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Abstract

:

We measured the spatial distribution and composition of ozone-forming hydrocarbons, alcohols, and carbonyls in Utah’s Uinta Basin during the winter months of 2019 and 2020. The Uinta Basin contains about 10,000 producing oil and gas wells. Snow cover and the region’s unique topography (i.e., a large basin entirely surrounded by mountains) promote strong, multi-day temperature inversion episodes that concentrate pollution and lead to wintertime ozone production. Indeed, organic compound concentrations were about eight times higher during inversion episodes than during snow-free springtime conditions. We examined spatial associations between wintertime concentrations of organics and oil and gas sources in the region, and we found that concentrations of highly reactive alkenes were higher in areas with dense oil production than in areas with dense gas production. Total alkene+acetylene concentrations were 267 (42, 1146; lower and upper 95% confidence limits) µg m−3 at locations with 340 or more producing oil wells within 10 km (i.e., 75th percentile) versus 12 (9, 23) µg m−3 at locations with 15 or fewer oil wells (i.e., 25th percentile). Twenty-eight percent of the potential for organic compounds to produce ozone was due to alkenes in areas with dense oil production. Spatial correlations and organic compound ratios indicated that the most likely source of excess alkenes in oil-producing areas was natural gas-fueled engines, especially lean-burning (i.e., high air:fuel ratio) artificial lift engines.
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1. Introduction


Utah’s Uinta Basin suffers periodically during winter months from high concentrations of ozone [1,2,3,4], an air pollutant regulated by the Environmental Protection Agency (EPA). The number of exceedance days and concentrations of ozone that occur in a given year are directly related to meteorology, especially persistent snow cover and extended periods of high barometric pressure, which lead to persistent, multi-day thermal inversions that trap pollution and allow ozone to form [5,6]. Ozone tends to be higher at lower elevations in the Uinta Basin mostly because inversion conditions start earlier and last longer at low elevations, allowing more time for ozone and its precursors to accumulate [7].



The majority of ozone precursor pollutants in the Uinta Basin are emitted from the oil and gas industry [8,9,10], but emissions inventories for the industry contain significant uncertainty. Three-dimensional photochemical models are generally not able to simulate high wintertime ozone when official emissions inventories are used. At least part of the reason for underprediction of wintertime ozone is that official inventories appear to underestimate the magnitude of organic compound emissions [1,3] and the percentage of total emissions comprised by reactive organics [11].



Emission factors and composition data used to develop emissions inventories sometimes rely on outdated datasets with few samples, and regionally representative data are rarely available. The U.S. Environmental Protection Agency’s SPECIATE database is a repository of thousands of emissions composition datasets (also known as speciation profiles) that photochemical modelers use with total emission rates of organics in inventories to allocate emissions of individual organic compounds or groups of compounds [12]. The U.S. EPA has worked to update many oil and gas-related emissions profiles, including some that are specific to the Uinta Basin [13]. Some emissions profiles are still in need of updating, however. For example, the composition information contained in SPECIATE for natural gas-fueled stationary internal combustion engines (profile 1001) is derived from a study of a handful of engines measured in the 1980s in California [14,15].



Many recent studies have focused on improving estimates of methane emissions from oil and gas facilities [16,17,18,19,20,21,22], including in the Uinta Basin [8,9,23,24], but methane is not an important ozone precursor [2]. A few recent studies have directly measured speciated organic compound emissions from oil and gas sources, including individual components at well pads [25,26], at the well pad-level [25,27], water storage tanks [28], from oil and gas waste streams [29,30,31,32], during drilling and well completion operations [33], and from subsurface well pad sources [34]. Measurements of speciated non-methane organics in air influenced by the oil and gas sector have been reported [35,36,37,38,39,40,41,42,43,44], and some of these studies have attempted to infer information about specific sources or source types from ambient air data [45,46,47,48]. These studies have provided critical information about how oil and gas development impacts local and regional air quality, but more work is needed to comprehensively characterize the composition of emissions from many oil and gas sources.



In this study, we built 17 portable air sample collection stations and deployed them across the Uinta Basin during the winter months of 2019 and 2020. We analyzed samples for a suite of 72 organic compounds, including alkanes, alkenes, acetylene, aromatics, light alcohols, and carbonyls. We used this dataset to assess spatial trends in organic compound composition and to understand how specific source types influenced organics in ambient air. In this paper, we focus on observed high concentrations of alkenes (especially ethylene and propylene), their possible sources, and implications for wintertime ozone.




2. Methods


2.1. Study Location


We conducted this study in the Uinta Basin in northeastern Utah, United States (Figure 1). The Uinta Basin is a rural, desert region with a population of about 50,000 people and 9600 producing oil and gas wells. The western Basin produces mostly oil, while the eastern Basin produces mostly natural gas. Wells were first drilled in the Uinta Basin in the 1940s, but only 15% of currently-producing oil and gas wells were completed before 2000 (UDOGM, 2018). An industry downturn that started in 2014 [49,50,51] led to a decrease in drilling, such that 87% of currently-producing wells were completed before 2014.




