studies (Marchese et al., 2015), then it is likely that 377 

fugitive emissions from this source may also be stable over long time periods. However, some 378 

studies have observed emissions that spike during well completions and abnormal operating 379 

conditions such as temporary leaks or unexpected releases, which must be recognized as a caveat 380 

when considering the long-term representativeness of the emission rates estimated in our study. 381 

(Alvarez et al., 2018) 382 

Summary 383 

High accuracy, high resolution aircraft surveys of C2H6 over the NSRA provide new 384 

insight into the role of thermogenic CH4 emissions there. The PBOF is found to be the dominant 385 

source of thermogenic CH4 emissions in the NSRA with flux estimates 2-5 times greater than the 386 

sum of the facilities in the region reporting to the EPA GHGRP. However, PBOF emissions are 387 

small compared to emissions from other petroleum producing regions in the US. Despite our 388 

sensitive indicator for detecting thermogenic emissions, this study found no evidence of 389 

significant thermogenic contributions (e.g. co-emissions of C2H6) outside of the PBOF in the 390 

NSRA.   391 
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