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Abstract

Effective measurement of the presence and rate of methane gas migration (GM) outside the casing of energy wells is important for

managing social and environmental impacts and financial liabilities in the upstream petroleum industry. Practitioners typically

assess GM by above-background methane gas concentrations in-soil or at-grade; however, factors influencing the potential

variation in these measurements are not well represented in industry recommended best-practices. Inexpensive chemoresistive

sensors were used to record a one-minute frequency methane gas concentration time series over 19 days. Time series were

recorded at three soil depths (0, 5, and 30 cm) at two locations <30m cm radially from a petroleum well with known GM, in

addition to two ‘control’ locations. Observed concentration variations ranged over several orders of magnitude at all depths,

with generally lower concentrations and more variation observed at shallower depths. Varying concentrations were correlated to

meteorological factors, primarily including wind speed and shallow groundwater table elevation. The gas concentration patterns

were affected by a 3.5 mm rainfall event, suggesting soil moisture changes affected preferential gas migration pathways. Results

indicate potential variability in repeated snapshot GM test results. Although currently recommended GM detection methods

would have effectively identified the presence/absence of GM, they would not have quantified order of magnitude changes in

concentration. GM detection success at this site was increased with measurement at more than one location spatially within

30 cm of the well casing, lower concentration detection limits, and greater measurement depth. These findings indicate that

meteorological factors should be considered when conducting gas migration surveys (particularly for improving at-grade test

reliability). The low-cost approach for long-term concentration measurement facilitates insight into variable gas concentrations

and may be advantageous in comparison to snapshot measurements in some circumstances.
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Abstract 11 

Effective measurement of the presence and rate of methane gas migration (GM) outside the 12 

casing of energy wells is important for managing social and environmental impacts and financial liabilities 13 

in the upstream petroleum industry. Practitioners typically assess GM by above-background methane gas 14 

concentrations in-soil or at-grade; however, factors influencing the potential variation in these 15 

measurements are not well represented in industry recommended best-practices.  16 

Inexpensive chemoresistive sensors were used to record a one-minute frequency methane gas 17 

concentration time series over 19 days. Time series were recorded at three soil depths (0, 5, and 30 cm) at 18 

two locations <30m cm radially from a petroleum well with known GM, in addition to two ‘control’ 19 

locations. Observed concentration variations ranged over several orders of magnitude at all depths, with 20 

generally lower concentrations and more variation observed at shallower depths. Varying concentrations 21 

were correlated to meteorological factors, primarily including wind speed and shallow groundwater table 22 

elevation. The gas concentration patterns were affected by a 3.5 mm rainfall event, suggesting soil 23 

moisture changes affected preferential gas migration pathways. Results indicate potential variability in 24 

repeated snapshot GM test results. Although currently recommended GM detection methods would have 25 

effectively identified the presence/absence of GM, they would not have quantified order of magnitude 26 

changes in concentration. GM detection success at this site was increased with measurement at more than 27 

one location spatially within 30 cm of the well casing, lower concentration detection limits, and greater 28 

measurement depth. These findings indicate that meteorological factors should be considered when 29 

conducting gas migration surveys (particularly for improving at-grade test reliability). The low-cost 30 

approach for long-term concentration measurement facilitates insight into variable gas concentrations 31 

and may be advantageous in comparison to snapshot measurements in some circumstances. 32 

Introduction 33 

Well integrity failures, including Surface Casing Vent Flow (SCVF) and Gas Migration (GM) outside 34 

the outermost (or surface) casing, represent safety, environmental, and financial liabilities to the upstream 35 

oil and gas industry and negatively affect the oil and gas industry’s social license (Dusseault et al. 2014; 36 

Cahill et al. 2017; Alboiu and Walker, 2019). Wells with SCVF or GM detected cannot be legally 37 

decommissioned in Canada, and therefore appropriate GM detection informs operational decision making 38 

on remedial cementing, with important environmental and social consequences, and financial implications 39 

(Trudel et al. 2019; Alberta Energy Regulator (AER) 2021; Schiffner et al. 2021). Decommissioning and 40 

reclamation costs for wells with SCVF or GM typically cost between $140K to $370K, with 5-10% of wells 41 
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costing considerably more (e.g., up to millions of dollars) due to SCVF/GM repair challenges (Trudel et al. 42 