2.2. Portable Sampling Stations


We deployed 14 portable sample collection stations during the winter months of 2019, and 17 stations during winter 2020 (see a diagram of the stations in Figure S1). Four of the stations were equipped with measurements of ambient temperature, relative humidity, wind speed and direction, and barometric pressure during 2019, and ten were equipped with these measurements during 2020. All stations incorporated a GPS (±5 m accuracy) in 2020, whereas we used cell phone GPS to record station locations in 2019. Figure 1 shows all unique portable station sampling locations from both winters.



For each station, a 0.5 μm PTFE filter pack was situated at the sampling inlet. The inlet protruded 3 cm from an insulated plastic box. PFA tubing (3 mm diameter) and PFA fittings led from the filter inlet to (1) an evacuated silonite-coated 6 L stainless steel canister (for hydrocarbons and light alcohols) and (2) a trans-1,2-bis(2-pyridyl)ethylene and 2,4-dinitrophenylhydrazine-coated silica (BPE-DNPH) cartridge (Sigma-Aldrich P/N 54278-U; for carbonyls). A critical orifice and miniature sampling pump downstream of the BPE-DNPH cartridge maintained flow at 1.25 L min−1. We measured the BPE-DNPH sampling flow rate for each station with a BIOS DryCal flow meter that had been factory-calibrated within less than a year. A high-purity solenoid valve (Clippard P/N O-ET-2-12) upstream of each silonite canister controlled flow into the canister and a stainless steel critical orifice regulated the flow rate. All sampling components, excluding the silonite-coated canisters, were located within the insulated box. We placed 48-h disposable hand warmers within the insulated plastic box and on the tubing that led from the box to the canisters. The hand warmers kept the box and tubing at 8.1 (6.6, 9.5) °C.



Clippard valves and BPE-DNPH sampling pumps were controlled by a relay board, and a Raspberry Pi with a custom Python program controlled the relay board. The Python program also allowed users to designate sampling times and dates for each deployment, so all stations sampled at exactly the same time, and it allowed the Pi to record all station parameters at 5-min intervals. Sampling stations collected air samples over 6 h intervals that always began at 10:00 or 22:00 local standard time. We positioned our measurement stations in several different spatial configurations over the two years to understand the distribution, magnitude, and composition of organic compounds in the oil and gas-producing areas of the Uinta Basin.




2.3. Permanent Monitoring Stations


In addition to the portable stations, our group operated permanent monitoring stations during the 2019 and 2020 winters at Roosevelt, Horsepool, and Castle Peak (Figure 1). We collected daily 3-h silonite-coated canister samples at each of these stations that began at either midnight or noon local standard time (except that only three samples per week were collected at Roosevelt in 2020). We also collected daily 3-h DNPH cartridge samples at Horsepool and Castle Peak during winter 2020. We used Waters Sep-Pak cartridges (P/N WAT037500) with Sep-Pak KI ozone scrubbers (P/N WAT054420), rather than the Supelco BPE-DNPH cartridges, for the permanent stations because an inadequate number of BPE-DNPH cartridges were available from the manufacturer. An intercomparison of the two types of cartridges showed no significant differences.



The sampling apparatuses at the permanent stations were similar to those at the portable stations. Samples were pulled through a PTFE filter, then through PFA tubing and into the canisters and cartridges. Stainless critical orifices regulated the flow rate of sample air into the canisters, and high-purity valves turned flow on and off. Sample air passed through a PTFE manifold and then into the DNPH cartridges. Mass flow meters recorded the flow through each cartridge, and valves and critical orifices downstream of the cartridges regulated the flow. A Campbell Scientific data logger controlled the valves and recorded sampling flow rates and valve positions.



Each of the permanent monitoring stations measured meteorological conditions, including wind speed and direction, temperature, relative humidity, barometric pressure, snow depth, and solar radiation. We checked all meteorological instruments against U.S. National Institutes of Standards and Technology (NIST)-traceable standards at least annually. The Horsepool station measured incoming and reflected UV-A and UV-B radiation with dual Kipp and Zonen UV radiometers. We calibrated the radiometers at the factory every three years. We measured ozone at the Horsepool station with an Ecotech 9810 ozone analyzer, and we calibrated the analyzer at three points weekly, and at 5 points at the beginning and end of each winter season, with an Ecotech GasCal calibrator. We checked the calibrator against a NIST-traceable ozone standard at the beginning and end of each winter season. We only used ozone data bracketed by calibration checks within 5% of expected non-zero values, and within ± 3 ppb when zero was expected.




