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ABSTRACT 
 

 

USING CONTROLLED SUBSURFACE RELEASES TO INVESTIGATE THE EFFECT OF 

LEAK VARIATION ON ABOVE-GROUND NATURAL GAS DETECTION 

 

 

Leaks from underground natural gas (NG) pipelines pose safety and environmental concerns. 

Pipeline leak detection generally relies on measuring surface methane (CH4) enhancements during 

walking surveys and/or mobile surveys that attempt to identify CH4 plumes downwind of the 

pipeline. The likelihood of plume detection is dependent on the above-ground CH4 plume width. 

The size and shape of the plume is primarily dependent on environmental conditions but could 

also be complicated by leak characteristics. To investigate the effect of leak characteristics on CH4 

plume width, this study uses controlled release experiments to observe above-ground plume width 

changes with changes in the gas composition, leak rate, and leak depth. Results show that plume 

width generally decreases with increased NG density, decreased leak rate and increases with depth 

between 0.6 and 0.9 m, but the above surface plume is undetectable above the background for 

leaks 1.8 m deep. The study established that the effect of adding heavy hydrocarbons to the NG 

mixture on plume width is equivalent to the effect of increased leak rate and depth on plume width 

multiplied by -0.04 and -0.89, respectively, with overall relative uncertainty of -42/ +14 %. This 

shows that reported leaks in areas with heavier hydrocarbons could currently be missed or 

underestimated. Further, this study shows that leaks from pipelines laid in covers meeting the 

Colorado Oil and Gas Conservation Commission minimum depth requirement of 0.9 m could be 

easier to detect compared to those buried at depths less than the minimum depth. Applying the 
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findings to a real-world scenario, the study illustrates that a successful leak survey protocol tuned 

to NG leaks from Fayetteville shale (0.66 g/L NG density) may result in missed detections in the 

Permian, where NG is heavier (1.01 g/L) due to higher percentages of heavy hydrocarbons. 

Overall, this study illustrates that leak survey protocols for flowlines and gathering lines should be 

different from distribution pipelines and tailored to the compositions of the transported NG to 

report emissions accurately.  

Keywords: natural gas; pipeline; surveys; subsurface; upstream production; flowlines; gathering 

lines 
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1 INTRODUCTION 

 

 

1.1 US natural gas 

In 2022, US natural gas (NG) production grew by 4% from 2021, averaging 119 Bcf d-1, with 

Appalachia, Permian, and Haynesville accounting for 60% of the production (EIA, 2023b). The 

total NG imports increased by 7.7% from 7.7 Bcf d-1 in 2021 to 8.3 Bcf d-1 in 2022; highest total 

NG import since 2017 (EIA, 2023a). Natural gas consumption reached a record of 88.5 Bcf d-1 

(since EIA began tracking in 1949), representing a 5.4% increase from 84.0 Bcf d-1 in 2021 (EIA, 

2023a). Natural gas is transferred from production sites to consumers via pipelines, extending over 

3 million miles in the US. In 2021, the NG pipeline transportation network delivered about 27.6 

Tcf of NG to approximately 77.7 million consumers (EIA, 2022). Natural gas transportation 

network consists of a series of steps that generally are: a) gathering systems made up of small 

diameter, low-pressure pipelines moving NG from the wellhead to the processing plant or to a 

larger mainline pipeline; b) NG processing plants that separate the hydrocarbons gas/liquids, 

nonhydrocarbon gases and water from the NG, before transferring to a mainline transmission 

system; c) wide-diameter, high-pressure interstate transmission pipelines transporting NG from 

the processing facility to distribution centers and storage facilities; and d) local distribution 

pipelines that deliver NG to consumers through small-diameter, lower pressure service lines (EIA, 

2022).  
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Figure 1 Overview of a gas pipeline system (Government of Canada, 2022) 

1.2 Pipeline leaks 

Natural gas pipeline leaks can occur due to external interference, corrosion, material failure, or 

earth movement. Pipeline leaks are both a climate and safety threat as methane (CH4), the primary 

component of NG, is a potent greenhouse gas (GWP20 = 85; GWP100 = 27) (IEA, 2021) and 

combustible at concentrations between 5 and 15% in the air (National Research Council (US) 

Committee on Toxicology, 1984; Takahashi et al., 1998). Between 2002 and 2021 in the US, 

12,793 pipeline incidents resulted in 276 fatalities, 1,144 injuries, and $10 billion in damage 

(PHMSA, 2022).  

Various studies have reported CH4 emission estimates in various segments of NG transportation. 

Zimmerle et al. (2015) estimated transmission and storage emissions at 1503 Gg yr-1. Weller et al. 

(2020) estimated emissions from pipeline mains in distribution systems at 690 Gg yr-1. The 2022 

US Environmental Protection Agency inventory reported emissions from NG systems at 6478 Gg, 

with 1548 Gg from gathering and boosting (EPA, 2023). To accurately report emissions, especially 

from NG pipelines throughout the transportation network, it is crucial to understand emissions 

from underground pipelines. Currently, subsurface pipelines pose challenges to detection and 

ultimate repair of leaks due to a) the diffuse presentation of a subsurface leak as an area source, b) 
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effects of subsurface properties such as CH4 oxidation and soil conditions, and c) effects of 

atmospheric conditions such as wind speed and atmospheric stability. 

1.3 Pipeline leak detection 

Finding subsurface leaks falls under leak detection and quantification (LDAQ) methods that 

measure surface and above-ground CH4 enhancements (henceforth, enhancement refers to 

concentrations above the background). The two broad LDAQ areas are survey methods and 

continuous monitoring. 

 1.3.1 Continuous monitoring 

Methane or total hydrocarbon (THC) sensors are installed above or below ground. Below-ground 

monitoring systems are deployed during pipeline installation, internal or external to the pipeline 

(Fox et al., 2022). Internal systems are installed within the pipeline, measuring gas properties using 

volume-based, pressure-based, and mass-balance monitoring systems (Fox et al., 2022). These 

systems alert an operator of a leak when there is a change in gas flux between two sensor locations, 

and a follow-up is performed. In general, continuous monitors localize leaks coarsely, 

necessitating survey methods as a follow-up. LDAQ cost per unit length is a tradeoff between 

coverage (length of pipe covered) and survey speed and generally favors survey methods over 

continuous monitoring. 

1.3.2 Survey methods 

Above-ground leak detection methods for buried pipelines include visual, audio, and olfactory 

methods, where surveyors look for dead vegetation, listen for hissing sounds, or use personnel or 

animals to detect the smell of mercaptan (a sulfur compound added to non-industrial NG to aid 

leak detection). These relatively simple methods are applicable only for leaks that have persisted 
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for a long time (dead vegetation), leaks from pipelines at shallow depths (hissing), and do not 

apply to upstream sectors where mercaptan has not yet been added to NG.  