2.4. Laboratory Analysis


We analyzed canister samples within 45 days of sampling for 54 hydrocarbons and three light alcohols using a derivation of the U.S. EPA Photochemical Assessment Monitoring Stations (PAMS) method [52]. Lyman, et al. [29] showed that all measured compounds, including alcohols, were stable in canisters over this period, and others have shown stability in canisters for hydrocarbons generally [53]. We used an Entech 7200 pre-concentrator in cold trap dehydration mode and a 7016D autosampler to cryogenically concentrate organic compounds from the air samples and introduce them to a gas chromatograph (GC) system, similar to Lyman, et al. [29]. The GC system included two Shimadzu GC-2010 GCs, one with a flame ionization detector (FID) and one with a Shimadzu QP2010 Mass Spectrometer (MS). Samples introduced to the GC system first passed through a Restek rtx1 ms column (60 m, 0.32 mm I.D.), and then entered a heated VICI four-port valve with a Valcon E rotor. For the first few minutes after injection, the sample then passed into a Restek AluminaBOND/Na2SO4 column (50 m, 0.32 mm I.D.) and into the FID. After the first few minutes, the valve position changed, and the sample was directed into another Restek rtx1 ms column (30 m, 0.25 mm I.D.), and then into the MS. Hydrocarbons with two and three carbon atoms were quantified by FID, whereas all other compounds were quantified by MS. We used a 5-point curve to calibrate the flame ionization detector and mass spectrometer before each analytical batch. We used an Entech 4600A to prepare calibration standards by diluting them in N2 from certified compressed gas standards. We also analyzed a duplicate sample, at least one analytical blank, and a calibration standard at the beginning and end of each batch.



We analyzed the DNPH cartridges for 13 carbonyl compounds, following Uchiyama, et al. [54] (also see Lyman, et al. [29]). We eluted cartridge samples into 5 mL volumetric flasks using a mixture of 75% acetonitrile and 25% dimethyl sulfoxide. We then used the same mixture to increase the total volume of the flasks to 5 mL. We transferred 1 mL of eluent from the flasks into an auto-sampler vial and analyzed samples using high-performance liquid chromatography (HPLC). We used a Hewlett Packard series 1050 HPLC with a Restek Ultra AQ C18 column and a guard column of the same material with a diode array detector. The eluent consisted of acetonitrile and ultra-pure water in gradient mode. We prepared calibration standards by diluting carbonyl-DNPH standards purchased from Sigma Aldrich (P/N 47650-U, CRM47651) and AccuStandard (P/N m-1004), and we calibrated the instrument regularly with a five-point calibration curve. We eluted samples within 14 days of collection, and we analyzed the eluent within 30 days of elution, following U.S. EPA protocols [55]. We analyzed several calibration standards at the beginning and the end of each analysis batch to check for retention time drift or other errors, and we also analyzed laboratory blanks and duplicate samples for each batch.




2.5. Oil and Gas Industry Data


We used oil and gas industry data available from the Utah Division of Oil, Gas, and Mining [56] and emissions data from the 2014 Utah Air Agencies Oil and Gas Emissions Inventory [10]. The 2014 Utah Air Agencies Inventory is a component of the 2014 U.S. EPA National Emissions Inventory [57,58]. We also calculated compound-specific emissions from the Utah Air Agencies Inventory. The Inventory reports total volatile organic compound emissions from oil and gas equipment and activities (e.g., engines, dehydrators, truck loadings, tanks, etc.), each of which is assigned a speciation profile by the EPA’s National Emissions Inventory [57] that is mapped to the SPECIATE database version 5.1 [14]. We converted total volatile organic compound emissions to total organic gas and then determined emissions of each specific compound based on its ratio to total organic gas as specified by SPECIATE. We also used raw and flash gas profiles that were derived from the Uinta Basin Composition Study [26].




2.6. Statistical Analysis


We present values as mean (lower 95% confidence limit, upper 95% confidence limit) when presentation of confidence limits is appropriate. We calculated confidence limits in Python with the scikits.bootstrap package, following Lyman, et al. [59]. Because the datasets collected in this study are heavy-tailed (as are most oil and gas-related datasets [60]), most of the statistical techniques we used are non-parametric. For convenience, most of the discussion below focuses on compound groups (alkanes, alkenes+acetylene, aromatics, alcohols, and carbonyls), rather than individual compounds. We present specific techniques as they are discussed below. We use units of µg m−3, rather than ppb, since this paper makes comparisons against emissions data and inventories, which are traditionally presented in mass units. Table S1 provides a conversion for each compound we measured.



We used ArcGIS version 10.2 for spatial analyses. We followed the methods presented by Lyman and Tran [7] to determine the proximity of sampling locations to possible emission sources. Similar to Lyman and Tran, we found that correlations of organic compounds with proximity to oil and gas facilities and related parameters were strongest when summed within a 10 km radius. The spatially-relevant results and discussion below are thus based on relationships within 10 km radii of sampling locations. We calculated the following parameters within 10 km of each sampling location. Parameters b through l are from the 2014 Utah Air Agencies Oil and Gas Emissions Inventory [10], and parameters m and n are from the Utah Division of Oil, Gas, and Mining’s online database [56].