A walking survey is a common approach used in pipeline leak detection, particularly in distribution 

systems. In this method, a surveyor walks along the pipeline at approximately 1 m s-1 with a 

handheld CH4 or THC instrument such as the HEATH Detecto Pak-Infrared (DP-IRTM; detection 

method: infrared controlled interface polarization spectrometer; measurement range: 0-10,000 

ppm; sensitivity: 1 ppm; accuracy: ± 0.5%) (HEATH, 2022). As surveyors walk, air is sampled by 

tapping the instrument’s inlet on the ground or waving it a few centimeters above the ground. A 

leak is indicated when a CH4/THC enhancement is detected.  

Another commonly used approach is a ground-based mobile survey. In this approach, CH4/THC 

instrument such as the ABB LGR-ICOSTM GLA131-GGA micro portable greenhouse gas analyzer 

(detection method: laser absorption spectrometer; measurement range: 0-100 ppm CH4; precision: 

< 0.9 ppb (1 sec); frequency: 0.01-10 Hz) (ABB, 2023), is mounted on a mobile platform (e.g., 

car) between 0.3 and 5 m above ground level (AGL), (Caulton et al., 2018; “Discover Advanced 

Mobile Leak Detection (AMLD),” 2023; Jackson et al., 2014; Phillips et al., 2013) and driving at 

speeds of between 4 and 13 m s-1 (Eapi et al., 2014; von Fischer et al., 2017; Weller et al., 2019).  

Other survey options include low-level unmanned aerial vehicles (UAVs) traveling at speeds 

between 3 and 23 m s-1, between 2 and 15 m AGL (Akande et al., 2021; Barchyn et al., 2018; 

Bretschneider & Shetti, 2014; Castenschiold et al., 2022; Fox et al., 2022; Gas Technology 

Institute, 2022; Yang et al., 2018). Subsurface leak detection from remote sensing LDAQ methods, 

such as aircraft and satellites, is generally feasible for large leaks (100+ kg h-1). Aircraft and 

satellite detection limits are not well understood for underground leaks, but for above-ground point 
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sources, aircraft sensors range from 3 to 10s kg CH4 h-1 (Duren et al., 2019) and 100+ kg CH4 h-1 

(Cooper et al., 2022) for satellites. 
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2 LITERATURE REVIEW 

 

 

Even though most mobile leak survey methods for pipeline leaks rely on above-ground instruments 

for leak detection, few methods consider the dimensions of the emitted plume in survey practice, 

specifically how the plume changes depending on leak conditions. Natural gas properties, 

subsurface conditions, surface factors, and atmospheric factors influence the size of the above-

ground CH4 plume encountered during a mobile survey. 

2.1 Gas properties, subsurface, and surface effects on above-ground plume 

Natural gas properties such as gas density, viscosity, molecular weight, specific gravity, pressure, 

and temperature determine the advective and diffusive mechanisms of NG transport through soil 

(Scanlon et al., 2001). Subsurface and surface conditions such as soil textural configuration, soil 

moisture, surface cover, other underground infrastructure, and methanotrophic oxidation affect 

how far and how fast NG travels through the soil before venting into the atmosphere (Gao et al., 

2021; Jayarathne et al., 2022; Riddick et al., 2021).  

2.2 Atmospheric effects on above-ground plume 

Atmospheric conditions such as wind speed, atmospheric stability, relative humidity, air pressure, 

and air temperature influence atmospheric gas dispersion and, thus, determine the size and height 

of the above-ground enhancements (commonly “plume”) (Tian, 2022). Atmospheric stability is 

particularly applicable as it provides a multivariable way of classifying the mean atmospheric state. 

During unstable conditions, the environmental lapse rate is greater than the dry adiabatic lapse 

rate; the rising air is warmer than its surrounding; hence, the air rises and disperses (Nugent & 

DeCou, 2019). During stable conditions, the environmental lapse rate is lower than the moist 

adiabatic lapse rate; the rising air is cooler than its surrounding; hence, gas is trapped close to the 
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ground. During neutral conditions, the environmental and dry adiabatic lapse rates are equal, and 

gas disperses vertically and horizontally equally from the emission area (Nugent & DeCou, 2019). 

Neutral conditions provide the best conditions for leak detection downwind of the leak source. 

Generally, the plume grows vertically and horizontally due to medium to high wind speeds > 3 m 

s-1, slight to moderate daytime insolation, and thin overcast in night-time conditions (Kahl & 

Chapman, 2018), forming the emitted gas into a conical shape downwind. 

2.3 Variation in leak properties 

Further complicating leak detection is the need to understand the effects of gas composition, leak 

rate, and leak depth on the above-ground plume development under varying environmental 

conditions.  

2.3.1 Gas composition 

Understanding the effect of gas composition indicates whether leak detection methods or protocols 

need to be modified for use in the upstream and downstream NG supply chain sectors. Natural gas 

transported by flowlines/gathering lines in the upstream sector can be “wet” gas, indicating the 

presence of heavier hydrocarbons, non-hydrocarbon compounds such as CO2, high water content, 

and residual oil or condensates in pipelines. Sectors downstream of gas processing (transmission 

and distribution) transport refined NG, primarily CH4 with 3-15% ethane (C2H6) and smaller 

components of other gases. The heavy hydrocarbons in flowlines/gathering lines vary across 

basins. For example, NG  produced from the Denver-Julesburg basin is 83% CH4, 10% C2H6, and 

3% propane (C3H8) (Howard et al., 2015), while in the Permian Basin, gas is much wetter with 

66% CH4, 13% C2H6, 10% C3H8, 5% butane (C4H10), 2% pentane (C5H12), and 1% hexane (C6H14)  

(Robbins et al., 2020). This study investigates how changes in the mix of hydrocarbons transported 

in a pipeline impact a leak's atmospheric plume, hence the detection by LDAQ methods. Hereafter, 
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the study refers to all gas types, whether upstream (produced gas), midstream, or distribution, as 

‘natural gas’ (NG).  

Several studies have addressed the influence of gas composition on subsurface NG flow. 

Subsurface gas transport occurs due to pressure and concentration gradients. Pressure gradients 

may result from pipeline pressure, barometric pressure fluctuations, water table fluctuations, or 

density gradients (Falta et al., 1989; Mendoza & Frind, 1990). Gases with high molecular weight 

result in steeper density gradients, reducing the advective effect, thus, slowing gas migration 

through the soil into the atmosphere. As gas vents into the atmosphere, NG components of different 

densities mix with air, and the resulting density gradients influence gas transport close to the wind-

exposed soil surface (Bahlmann et al., 2020). Above the surface, gas is entrained in airflow and 

disperses downwind of the leak point as a function of atmospheric conditions. While the physical 

mechanisms are reasonably understood, studies have yet to address how gas composition impacts 

the release of gas into the air and its 3D movement in air.  