	(a)

	
Average elevation




	(b)

	
Number of engines




	(c)

	
Total engine organic compound emissions




	(d)

	
Number of gas-fueled engines




	(e)

	
Number of artificial lift engines




	(f)

	
Number of two-stroke engines




	(g)

	
Number of produced water ponds




	(h)

	
Total area of produced water ponds




	(i)

	
Number of glycol dehydrators




	(j)

	
Total dehydrator organic compound emissions




	(k)

	
Number of liquid storage tanks




	(l)

	
Number of controls on liquid storage tanks




	(m)

	
Number of producing oil and gas wells




	(n)

	
Total amount of oil, gas, and water production








2.7. Quality Assurance


We collected canister field blanks by sampling hydrocarbon-free air generated by a Teledyne T701H, and we collected DNPH cartridge field blanks by deploying cartridges in field collection systems and immediately collecting them without pulling sample air through them. Canister field blanks resulted in hydrocarbon concentrations of 0.2 (0.1, 0.4) µg m−3, and DNPH cartridge field blanks resulted in carbonyl concentrations of 0.5 (0.2, 1.0) µg m−3 (all statistics in this section are averages for individual organic compounds). We collected field spikes for canister samples by filling high-pressure cylinders with hydrocarbon and alcohol mixtures with concentrations that were similar to ambient levels. We filled canisters directly from these cylinders in the laboratory, and then we attached the cylinders to field sampling systems and filled additional canisters. Laboratory-filled canisters recovered 6 (4, 7)% less hydrocarbons and alcohols than field-filled canisters.



Replicate analyses of canister samples were 0 (0, 0)% different from each other, and replicate DNPH cartridge analyses were 0 (−3, 3)% different. Calibration checks yielded 95 (0, 0)% recovery for hydrocarbons and alcohols, and 101 (101, 102)% recovery for carbonyls. Detection limits (determined as 3 times the standard deviation of standards with concentrations near the detection limit) were 0.3 (0.2, 0.4) µg m−3 for hydrocarbons and alcohols and 0.7 (0.5, 0.9) µg m−3 for carbonyls.





3. Results and Discussion


3.1. Impact of Inversion Conditions on Organic Compound Concentrations


Five of our sampling periods occurred during winter inversion episodes, seven were outside of inversion episodes but within the winter season, and one occurred during spring (Figure 2). Most inversion episodes in 2019 were associated with ozone in excess of the U.S. EPA 70 ppb ozone standard, but episodes in 2020 were not. Ozone and precursor concentrations have decreased over time in the Uinta Basin [61], and this could have influenced the year-on-year change in ozone. Meteorological conditions in 2020 were also different, however. Inversion episodes in winter 2019 were mostly sunny, while winter 2020 was consistently cloudy, so less sunlight was available to produce ozone (Figure 2). Inversion episodes in 2020 were also shorter, except for one episode in early January, but low solar elevation in January leads to inefficient ozone production.



Several deployments of the sample collection stations coincided with a temperature inversion episode that occurred from 23 February through 28 February 2019. This episode led to ozone concentrations exceeding 100 ppb at some area monitoring stations. During this episode, organic compound concentrations were elevated when compared to samples taken outside of inversion periods. Samples collected during an inversion on 27 February had organic compound concentrations that were 7.9 times higher, on average, than at the same locations during the 17 April 2019 deployment, which did not have snow cover or inversion conditions (Figure 3). We observed a similar trend during winter 2020, and Edwards, et al. [2] and Helmig, et al. [36] observed a similar trend in 2013.



Helmig et al. found that alkane concentrations during inversion episodes were at least two times higher than periods without inversions, leading to higher ozone production rates. Non-inversion conditions studied by Helmig et al. sustained widespread snow cover, which may have inhibited vertical mixing and kept concentrations relatively high, leading to a less profound difference between periods with and without temperature inversion. Average values measured at the Horsepool station from 23 to 27 February 2019 in this study were only 39 (32, 46)% of values reported by Helmig et al., consistent with the finding that ozone precursor concentrations in the Uinta Basin have decreased since 2013, as discussed by Mansfield and Lyman [61].



Increases in pollutant concentrations during inversion episodes occur because emitted pollutants are trapped under the inverted layer, allowing their concentrations to build day-upon-day [7]. The concentration of organics was negatively correlated with elevation during inversion periods (Spearman r from −0.31 to −0.49 for total non-methane hydrocarbons; NMHC), partly because oil and gas sources are negatively correlated with elevation, and also because inversion conditions are more pronounced at lower elevation [7]. Ambient organics were not correlated with elevation outside of inversion periods.




3.2. Spatial Distribution


Figure 4 and Figure 5, Figures S2–S12 show the magnitude and composition of organic compounds at each measurement station for each deployment period. In general, alkanes comprised the dominant portion (by mass) of total organics at the stations (average of 85 (82, 86)%). Alkenes+acetylene, aromatics, alcohols, and carbonyls comprised averages of 8 (6, 10)%, 7 (6, 9)%, 12 (10, 15)%, and 7 (6, 8)%, respectively. Occasionally, each of these groups comprised a large portion of total organics. The 90th percentiles of composition for alkenes+acetylene, aromatics, alcohols, and carbonyls were 18%, 13%, 28%, and 16%, respectively, and maxima were 84%, 64%, 88%, and 45%, respectively.



Tables S2–S4 show Spearman rank correlations for concentrations of organic compound types with various spatial parameters for the entire dataset, the average of three deployments at the same locations in February 2019, and the average of four deployments at the same locations in early February 2020, respectively. The tables show consistent negative correlations of total NMHC, alkanes, and aromatics with average elevation within a 10 km radius, as discussed above. Moreover, proximity to producing gas wells correlated somewhat consistently with total NMHC, alkanes, and aromatics. Alkenes+acetylene, in contrast, correlated most strongly with proximity to producing oil wells, proximity to two-stroke engines, and (somewhat consistently) proximity to engines generally.



To further understand these relationships, we extracted organic compound measurements for all sampling locations at which each oil and gas-related spatial parameter listed in Section 2.6 was less than or equal to the 25th percentile or greater than or equal to the 75th percentile. Table 1 shows average concentrations of organic compound types for the 25th percentile and 75th percentile bins for each parameter and whether the two bins are significantly different from each other. Table 1 shows that alkane and aromatic concentrations were significantly higher in areas with more producing gas wells, while alkenes + acetylene were lower in those areas. Oil-producing and gas-producing wells are spatially anti-correlated in the Uinta Basin (Pearson r = −0.62), so a correlation with one well type leads to an anti-correlation with the other. Alkanes and total NMHC were significantly higher where more produced water pond area existed, perhaps because produced water pond area and gas well count were spatially correlated (Pearson r = 0.87) and because alkanes and total NMHC were correlated (Pearson r = 0.99). Alkenes+acetylene were significantly higher in areas with more oil wells and more engines (engines and oil wells were spatially correlated; Pearson r = 0.94). Alcohols and carbonyls showed the same pattern as alkenes+acetylene, but for engines only, not oil wells. Alkenes+acetylene were also significantly lower in areas with more glycol dehydrators, probably because dehydrators were spatially correlated with gas wells (Pearson r = 0.74).



Emissions from oil and gas production exhibit a heavy-tailed distribution, which means a few sources emit a high percentage of total pollution [60,62]. Similarly, the maps in Figure 4 and Figure 5, Figures S2–S12 show that the percent of total organics comprised of alkenes+acetylene is much higher for a few samples than for the dataset as a whole. In spite of high variability, Figure 6 shows that alkenes+acetylene comprised a larger portion of total organics in samples collected in areas with more producing oil wells. Alkenes+acetylene comprised 3.5 (2.4, 5.3)% of total organics at sampling locations with 0–20 wells in a 10 km radius, compared to 8.1 (6.4, 11.2)% for locations with greater than 20 wells. The results for permanent monitoring stations showed the same trend (Figure S13), with alkenes + acetylene comprising 2.0 (1.8, 3.2)% of total organics at the gas production-dominated Horsepool station, compared to 3.6 (3.0, 3.9)% at the oil production-dominated Castle Peak station. This trend was much weaker for carbonyls (5.3 (4.1, 7.0)% for <= 20 wells in 10 km; 5.4 (4.6, 6.3)% for >20) and alcohols (8.1 (5.8, 11.4)% for <= 20 wells in 10 km; 8.8 (7.4, 10.6)% for >20).



Compared to most other organic compounds, alkenes are extremely reactive, so a given amount of these alkenes is able to produce more ozone than a given amount of most other organics. The impact of an organic compound on ozone formation can be estimated in computer models by changing the mass of that compound emitted in the model and recording the modeled change in ozone mass in the atmosphere. The amount of ozone produced per amount of organic compound emitted when other modeled conditions are optimized for ozone production is called maximum incremental reactivity (MIR) [63]. MIR can be used to compare the ability of different compounds to produce ozone. For example, the MIR of ethane derived by Carter [63] is 0.28 (meaning that a given mass of ethane can produce 28% of that mass of ozone in ideal conditions). In contrast, the MIR of ethylene for the same conditions is 9.00, 32 times higher than ethane.



In Figure 6 (bottom panel), we applied MIR values for concentrations of individual compounds measured in ambient air samples to obtain MIR-weighted composition information. We used MIR values from Carter [63], which were developed for urban, summertime ozone, not wintertime ozone in oil and gas-producing areas. Thus, they are only an approximation of actual MIR for winter ozone episodes in the Uinta Basin. Carter and Seinfeld [64] calculated incremental reactivities for winter ozone episodes in Wyoming in 2008, but the conditions they modeled were not chemically similar to conditions in the Uinta Basin, and thus may not be more accurate for the Uinta Basin case. The bottom panel of Figure 6 shows that alkenes are very important contributors to ozone production, particularly in areas dominated by oil production. On average, alkenes+acetylene constituted 28 (24, 33)% of MIR-adjusted organic compound composition for measurement locations with more than 20 oil wells in a 10 km radius, compared with 14 (10, 20)% at locations with 20 or fewer oil wells.