2.3.2 Leak rate and depth 

In addition to gas composition, previous studies have investigated the influence of leak rates and 

depth on subsurface NG migration. Gao et al. (2021) reported differences in gas migration distance 

due to leak rate during non-steady conditions of the leak. In a steady or quasi-steady state, leaks 

of different sizes may result in similar diffusion distances (Gao et al., 2021). However, the leak 

rate influences the amount of NG escaping into the atmosphere. Above-ground surveys have 

reported an increase in detection probability with the increase in leak rate (Gas Technology 

Institute, 2022). Studies have also investigated the influence of leak depth on subsurface NG 

migration. Mitton (2018) reported that even though the spreading widths of leaks at different 

depths are similar, shallower pipelines have higher surface concentrations (Mitton, 2018).  
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2.4 Research objectives 

Although previous studies have provided insight into subsurface NG migration, studies have not 

investigated the effects of gas composition, leak rate, and leak depth on the gas plume above 

ground, which is the critical input for most mobile or aerial leak detection methods. This study 

investigates variations in above-ground, in-atmosphere transport of CH4 from pipeline leaks; and 

provides guidance on whether similar leak survey protocols would result in significant variations 

in leak detection due to variations in above-ground plume width. Specifically, this study: 

1. Classifies the atmosphere into ‘constant’ atmospheric conditions based on atmospheric 

stability. 

2.  Investigates how the above-ground 3D CH4 plume width changes with variation in NG 

composition, leak rate, and leak depth. 

3.  Uses a generalized linear model (GLM) to linearly correlate the effect of gas composition, 

leak rate, and leak depth on CH4 plume width.  

4. Uses the GLM equation to generate plume width estimates for the five major basins in the 

US for a 10 slpm leak at 0.9 m pipeline depth. 
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3 METHODS 

 

 

Experiments were conducted at Colorado State University’s Methane Emissions Technology and 

Evaluation Center (METEC) research facility in Fort Collins, Colorado, US. METEC was 

designed to support next-generation CH4 LDAQ methods. Most LDAQ methods rely on downwind 

transport of emissions some distance from the emission point for leak detection (METEC Facility, 

2021). To support LDAQ testing, METEC is designed to emulate emissions behavior and wind 

transport characteristics of operational above-ground and below-ground upstream and midstream 

oil and gas. METEC supports a range of well pad sizes, compressors, oil and gas tanks, and 

separators among other well pad equipment, and associated access roads. METEC’s equipment is 

real, but not operational. Gas is delivered via small-diameter tubing to leak locations. Emissions 

are controlled and emit NG at locations that would be common in the field. The facility has 

approximately 200 above-ground release points which are all remotely controlled, from 6 well 

pads and 4 different facility types. If required, 60 release points could be initiated at any one time. 

In addition to above-ground equipment, METEC has an array of underground release points that 

simulate pipeline leaks in urban and rural settings, and rights-of-way (ROWs) with hidden leak 

locations. The releases at METEC are supported by analytic and practical instrumentation for NG 

emissions that include a mobile gas release rig, gas chromatograph, tunable wet gas mixer, CH4 

gas analyzers, and meteorological stations (fixed and mobile) (METEC Facility, 2021). 
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Figure 2 METEC Facility 

3.1 Controlled releases 

Above-ground downwind CH4 measurements of controlled NG subsurface emissions were 

conducted on the ‘rural testbed’ at Colorado State University’s METEC facility, between April 

and June 2022. Details of METEC's testbeds are provided by Gao et al. (2021) and Ulrich et al. 

(2019). METEC's rural testbed was designed to investigate leaks in flowlines, gathering, and 

transmission, representing a rural environment with undisturbed soil (Jayarathne et al., 2022). The 

testbed allows for the simulation of underground pipeline leaks at known leakage rates, at 0.6,  0.9, 

and 1.8 m leak depths, and varying atmospheric conditions allowing for continuously measuring 

subsurface, surface, and above-surface conditions (Ulrich et al., 2019). The leak depths were 

selected to be representative of NG pipeline depths.  

Gas is supplied to the subsurface emission point by a 0.635 cm PTFE tubing and released through 

a 0.635 cm vent screen (model SS-MD-4, Swagelok, USA), surrounded by a 10 cm wire cube 

filled with gravel to prevent clogging (Jayarathne et al., 2022). The gas release rate is controlled 

by pressure regulators, solenoid valves, and choked flow orifices and measured using a thermal 



12 

 

mass flow meter. Gas compositions for NG used in each experiment were determined using gas 

chromatography (7890B GC, Agilent Technologies) using a high split 150:1 injection method. To 

investigate the effects of gas composition, industrial grade 100% CH4, C2H6, C3H8, and C4H10 

were mixed in varying proportions (Table 1) to simulate wetter gas compositions. In this study, 

the composition of 'dry' or market NG composition is nominally 85% CH4 and 15% dry air. ‘Dry 

air’ in this study refers to air without water vapor. Experiment 1 was set as the baseline experiment 

for comparing leak variables. Gas was released at about 298 K, 1 atm. 

Table 1 Controlled release experiments conducted at the Colorado State University’s METEC site 
in Fort Collins in 2022 

Experiment 
No. 

Leak rate (slpm) 
Leak depth 
(m) 

Experiment 
dates 

 
CH4 C2H6 C3H8 C4H10 dry air  

 

1 8.5 0 0 0 1.5 0.9 04-25 to 04-26 

2 7 3 
 

0 0 0 0.9 05-10 to 05-11 

3 7 1 1 1 0 0.9 05-12 to 05-13 

4 4.25 0 0 0 0.75 0.9 04-04 to 04-05 

5 0.85 0 0 0 0.15 0.9 06-02 to 06-03 

6 8.5 0 0 0 1.5 0.6 05-25 to 05-27 

7 8.5 0 0 0 1.5 1.8 04-12 to 04-14 
*Leak rates have been presented in slpm to compare NG mixture ratios easily. 

3.2 Downwind methane concentration measurements 

Four inlets were fixed at 0.5, 2, 5, and 7 m AGL on an 8 m stainless-steel mast 7 m northwest of 

the subsurface emission point. The four inlets were connected to the ABB LGR multiplexor (LGR, 

2014) via 30 m lengths of PTFE tubing (1/8" ID x 1/4" OD x 1/16" Wall Tygon® 2375 Ultra 

Chemical Resistant Tubing) which sampled each height (z, m)  for one minute sequentially. The 

outlet of the multiplexer was connected to a VACUUBRAND GMBH + CO KG MD1 vacuum 

pump and then tee-ed to an ABB LGR-ICOS GLA 132 Ultraportable Greenhouse Gas Analyzer 
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(UGGA). The UGGA is a laser absorption spectrometer measuring CH4, CO2, and H2O mole 

fractions in an air sample. It reports mole fractions each second, with a stated precision of 1.4 ppb 

at 1 Hz, 0 to 100 ppm linear measurement range, and 0.01 – 1 Hz measurement rate (ABB, 2021).  

 

Figure 3  A is a schematic representation of the surface expression for a subsurface leak. B is the 
downwind measurement of above-ground CH4 conducted at METEC’s rural testbed.  