Several previous ambient air studies have found little impact from upstream oil and gas development on alkene concentrations and little influence from alkenes on the total ozone formation potential of organics [33,35,42,65], but these studies have occurred in natural gas-producing areas (Marcellus Basin in Pennsylvania, Piceance Basin in Colorado) or oil-producing areas without artificial lift engines (Denver-Julesberg Basin in Colorado [66]). Schade and Roest [67] found elevated concentrations of alkenes associated with chemical markers of oil and gas development in the Eagle Ford Basin in Texas, which they attributed to emissions from flaring and compressor engines. Koss, et al. [38] and Edwards, et al. [2] found that alkenes+acetylene were a relatively small component of OH reactivity at the Horsepool station in the Uinta Basin in 2013, which is consistent with our finding in this study of low alkene concentrations at the Horsepool station. The difference between our finding for the Uinta Basin overall and the findings of Koss et al. and Edwards et al. for the Horsepool station highlights the strong spatial variability that exists in the Basin and the need to understand spatial trends in emissions and ozone precursor concentrations.




3.3. Sources of Alkenes in Oil-Producing Areas


Combustion processes are the most important sources of alkenes+acetylene [68], and their emissions from non-combustion oil and gas sources like liquid storage tank venting and raw gas leaks are low [11,26]. Thus, most alkenes+acetylene emitted into the Uinta Basin atmosphere likely originate from combustion sources. Common combustion sources in the oil and gas industry include natural gas-fueled heaters, natural gas-fueled engines, diesel and gasoline engines (including vehicles), combustors, and flares [10]. Since alkenes+acetylene comprised a higher percentage of total organics in oil-producing areas, it is likely that (1) one or more combustion source types is more common in oil-producing areas than in gas-producing areas, and/or (2) one or more combustion source types that is common in both areas has a different emissions profile in oil-producing areas, leading to higher emissions of alkenes+acetylene.



Engines are more common in oil-producing areas because most oil wells have natural gas-fueled artificial lift engines (though some oil wells in the Uinta Basin have electric motors), while almost no gas wells have artificial lift engines [10]. Ninety-eight percent of all stationary engines in the Uinta Basin are natural gas-fueled, and 95% of natural gas engines in the Uinta Basin do not have emissions control equipment [10]. Oil wells in the Uinta Basin are also more likely to have emissions control devices, including combustors or flares, on tanks [69]. Oil and gas wells both have natural gas-fueled heaters. Natural gas-fueled compressor engines are more common in gas-producing areas (Figure 4), but there are relatively few compressor engines in the Uinta Basin. Truck traffic is likely to be more frequent in the oil-producing Uinta Basin because trucks are used to transport liquids (oil, condensate, and water) from most wells, and oil wells produce 7.3 times more liquids than gas wells [56].



Figure 7 shows a plot of the relationship between ethylene and propylene in all measurements collected from the portable sampling stations. The two compounds were strongly correlated (Spearman r = 0.91), and the average of the propylene:ethylene ratio in each ambient air sample was 0.89 (0.78, 1.06). Hesterberg, et al. [70] showed that, compared to uncontrolled diesel-fueled engines, uncontrolled natural gas-fueled engines have higher propylene:ethylene ratios (0.07 versus 0.28). The propylene:ethylene ratio in our measurements, however, was more than three times higher than that reported for natural gas engines by Hesterberg et al. Ethylene and propylene can be generated from the combustion of methane or from combustion of NMHC [71], and Kim and Bae [72] showed that propylene emissions (but not ethylene emissions) increased with the NMHC content of fuel (also see Drobot, et al. [73]). The raw gas available at Uinta Basin oil wells is richer in propane and other NMHC [26] than the purified natural gas used by Hesterberg et al., possibly explaining the difference between the two studies.



Ethylene and propylene in this study were correlated with acetylene (Spearman r of 0.64 and 0.48, respectively), and the average ethylene:acetylene and propylene:acetylene ratios for measurements in this study were 6.05 (3.53, 11.45) and 10.64 (3.95, 37.94). Median ethylene:acetylene and propylene:acetylene ratios were 1.33 and 0.85, respectively. Samples with higher alkenes+acetylene tended also to have a higher percentage of ethylene+propylene. For samples with total alkenes+acetylene greater than 50 µg m−3 (14% of all samples), 84 (81, 87)% of total alkenes+acetylene was comprised of ethylene and propylene, compared to 52 (49, 56)% for samples with total alkenes+acetylene less than 50 µg m−3. Furthermore, having high total alkenes+acetylene and having a higher percentage of total alkenes + acetylene comprised of ethylene and propylene were both properties associated with proximity to oil wells. Natural gas engines produce much more ethylene and propylene than diesel engines (17 times more ethylene and 69 times more propylene [70]). Further, Nine, et al. [74] showed that natural gas engines under a light load emit more total alkenes+acetylene than those under a heavy load.



Ethylene:acetylene and propylene:acetylene ratios from gasoline and diesel-fueled vehicle emissions have been reported in the range of 1–3 and 0.5–1.5, respectively [75,76,77], much lower than the ratios observed in the Uinta Basin in ambient air. Emissions profiles from EPA for stationary natural gas engines also have a relatively low ethylene:acetylene ratio (2.0) [14,15]. Ratios from open flames are typically even lower; Allen and Torres [78] found an ethylene:acetylene ratio of only 0.5.