3.3 Meteorological measurements 

Micrometeorological data were measured at 10 Hz using RM Young 81000 ultrasonic anemometer 

(wind direction (WD) accuracy: ±2° (1 to 30 m/s) ±5° (30 to 40 m/s); wind speed accuracy: ±1% 

rms ±0.05 m/s (0 to 30 m/s) ±3% rms (30 to 40 m/s)) and a meteorological sensor (Met One 

Instruments Inc., 597A) installed 6 m above the ground. The Monin-Obukhov length (L) was 

calculated from the surface friction velocity (u*, m s-1), the mean absolute air temperature (T, K), 

the von Kármán's constant (𝑘𝑣 = 0.41),  the gravitational acceleration (g = 9.8 m s-2) and the 3D 
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horizontal/vertical wind vectors (u, v, and w, m s-1), respectively (Equation 1; Equation 2) (Flesch 

et al., 2004). For analysis, the L was converted to Pasquill-Gifford stability class (PGSC), where 

PGSC A is extremely unstable (−100≤𝐿<0), PGSC B/C is unstable (−500≤𝐿<−100), PGSC D is 

neutral (|𝐿|>500), PGSC E/F is stable (500≤𝐿<100), and PGSC G is extremely stable (0<L≤100) 

(Breedt et al., 2018; Gryning et al., 2007). A general description of the Pasquill-Gifford 

classification system in the Appendix (A A1).  𝐿 = − 𝑢∗3𝑇𝑘𝑣𝑔𝑤′𝑇′                                                                                                                    Equation 1 

𝑢∗ = [(𝑢′𝑤′)2 + (𝑣′𝑤′)2]1/4                                                                                                      Equation 2 

3.4 Determining methane plume width 

3.4.1 Background concentration 

Background concentration (Cb) data was collected for 2.5 hours before gas release. For each height, 

Cb was calculated as the average concentration for the duration (A A2.1). As all experiments were 

conducted at METEC exclusively, Cb was assumed to be a constant. 

3.4.2 Determination of atmospheric stability (L)  

The sampled CH4 mixing ratios (X, ppm) were aggregated into micrometeorological data. 

Generally, L is determined between 15 and 30 minutes of atmospheric averaging. Averaging 

periods shorter than 15 minutes is likely inaccurate as it may not represent the mean atmospheric 

state. Averaging longer periods can be affected by changes in the surface during diurnal evolution, 

especially during rapid transition in weather conditions. 15-minute atmospheric averaging was 

selected to minimize the noise in data caused by variability in atmospheric conditions in the 

averaged period.  
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3.4.3 Binning 

The data were categorized by height and PGSC and binned (Foster-Wittig et al., 2015) in 

increments of 4° to account for the anemometer's WD accuracy ±2° (1 to 30 m/s). Binned data 

were filtered within 90° of the mast location ensuring only downwind measurements were 

considered. A conditionally averaged concentration value 〈C|WD〉 for each binning was obtained 

as: 

〈𝐶|𝑊𝐷〉  = 1𝑛 ∑𝐶(𝑊𝐷)                                                                                                   Equation 3 

Where n is the total number of data points within the given bin, and C(WD) is the concentration 

for each WD. In cases of more than one binned WD, the maximum CH4 bin mean was taken as the 

binned concentration for that bin.  

3.4.4 Plume width calculation 

The mast distance from the release point (s, m) was constant at 7 m, and the perpendicular distance 

(y, m) for each measurement was calculated from the binned WD (A Figure A6) (Foster-Wittig et 

al., 2015; Tian, 2022). The mast location was the position when the wind was blowing directly 

from the center of the leak area (y = 0). Methane enhancement was calculated as the binned CH4 

concentration minus the background concentration (Cb). Enhancements were plotted against y and 

mirrored to reflect the assumption that the plume has equal width on either side of y, and a Gaussian 

model (a*exp(-(x/c)2) fitted to the data, 95% confidence interval (A A3). Mobile survey methods 

have reported leak detection thresholds of 10% CH4 concentrations above background (von 

Fischer et al., 2017; Weller et al., 2018) that corresponds to about 0.2 ppm enhancement for this 

study’s Cb (A A2.1). Previous studies that have applied Gaussian plume model in leak 

quantification have reported a typical detection threshold of 0.1 ppm concentrations above the 

background (Chen et al., 2020; Riddick et al., 2021). As a result, 0.1 ppm enhancement was used 
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as the minimum CH4 enhancement for plume width determination. The plume width was 

calculated as the y distance where the CH4 enhancement is 0.1 ppm (A A3). However, this study 

acknowledges that current mobile surveys using highly sensitive instruments may capture leaks at 

low detection thresholds of 5 to 10 ppb; and the 100 ppb is set to account for the low-resolution 

instruments. Also, this study applies to survey methods that apply ROWs screening that survey 

near the centerline of ROWs and close to pipelines. The percentage change in mean plume width 

estimates were calculated as [(Experiment*-Experiment 1)/Experiment 1 *100].  

3.5 Determining leak survey speed for detection 

The approximate surveying speed is calculated based on the plume width (above) and the 

instrument's frequency to understand leak detection at survey speeds better. The calculated 

surveying speed assumes that CH4 detection by the instrument is instantaneous, i.e., it does not 

account for the delay in air exchange within the cell as a factor of the instrument’s response time, 

which would smooth out plumes making peaks lower (i.e., harder to distinguish from background) 

but longer in time (i.e., easier to detect by making them persist longer). Referencing driving 

surveys that are conducted between 4 and 13 m s-1 (Eapi et al., 2014; von Fischer et al., 2017; 

Weller et al., 2019), the calculated survey speeds are compared to the minimum driving speed of 

4 m s-1, and used to determine if the plume can be detected  using a 1 Hz frequency instrument.  

3.6 Uncertainty analysis 

The main causes of uncertainty in this study are the surface expression size for a non-homogenous 

surface area emission, effects of subsurface conditions on surface emission, background 

concentration determination (Cb), atmospheric averaging, and binning. In this study, uncertainties 

from Cb determination (± 0.01 ppm) (A A2.1); and 15-minute atmospheric averaging and 4° 

binning (± 0.07 ° s-1) (A A2.3) were considered negligible. The baseline experiment, Experiment 
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1, was used to evaluate uncertainty due to surface presentation size and effects of subsurface 

conditions (A A2.4). WindTrax 2.0 software (http://www.thunderbeachscientific.com/) was used 

to investigate the Gaussian assumption for an area source using backward Lagrangian stochastic 

dispersion modeling and determine the uncertainty due to surface expression size and subsurface 

conditions. Riddick et al. (2021) reported maximum surface expression radius of 4.5 m hence, 

simulations were done between 0.5 and 5 m to reflect the heterogenous areal surface emission for 

a subsurface leak, with highest concentration at the leak center (A A2.4). As WindTrax assumes a 

homogenous ground source areal emission, free of obstructions, the difference between the 

simulated plume widths for different surface expressions and Experiment 1 mean plume width 

estimate, was assumed to account for effects of subsurface factors and surface presentation of the 

leak. The relative uncertainty in plume width due to surface expression and subsurface factors is 

[-42/+14] % (A A2.4). To emphasize the effect of leak variation on NG detection, mean plume 

width estimates have been discussed below in neutral conditions, PGSC D. Plume width results 

for non-neutral conditions are provided in the Appendix (A A3.2).  

3.7 Case study 

3.7.1 Generalized linear model (GLM) 

A generalized linear model (GLM) with a Gaussian family using Companion to Applied 

Regression statistical package in R was used to generate relationships between the variables height 

AGL, gas composition (density), leak rate, and leak depth using mean plume width estimates. The 

GLM model creates a linear relationship between the response (plume width) and predictors: 

height (m), gas density (g/L), leak rate (slpm), and leak depth (m). The study uses the plume widths 

results calculated from Experiments 1 to 6 to calculate the variables' correlation. Experiment 7 

http://www.thunderbeachscientific.com/
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results were excluded from the analysis as a leak depth of 1.8 m is not typical in the 

flowline/gathering system (COGCC, 2021).  

3.7.2 Estimating plume widths from leaks in gathering lines in five major production 

regions in the US 

Previous studies are used to generate gas compositions for the five major producing regions in the 

US as classified by Kennedy (2015): Fayetteville Shale, Arkoma Basin (Speight, 2020); 

Haynesville Shale, North Louisiana Salt Basin (Speight, 2020); Barnett Shale, Fort Worth Basin 

(Ethridge et al., 2015); Marcellus Shale, Appalachian Basin (Laughrey, 2022); and the Permian 

(Howard et al., 2015) (A A4.2). The generated GLM equation (3.7.1) is used to estimate mean 

plume widths for a simulated pipeline leak, 10 slpm at 0.9 m leak depth, for a flowline/gathering 

line transporting NG from the five major US basins. 
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4 RESULTS 

 

 

4.1 Effect of gas composition  

The plume width generally decreased with the increase in gas density of the NG mixture (Figure 

4). The percentage change in mean plume width estimates for Experiment 2, 70% CH4 30% C2H6 

(0.83 g/L), compared to Experiment 1, 85% CH4 15% air (0.74 g/L), were -12%, -36%, +61%, and 

-34% at 0.5, 2, 5 and 7 m AGL, respectively. Comparing Experiment 3, 70% CH4 10% C2H6 10% 

C3H8 10% C4H10 (1.0 g/L), to Experiment 1, the mean plume width estimates changed by -56% at 

0.5 m AGL. The plume for Experiment 3 was indistinguishable from the background at 2, 5, and 

7 m AGL. The plume for Experiment 3 at 0.5 m AGL had a maximum fitted enhancement of 0.7 

ppm compared to 2.8 ppm in Experiment 2 and was indistinguishable from the background at 2, 

5, and 7 m AGL (A A3.1). This indicated that gas density reduced the above-ground CH4 plume 

width and enhancement. The calculated surveying speed was above minimum practical driving 

survey speed of 4 m s-1 (Eapi et al., 2014; von Fischer et al., 2017; Weller et al., 2019), at 0.5 to 7 

m AGL in Experiments 1 and 2 and at 0.5 m AGL in Experiment 3 (Figure 4). These results 

indicate that Experiments 1 and 2 can be detected by a driving survey or a UAV at 0.5 to 7 m 

surveying heights. In comparison, Experiment 3 can only be detected by a driving survey at 0.5 m 

AGL. A repeat of Experiment 3 prolonging the leak from 24 hours to 72 hours did not increase the 

above-ground plume width (A A3.3). This indicates that leak duration may not affect above-

ground plume width and hence, detection of dense NG leaks. 



20 

 

 

Figure 4 Plume width estimates and maximum surveying speeds for detection for different gas 
compositions at 0.5 to 7 m AGL, 95% confidence interval. The error bars represent the relative 
uncertainty in plume width estimation [-42/+14]%. The absence of a plume in Experiment 3 at 2, 
5, and 7 m AGL was due to CH4 enhancements being below 0.1 ppm. The dotted line on the figure 
to the right indicates the minimum practical surveying speed of 4 m s-1 using a 1 Hz frequency 
instrument. 

4.2 Effect of leak rate 

The plume width generally decreased with the decrease in leak rate (Figure 5). The percentage 

change in mean plume width estimates for Experiment 4, 4.25 slpm (167 g CH4 h-1), compared to 

Experiment 1, 85% CH4 15% air (335 g CH4 h-1), were -26%, -86%, -100% and -93% at 0.5, 2, 5 

and 7 m AGL, respectively. The plume for Experiment 5, 0.85 slpm (33 g CH4 h-1), was 

indistinguishable from the background at 0.5, 2, 5, and 7 m AGL. The calculated surveying speed 

for Experiment 4 was above minimum practical driving survey speed of 4 m s-1 at 0.5 m AGL 

(Figure 5). This indicates that Experiment 4 can be detected by a driving survey at 0.5 m AGL, 

while above-ground surveys may not detect Experiment 5's leak.   
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Figure 5 Plume width estimates and maximum surveying speeds for detection for different leak 
rates at 0.5 to 7 m AGL, 95% confidence interval. The error bars represent the relative uncertainty 
in plume width estimation [-42/+14]%. The absence of a plume in Experiment 4 at 5 m AGL, and 
Experiment 5 at 0.5 to 7 m AGL was due to CH4 enhancements being below 0.1 ppm. The dotted 
line on the figure to the right indicates the minimum practical surveying speed of 4 m s-1 using a 1 
Hz frequency instrument. 

4.3 Effect of leak depth 

The above-ground CH4 plume width increased with depth between 0.6 and 0.9 m, but the above 

surface plume was undetectable above the background for leaks 1.8 m deep (Figure 6). The 

percentage change in mean plume width estimates for Experiment 6, 0.6 m leak depth, compared 

to Experiment 1, 0.9 m leak depth, were -58% and -99% at 0.5 and 2 m AGL, respectively. The 

plume for Experiment 6 and Experiment 7, 1.8 m leak depth, were  indistinguishable from the 

background at 5 to 7 m, and 0.5 to 7 m AGL, respectively. For Experiment 6, the calculated 

surveying speed was above 4 m s-1 at 0.5 m AGL (Figure 6). This indicates that the leak from 
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Experiment 6 can be detected by a driving survey at 0.5 m surveying height, while above-ground 

surveying methods may not detect Experiment 7’s leak. 

 

Figure 6 Plume width estimates and maximum surveying speeds for detection for different leak 
depths at 0.5 to 7 m AGL, 95% confidence interval. The error bars represent the relative 
uncertainty in plume width estimation [-42/+14]%. The absence of a plume in Experiment 6 at 2 
to 7 m AGL, and Experiment 7 at 0.5 to 7 m AGL was due to CH4 enhancements being below 0.1 
ppm. The dotted line on the figure to the right indicates the minimum practical surveying speed of 
4 m s-1 using a 1 Hz frequency instrument. 
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4.4 Case study 

4.4.1 Generalized linear model (GLM) 

Table 2 A GLM equation for calculating plume width from height (z, m), NG density (ρ, g/L), leak 
rate (r, slpm), and leak depth (d, m). 
 

Estimate Standard Error t-value Pr(>|t|) 

z -0.92 0.22 -4.18 0.0005 

ρ -34.8 7.14 -4.87 0.0001 

r 1.29 0.20 6.54 0.0000 

d 31.1 5.87 5.30 0.0000 

(Intercept) -0.80 5.74 -0.14 0.8902 

* The R2 for the GLM modeled plume widths compared to calculated widths is 0.83 (Section 
A4.1).  