Nine, et al. [74], in contrast, found ethylene:acetylene and propylene:acetylene ratios from a four-cylinder natural gas engine to be 9.8 and 1.7, respectively. They also showed that these ratios depended strongly on the engines’ oxygen/fuel ratio. At an oxygen/fuel ratio 1.1 times the stoichiometric value (“rich-burn” conditions), the ethylene:acetylene ratio was only 4.8, while at 1.55 times the stoichiometric value (“lean-burn” conditions), the ratio was 12.94. Kim and Bae [72] found a similar trend for both the ethylene:acetylene ratio and the propylene:acetylene ratio. Russ, et al. [79] also showed that the ethylene:acetylene ratio increases with decreasing engine temperature (which is associated with lean-burn conditions). Seventy-three percent of natural gas-fueled engines in the Uinta Basin are categorized as two-stroke lean-burning [10], and most of these are artificial lift engines at oil wells.



Thus, the magnitude of ethylene and propylene contained in samples with high alkenes+acetylene, along with the ratios of individual species, point to lean-burning artificial lift engines as the probable source of excess alkenes+acetylene in the oil-producing part of the Uinta Basin. Other sources (e.g., truck traffic, combustors, and flares) do not have emissions profiles that match observed ratios of alkenes and acetylene. We acknowledge, however, that few studies of the detailed organic compound speciation of combustors and flares exist. It is possible that, like natural gas engines, emissions from combustors, and flares that burn fuel with a high hydrocarbon content are enriched in ethylene and propylene. Strosher [80] reported a higher percentage of total unburned hydrocarbons in emissions from flares burning fuel with higher NMHC content but did not include information about emissions of alkenes and acetylene.




3.4. Comparison with Inventoried Emissions


Consistent with measurements, the 2014 Utah Air Agencies Emissions Inventory shows a higher ratio of alkenes+acetylene to alkanes in areas with more oil wells (compare Figure 8 to locations of oil wells in Figure 4). The magnitude of the ratio was much higher in the measurement data, however. The average alkenes+acetylene:alkanes ratio was 13 (9, 29)% for all measurements, compared to 0.4 (0.3, 0.5)% for all sources in the emissions inventory. Locations with more than 20 oil wells within 10km had an alkenes+acetylene:alkanes ratio in ambient air of 17 (10, 40)%, compared with only 0.5 (0.4, 0.6)% for inventoried sources. This inventory analysis only includes stationary sources, but the analysis of compound ratios above shows that vehicles are likely not the most important sources of alkenes+acetylene in the wintertime Uinta Basin atmosphere. The emissions inventory also overpredicts the acetylene:alkenes ratio relative to measured values. The inventoried acetylene:alkenes ratio was 50 (48, 51)%, compared to 26 (24, 29)% for measurements.





4. Conclusions


Concentrations of all measured organic compounds increased under the strong temperature inversion conditions that commonly occur during Uinta Basin winters. The composition of organics varied in different parts of the Basin, however. We observed spatial trends for alkanes, aromatics, carbonyls, and alcohols. The most consistent trends we observed, however, were for alkenes+acetylene. Alkenes+acetylene were consistently more abundant in the oil-producing parts of the Uinta Basin, comprising more than 25% of total ozone formation potential from organics in areas with greater than 20 oil wells within 10 km. While these unsaturated hydrocarbons derive from a variety of (mostly combustion) sources, compound ratios and other evidence indicate that natural gas-fueled engines, especially lean-burn artificial lift engines, are likely their main source. More work, including direct measurements of emissions from various combustion sources in the Uinta Basin, is needed to confirm this finding.



NOx emissions from engines reach a maximum, and total hydrocarbon emissions (as well as the reactivity of hydrocarbon emissions) reach a minimum, at stoichiometric or near-stoichiometric oxygen:fuel ratios (i.e., rich-burn conditions). The converse is true at higher (i.e., lean-burn) oxygen:fuel ratios because of cooler temperatures and incomplete combustion [72,74,79,81]. Whether engines should be operated to minimize NOx emissions or to minimize organics emissions will depend on the chemical properties of the airshed those engines inhabit. Data from one location in the Uinta Basin during winter 2013 indicated that reductions in NOx emissions would reduce ozone more effectively than reductions in organics emissions [2,82]. If this is true currently and for the entire Basin, continuing to operate engines under lean-burn conditions to reduce NOx may be the most appropriate tactic to keep winter ozone concentrations low, even though it appears to result in excess emissions of reactive organics.