The GLM results indicate that height, gas density, leak rate, and leak depth have significant effect 

on plume width (p < 0.01). Height, and NG density have a negative effect on plume width, meaning 

their increase will cause a decrease in plume width. Leak rate and depth have a positive effect on 

plume width; their increase will cause an increase in plume width. 

4.4.2 Estimating plume widths from leaks in gathering lines in five major production 

regions in the US 

Of the five major producing basins investigated in this study, NG from the Fayetteville Shale has 

the least density, 0.66 g/L, while the Permian has the highest, 1.01 g/L. (A A4.2). Using a minimum 

practical surveying speed of 4 m s-1  and a 1 Hz frequency instrument (ABB, 2023), the GLM 

results indicate that a leak from a gathering line transporting NG from the Permian may only be 

detected at 0.5 AGL (Figure 7). For the Marcellus, Barnett, Haynesville, and Fayetteville shale, 

gas leaks can be detected by a survey at 0.5, 2, 5, and 7 m AGL (Figure 7).  
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Figure 7 Modelled above-ground plume widths and maximum above-ground surveying speeds for 
a simulated 10 slpm leak, 0.9 m leak depth, for the five largest producing basins in the US. The 
error bars represent the relative uncertainty in plume width estimation [-42/+14]%. The dotted line 
on the figure to the right indicates the minimum practical surveying speed of 4 m s-1 using a 1 Hz 
frequency instrument. 
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5 DISCUSSION 

 

 

5.1 Effect of gas composition 

The study’s results indicate that for the same total leak rate, increased gas density resulting from 

adding 20% of heavier hydrocarbons (C3H8 and C4H10) to the NG mixture reduces the above-

ground plume width, CH4 enhancement, and detection at different surveying heights. This suggests 

a decrease in surface emission for dense NG leaks. This study could not ascertain whether reduced 

plume width and CH4 enhancement for heavy gases was due to slow NG dispersion above the 

surface due to gas density i.e., velocities at which NG is entrained in air above-ground depends on 

turbulence, and density difference relative to air; and/or CH4 oxidation by methanotrophic bacteria. 

Gas density may slow dispersion until the point of dilution where the density of dispersed gas 

becomes close to that of surrounding air (Blackmore et al., 1982). This could cause the plume to 

be trapped close to the surface resulting in a narrow plume above-ground. Also, CH4 oxidation has 

been reported in areas with high CH4 activities like METEC with oxidation rates including 115 g 

CH4 h-1 in a nitrogen-fertilized paddy soil (Vaksmaa et al., 2017), 385 g CH4 h-1 in a landfill 

(Cébron et al., 2007), and 410 g CH4 h-1 in alkaline soil (Han et al., 2009). As methanotrophic 

bacteria only require a source of carbon and moisture for survival (Hanson & Hanson, 1996), 

current research has not addressed the driving factor for CH4 oxidation i.e., type of soil, presence 

of organic matter, or presence of carbon and moisture.  

5.2 Effect of leak rate 

Results indicate a decrease in above-ground CH4 plume width with decreased leak rate. The 

decrease in leak rate reduces the number of molecules migrating from the leak point to the surface 

and the surface expression of the gas. While the atmospheric dispersion of gas may be the same at 
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all leak rates, the enhancements are necessarily reduced, therefore dropping below the 0.1 ppm 

threshold nearer the center line of the plume downwind of the source. Relating the effect of gas 

composition to leak rate, this study established that adding 20% of C3H8 and C4H10 to the NG 

mixture results in a plume width equivalent to decreasing the total release rate by 64%. This 

indicates how presence of heavy gases in the NG mixture significantly affects the above-ground 

plume width, and hence, leak detection.   

5.3 Effect of leak depth 

The effect of leak depth on the above-ground plume is not linear. Leak depth affects the surface 

expression of the gas. At 0.6 m depth, the gas travels a short distance before escaping into the 

atmosphere. The narrow surface expression of the gas results in the dispersion of the above-ground 

plume close to the surface. At 0.9 m, the surface expression of the gas is wider; a plume is present 

at 0.5 to 7 m AGL. At 1.8 m depth, the surface expression is much wider than the 0.6 and 0.9 m 

leak depths. Due to increased gas migration distance from the leak point to the surface, a large 

surface-air interface with lower gas flux per unit area is formed. Methane concentrations may drop 

below the enhancement threshold.  

In field conditions, the Colorado Oil and Gas Conservation Commission COGCC (2021) 

rulemaking stipulates that subsurface flowlines must have a minimum cover of 3 feet (0.9 m) on 

cropland (COGCC, 2021). However, in areas where underground structure, geologic, or other 

uncontrollable conditions prevent a flowline installation at the minimum 3 feet cover, the pipeline 

may be installed with less than minimum cover, or above-ground (COGCC, 2021).  This study’s 

results of 0.9 m leak depth represent plume widths for flowlines buried at the minimum cover of 

0.9 m. However, this study’s results show that flowlines buried at less than minimum cover of 0.9 

m may be detectable at heights very close to the surface, as plume width decreases with decrease 
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in burial depth. This means that pipelines laid in complex regions at lower 0.9 m depth may be 

harder to detect than those in cropland regions.  

5.4 Case study 

5.4.1 Generalized linear model (GLM) 

The GLM results show that diluting the CH4 percentage in the NG mixture by adding heavier 

hydrocarbons reduces the in-atmosphere, above-ground plume width and concentrations due to 

increased NG density. Comparing the effect of NG density to leak rate and leak depth, the effect 

of NG density, Δρ, on plume width is equivalent to -0.04Δr (effect of increased leak rate) and -

0.89Δd (effect of increased leak depth) (A A4.3). This means that leak sizes reported in areas with 

high percentages of heavier hydrocarbons in the NG mixture may be underestimated, and smaller 

leaks missed. 

5.4.2 Estimating plume widths from leaks in gathering lines in five major production 

regions in the US  

Plume width results for the five major US basins indicate that leak detection by above-ground 

survey methods should be basin and height dependent. As practical surveying heights for driving 

surveys are 0.5 to 5 m AGL, a 10-slpm leak in Fayetteville Shale at 0.9 m leak depth can be 

detected while driving between 11 and 17 m s-1. However, a similar leak in the Permian can be 

detected only while driving between 0.4 and 5 m s-1; an on-road driving speed of 0.4 m s-1 is 

impractical, although it may be possible but expensive for off-road ROWs. Previous driving survey 

studies have indicated that most driving surveys are between 4 and 13 m s-1 (Eapi et al., 2014; von 