The 2014 Utah Air Agencies Oil and Gas Emissions Inventory contains a much lower percentage of alkenes+acetylene in organic compound emissions than our measurements suggest. Adjusting the inventory to include a higher percentage of alkenes+acetylene would result in much higher inventoried reactivity. Application of official emissions inventories in photochemical models have resulted in much less simulated wintertime ozone than reality, and some studies have shown that increasing total organic compound emissions above inventoried values results in more realistic ozone concentrations [1,3]. The current study is inadequate to evaluate the magnitude of inventoried organics emissions, but it does suggest that the total reactivity of inventoried emissions is too low. Future photochemical modeling studies should consider how inaccuracies in emissions composition, and not just emissions magnitude, may contribute to underprediction of both organic compound reactivity and winter ozone production.
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Figure 1. Map of the Uinta Basin, with all sampling stations shown. Portable station locations shown are locations where at least one measurement occurred. Elevation contours are at 100 m intervals. For reference, the Horsepool station is at 1569 m. 
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Figure 2. Time series of ozone, snow depth, significant inversion periods, and total daytime UV radiation (UV-A + UV-B, incoming + outgoing) at the Horsepool monitoring station during winters 2019 (top) and 2020 (bottom). Periods during which samples were collected at portable stations are indicated by red ticks. A collection on 17 April 2019 is not shown. 
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Figure 3. Organic compound concentrations at all measurement stations on 27 February 2019 during a wintertime temperature inversion episode (top panel) and on 17 April 2019 when snow had melted and no inversion existed (bottom panel). Blank spaces exist because some samples failed to collect at some stations. The inset map shows the locations of the monitoring stations as red stars. 
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Figure 4. Composition (weight percent) and total concentration of organic compounds measured on 27 February 2019 from 10:00 to 16:00. 
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Figure 5. Composition (weight percent) and total concentration of organic compounds measured on 11 January 2020 from 10:00 to 16:00. 
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Figure 6. Average contribution of organic compound types to total organic compound mass (top) and ability of organics to produce ozone (bottom; calculated from maximum incremental reactivity [63]). Data are 10-percentile bins of the number of producing oil wells within a 10 km radius. 
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Figure 7. Ethylene versus propylene in all portable station measurements. Both axes are shown in log scale. 
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Figure 8. Oil and gas-related emission sources listed in the 2014 Utah Air Agencies Inventory, colored by the alkenes+acetylene:alkane ratio. 
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Table 1. Average concentrations of organic compound types (µg m−3) for all sampling locations at which the sum of each listed oil and gas-related parameter within a 10 km radius was less than or equal to the 25th percentile or greater than or equal to the 75th percentile. Bold values are significantly different (Mann–Whitney test).
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	TNMHC
	Alkanes
	Alkenes + Acetylene
	Aromatics
	Alcohols
	Carbonyls





	Oil production
	25th %ile
	407
	333
	31
	22
	21
	17



	
	75th %ile
	348
	512
	121
	33
	33
	19



	Gas production
	25th %ile
	709
	414
	276
	19
	27
	20



	
	75th %ile
	560
	489
	36
	35
	33
	18



	Water production
	25th %ile
	523
	430
	66
	28
	35
	22



	
	75th %ile
	623
	484
	107
	32
	30
	18



	Producing well ct.
	25th %ile
	511
	419
	50
	42
	50
	21



	
	75th %ile
	714
	650
	26
	38
	24
	18



	Producing oil well ct.
	25th %ile
	607
	561
	12
	34
	21
	18



	
	75th %ile
	679
	393
	267
	19
	28
	20



	Producing gas well ct.
	25th %ile
	656
	350
	276
	30
	44
	18



	
	75th %ile
	714
	650
	26
	38
	24
	18



	Prod. water pond ct.
	25th %ile
	524
	444
	50
	30
	28
	20



	
	75th %ile
	748
	685
	27
	37
	23
	18



	Prod. water pond area
	25th %ile
	484
	394
	50
	39
	42
	19



	
	75th %ile
	748
	685
	27
	37
	23
	18



	Dehydrator ct.
	25th %ile
	393
	312
	52
	29
	42
	17



	
	75th %ile
	559
	517
	12
	31
	20
	16



	Dehydrator VOC emiss.
	25th %ile
	649
	383
	234
	33
	43
	19



	
	75th %ile
	601
	559
	11
	31
	21
	16



	Engines ct.
	25th %ile
	451
	401
	16
	34
	34
	14



	
	75th %ile
	678
	414
	242
	21
	33
	21



	Engine VOC emiss.
	25th %ile
	419
	336
	49
	34
	40
	16



	
	75th %ile
	796
	516
	246
	33
	28
	23



	Gas-fueled engine ct.
	25th %ile
	451
	401
	16
	34
	34
	14



	
	75th %ile
	678
	414
	242
	21
	33
	21



	Artificial lift engine ct.
	25th %ile
	620
	577
	11
	32
	20
	16



	
	75th %ile
	678
	414
	242
	21
	33
	21



	Two-stroke engine ct.
	25th %ile
	597
	554
	11
	32
	20
	17



	
	75th %ile
	678
	414
	242
	21
	33
	21



	Tanks ct.
	25th %ile
	514
	421
	50
	42
	49
	21



	
	75th %ile
	714
	650
	26
	38
	24
	18



	Tank emiss. Controls ct.
	25th %ile
	810
	509
	273
	28
	33
	22



	
	75th %ile
	638
	574
	13
	50
	41
	19
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