Fischer et al., 2017; Weller et al., 2019), resulting in an average driving speed of approximately 9 

m s-1. This indicates that a typical survey speed (9 m s-1) may detect a leak in Fayetteville Shale 

but not in the Permian.  
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Further, it is typical for leak surveyors to apply leak detection thresholds (minimum enhancement 

for detection) based on the background concentration of an area, if known, or apply experiences 

from other areas to set detection thresholds in the current surveying area. Gas gathering lines 

carrying gas with heavy hydrocarbon components often contain hydrocarbon liquids and soluble 

aromatic hydrocarbons, e.g., BTEX (benzene, toluene, ethylbenzene, xylene). If a survey captures 

most emissions in Fayetteville shale, a similar approach applied in the Permian will likely result 

in missed detections or underestimating the size of detected leaks. Erroneously reporting few or 

smaller leaks from heavy gas basins may lead to increased safety risks, increased greenhouse 

emissions, and detrimental effects due to co-emitted liquid contaminants that can cause soil and 

water contamination. Previous studies investigating spills from oil and gas pipelines reported 

groundwater contamination due to high mutagenicity threatening human health (Rice et al., 1995), 

causing birth defects, and cancer (Landon & Belitz, 2012). As a result, it is vital to apply leak 

detection protocols that are practical and workable to flowlines and gathering lines to find and 

repair pipeline leaks. 
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6 CONCLUSION AND RECOMMENDATIONS 

 

 

This study established that gas composition, leak rate, and depth affect the above-ground plume 

width and subsurface pipelines’ leak detection. Leak detection can be improved if survey protocols 

are tailored to the contents and depth of the surveyed pipeline, especially for flowlines and 

gathering lines in the oil and gas upstream sector. The study established that the effect of adding 

heavy hydrocarbons to the NG mixture on plume width is equivalent to the effect of increased leak 

rate and depth on plume width multiplied by -0.04 and -0.89, respectively. This shows that reported 

leaks in areas with heavier hydrocarbons could currently be missed or underestimated. Further, 

leaks from pipelines laid in covers meeting the COGCC minimum depth requirement of 0.9 m 

could be easier to detect compared to those buried less than the minimum depth. This study shows 

that understanding the effect of leak characteristics on above-ground plume can significantly 

improve detection. This study recommends that leak survey protocols for flowlines and gathering 

lines should be different from distribution pipelines and tailored to the compositions of the 

transported NG to report emissions accurately. 

This study plans follow-up experiments to understand the driving factor for reduced CH4 plume 

width and enhancement for NG mixture with heavier hydrocarbons. The follow-up experiments 

aim to investigate the effect of heavier hydrocarbons on advection, diffusion, CH4 oxidation, 

buoyancy, and atmospheric gas dispersion. 
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APPENDIX 

 

 

A1 Meteorological conditions defining Pasquill-Gifford stability classes 

Pasquill stability classes are not measurable physical parameters, and its application is based on 

England’s weather conditions where; 

 

Figure A1 Pasquill-Gifford atmospheric stability classes classification 

a. Strong insolation corresponds to sunny midday in England’s midsummer. 

b. Slight insolation corresponds to sunny midday conditions in midwinter in England. 

c. Night refers to the period from 1 hour before sunset to 1 hour after sunrise. 

d. The neutral category D should also be assumed, irrespective of wind speed, for overcast 

conditions during day or night, and for any sky conditions during the hour preceding or 

following night. 

(Kahl & Chapman, 2018) 

 

 

 

 

 

 
Daytime insolation Night-time conditions 

Surface wind speed 
(m/s) 

Strong Moderate Slight Thin overcast or > 4/8 low cloud <= 4/8 cloudiness 

< 2 A A - B B E F 
2 - 3 A - B B C E F 
3 - 5 B B - C C D E 
5 - 6 C C - D D D D 
> 6 C D D D D 
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A2 Uncertainty Analysis 

Uncertainty analysis was done using results from the baseline experiment (Experiment 1, 335 g 

CH4 h-1, 0.9 m leak depth), PGSC D, 0.5 m AGL. 

A2.1 Background concentration 

Background concentration data was collected for 2.5 hours before gas release. Analysis of data 

indicated that the stability class during this duration was PGSC D. For each of the heights, 

background concentration was calculated as the average concentration. The average Cb was 1.96 

± 0.01 ppm (1 SD) at 0.5 and 2 m AGL, and 1.95 ±0.01 ppm (1 SD) at 5 and 7 m AGL, respectively. 

 

Figure A2 Background concentration at 0.5 m AGL 
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Figure A3 Background concentration at 2 m AGL 

 

Figure A4 Background concentration at 5 m AGL 

 

Figure A5 Background concentration at 7 m AGL 
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A2.2 Plume width calculation 

 

Figure A6 Calculation of crosswind y coordinates for each binned average CH4 concentration. S :  
the distance from the leak center to the measurement point; 𝜃𝑐 :   the wind direction of plume 
centerline at the measurement point; 𝜃𝑚:   the wind direction at the actual measurement time; 𝛿𝜃 
is 𝜃𝑚 − 𝜃𝑐, the wind direction difference. Y = 𝑠 ⋅ 𝑠𝑖𝑛 𝛿𝜃 

 

A2.3 Atmospheric stability and binning 

4° was selected based on anemometer’s WD accuracy ±2° (1 to 30 m/s). To evaluate the standard 

deviation in sampling for 15-minute atmospheric averaging: 

σ sample =  ± 2°√900s = ±0.07 
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A2.4 Surface expression and subsurface conditions of the leak 

The leaks in this study were subsurface point-source emissions, but the surface expression is an 

area source. To investigate if the surface expression of the leak would affect the above-ground 

plume width, WindTrax was used to simulate above-ground concentrations. WindTrax is a 

software tool that simulates short-range (within 1 km) atmospheric dispersion of the leak using 

backward Lagrangian stochastic model. 13 concentration sensors were positioned between 45°(N) 

and 225°(N) to replicate conditions when the mast (315°N) was downwind of the leak point, within 

90°. The x and y locations of the concentration sensors were the along wind and crosswind 

distances relative to the mast location 5 m N 5 m W (x = 7.07 cos(315-Ө); y = 7.07 sin(315-Ө)) 

used in the experiment. Meteorological conditions were the 15-minute average weather conditions 

from the baseline experiment, e.g., PGSC D, average wind speed (3.6 m/s), average temperature 

(11.21 ℃), average pressure (84197.12 Pa), and wind direction (WD = 90°; the wind blowing 

directly to the central sensor).  Input data to WindTrax were atmospheric stability PGSC, wind 

speed, WD, temperature, pressure, area of the emission, known leak rate per area, and background 

concentration. Concentrations were measured 0.5 m above-ground. The standard anemometer, 

pressure and temperature sensors were positioned 50 m N 20 m E (same location as METEC’s 

meteorological station) at 6 m height. Area surface emissions were simulated for different area-

source surface expressions, a Gaussian equation fitted to each of the area-source results, and plume 

width calculated. Limitations to simulating using WindTrax were that it assumes a surface, flat, 

homogenous area source, free of obstructions.  
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Table A1 Concentration sensors’ position in WindTrax 

Distance from central 
sensor (mast) to leak 
point 

Sensor 
locations(Ө) 

Angle between 
sensor and mast 

X Y 

7.07 45 270 0.00 -7.07  
60 255 -1.83 -6.83  
75 240 -3.54 -6.12  
90 225 -5.00 -5.00  
105 210 -6.12 -3.54  
120 195 -6.83 -1.83  
135 180 -7.07 0.00  
150 165 -6.83 1.83  
165 150 -6.12 3.54  
180 135 -5.00 5.00  
195 120 -3.54 6.12  
210 105 -1.83 6.83  
225 90 0.00 7.07 

 

   

Figure A7 WindTrax simulation results 

The plume widths for Experiment 1 were compared to WindTrax results. The uncertainty in plume 

width due to surface expression and subsurface effects is [-42/+14] %. 
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 A3 Gaussian Model Fitting 

Plots of the Gaussian fits are used to generate plume widths. The red line is the Gaussian fit, blue 

points are the data points, and the black horizontal line is the 0.1 threshold of concentrations above 

background (enhancement). 

A3.1 Neutral conditions  

 

Figure A8 Plumes for Experiment 1, PGSC D 
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Figure A9 Plumes for Experiment 2, PGSC D 
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Figure A10 Plumes for Experiment 3, PGSC D 
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Figure A11 Plumes for Experiment 4, PGSC D 
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Figure A12 Plumes for Experiment 5, PGSC D 
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Figure A13 Plumes for Experiment 6, PGSC D  
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Figure A14 Plumes for Experiment 7, PGSC D 
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A3.2 Non-neutral conditions 

 

Figure A15 Plumes for Experiment 1, PGSC A 

 

 

 

 



55 

 

 

Figure A16 Plumes for Experiment 1, PGSC B-C 
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Figure A17 Plumes for Experiment 1, PGSC E-F 
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Figure A18 Plumes for Experiment 2, PGSC A 
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Figure A19 Plumes for Experiment 2, PGSC B-C 
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Figure A20 Plumes for Experiment 2, PGSC E-F 
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Figure A21 Plumes for Experiment 3, PGSC A 
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Figure A22 Plumes for Experiment 3, PGSC B-C 

 

 



62 

 

 

Figure A23 Plumes for Experiment 3, PGSC E-F 
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Figure A24 Plumes for Experiment 4, PGSC A 
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Figure A25 Plumes for Experiment 4, PGSC B-C 
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Figure A26 Plumes for Experiment 4, PGSC E-F 
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Figure A27 Plumes for Experiment 5, PGSC A 

 

 



67 

 

 

Figure A28 Plumes for Experiment 5, PGSC B-C 
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Figure A29 Plumes for Experiment 5, PGSC E-F 
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Figure A30 Plumes for Experiment 6, PGSC A 
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Figure A31 Plumes for Experiment 6, PGSC B-C 
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Figure A32 Plumes for Experiment 6, PGSC E-F 
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Figure A33 Plumes for Experiment 7, PGSC A 
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Figure A34 Plumes for Experiment 7, PGSC B-C 
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Figure A35 Plumes for Experiment 7, PGSC E-F 
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A3.3 Experiment 3-72 hours 

 

Figure A36 Plumes for Experiment 3-72 hours, PGSC D 
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Figure A37 Plumes for Experiment 3-72 hours, PGSC A  
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Figure A38 Plumes for Experiment 3-72 hours, PGSC B-C 
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Figure A39 Plumes for Experiment 3-72 hours, PGSC E-F 
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Figure A40 Plumes for Experiment 3-72 hours, PGSC G 
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A4 Generalized linear model (GLM) 

A4.1 General linear model equation 

 

Figure A41 Experimental vs. modeled plume width 

 

 

 

 

 

 

 

 

 

R² = 0.8291

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14 16 18

E
x

p
er

im
en

ta
l 

p
lu

m
e 

w
id

th
 (

m
)

Modeled plume width (m)



81 

 

A4.2 Gas compositions of different flowlines/gathering lines 

Table A2 Gas compositions of largest production basins in the USA (Kennedy, 2015).  G 
denotes the percentage gas composition.  V denotes the volumetric flow rate (slpm) of each 
component based on a total gas emission of 10 slpm, and ρ is the gas density (g/L).   

   CH4 C2H6 C3H8 C4H10 C5H10 C6H12 C7H14 NG 
density 

Fayetteville Shale, 
Arkoma Basin*** 

G (%) 97.3 1.0 0 0 0 0 0  

 V 
(slpm) 

9.73 0.1 0 0 0 0 0  

 ρ (g/L)        0.66 

Haynesville Shale, 
North Louisiana 
Salt Basin*** 

G (%) 95 0.99 0 0 0 0 0  

 V 
(slpm) 

9.5 0.1 0 0 0 0 0  

 ρ (g/L)        0.66 

Barnett Shale, Fort 
Worth Basin** 

G (%) 88.4 5.0 2.2 1.0 0.4 0.22 0.08  

 V 
(slpm) 

8.84 0.5 0.22 0.1 0.04 0.022 0.008  

 ρ (g/L)        0.75 

Marcellus Shale, 
Appalachian 
Basin* 

G (%) 80.8  11.0  4.1 1.6  0.7  0.8 0  

V 
(slpm) 

8.08 1.1 0.41 0.16 0.07 0.08 0  

 ρ (g/L)        0.83 

Permian, 
Permian**** 

G (%) 66.3 13.4 10.3 4.7 1.7 1.0 0  

V 
(slpm) 

6.63 1.34 1.03 0.47 0.17 0.1 0  

 ρ (g/L)        1.01 
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A4.3 Effect of gas density on plume width compared to leak rate and depth 

 𝛥 𝑊𝜌 = −34.8  

 𝛥 𝑊𝑟 = −1.29  

 𝛥 𝑊𝑑 = −31.1  

 𝛥𝜌 = −0.04𝛥𝑟  𝛥𝜌 = −0.89𝛥𝑟 
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A5 Methane Oxidation 

Methane oxidation by methanotrophic bacteria is a phenomenon that has been tested. 

Methanotrophs have unique ability to grow on CH4 as their sole source of carbon and energy 

(Murrell, 2010). Methanotrophs oxidize CH4 in aerobic and anaerobic environments. The enzyme 

responsible is  CH4 monooxygenases (MMOs). The lack substrate specificity results in the 

fortuitous metabolism of a very large number of compounds including xenobiotic chemicals. 

MMOs utilize two reducing equivalents to split the O-O bonds of dioxygen. 1 O2 atom is reduced 

to form H2O, and the other incorporated into CH4 forming CH3OH (Hanson & Hanson, 1996). The 

required power for CH4 metabolism is produced by oxidation of formaldehyde to CO2.  
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A6 List of abbreviations and acronyms 

NG Natural gas 

US United States 

EIA Energy Information Administration 

IEA International Energy Agency 

PHMSA Pipeline and Hazardous Materials Safety Administration 

CH4 Methane 

C2H6 Ethane 

C3H8 Propane 

C4H10 Butane 

C5H12 Pentane 

C6H12 Hexane 

CO2 Carbon dioxide 

GWP Global warming potential 

THC Total hydrocarbon  

LDAQ Leak detection and quantification 

AGL Above ground level 

METEC Methane Emissions Technology Evaluation Center 

UAVs Unmanned aerial vehicles 

ROWs Rights-of-way 

PGSC Pasquill-Gifford stability class 

 