2019). These costs further increase if re-entry is required when SCVF/GM is discovered after a well has 43 

already been decommissioned (Dusseault et al. 2014; Trudel et al. 2019). Acute GM risk is primarily related 44 

to explosive hazard (between the lower and upper explosive limits of 5-15% methane v/v in a mixture with 45 

air) (Engelder, T. and Zevenbergen 2018; Molofsky et al. 2021). Therefore, accurately determining the 46 

potential for explosive combustible gas-air mixtures is central to classifying the risk of these wells (AER 47 

2014; Molofsky et al. 2021). Importance thus needs to be placed on the detection and measurement 48 

approaches for SCVF and GM. 49 

The most common detection method for SCVF is a simple ‘bubble test’, which determines if the 50 

vent flow will generate sufficient pressure to push a bubble through a 6-12 mm diameter tubing directed 51 

through a maximum backpressure of 2.5 cm water, within a ten-minute period (AER 2021). Alternate 52 

methods to the bubble test, including higher resolution and long-term remote monitoring, are applied 53 

commercially in situations benefiting from more definitive or continuous measurement, such as for 54 

accurate rate determination, tracking temporal trends, and observing SCVF response to remedial work 55 

(Dusseault and Jackson 2014).  56 

Unlike SCVF measurement and monitoring, to our knowledge there are no commercially available 57 

approaches for continuous GM testing or monitoring. Commercial detection of the presence of GM 58 

outside the casing of energy wells is typically conducted through ‘snapshot’ GM detection surveys by 59 

sequentially measuring methane gas concentrations at numerous specified (and provider-dependent) soil 60 

depths and spacings around well-center. The test is comprised of multiple snapshot measurements over a 61 

short time period (i.e., less than one hour). Detection of above-background concentrations of 62 

‘combustible soil gas’ (predominantly methane, along with trace amounts of other natural gas alkanes) 63 

indicates the presence of GM (Szatkowski et al. 2002). This approach was developed in the 1990’s by an ad 64 

hoc industry group to assess presence or absence of GM and remains the recommended approach in 65 

Alberta (Abboud et al. 2020). In this approach, methane gas (hereafter referred to as ‘gas’) concentration 66 

is measured at a total of 14 test points: two within 30 cm of the well and then at 2, 4, and 6 m away 67 

(radially) orientated in a cross pattern (AER 2021). While not necessarily applied by practitioners, the 68 

regulators recommended equipment lower detection limit for this test is 1% of the methane Lower 69 

Explosive Limit (LEL, i.e., 500 ppm CH4). Alternate testing spacings and depths, including at-grade 70 

measurement (as opposed to the AER-recommended 50 cm depth; Fleming et al. 2019), are applied by 71 

industry practitioners to minimize the added expense of auguring access holes, or sampling depths less 72 

than 30 cm to avoid requirements for ground disturbance permitting (e.g., Province of Alberta 2020; BC 73 
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Oil and Gas Activities Act 2020; Statutes of Saskatchewan 1998). These at-grade and relatively shallow 74 

sampling depths are permitted in regulation to encourage innovation and use of newly available 75 

technology (Natural Resources Canada, 2019; AER 2021).  76 

The Alberta-recommended GM detection approach is largely duplicated or directly referenced in 77 

regulation across Canada (e.g., Government of Saskatchewan, 2015; OROGO, 2017; Pretch and Dempster, 78 

2017; BCOGC, 2019). However, to our knowledge, there are no public reports demonstrating the 79 

advantage of subsurface detection strategies (e.g., up to 50 cm depth) or validating this approach in 80 

variable field conditions (Abboud et al. 2020). In addition, though it is anecdotally evident that these 81 

recommendations are not applied by all practitioners, there is little published information on the GM 82 

sampling and detection approach in GM testing reports (e.g., the AER ‘s Well Vent Flow/Gas Migration 83 

Report). Negative test results are also unavailable, leading to uncertainty in the total number of wells 84 

tested (Abboud et al. 2020; Sandl et al. 2021). 85 

Temporally varying SCVF rates have been reported, indicating that long-term monitoring may be 86 

required to fully characterize emission rates and to ensure more reliable detection compared to short-87 

term ‘snapshot’ measurements (Dusseault et al. 2014; Riddick et al. 2020). Previous researchers have also 88 

found soil-surface GM concentrations and effluxes to vary over hourly, daily, and seasonal scales (Forde et 89 

al. 2019b; Lyman et al. 2020). Spatiotemporal variation of CH4 emissions and at-grade concentrations over 90 

time scales ranging from < 1 hour to daily scales has been further demonstrated by a two-week efflux 91 

experiments at six test points around a GM energy well in Eastern Alberta (Fleming et al. 2021). Historic 92 

GM survey test results at this well indicates variation between tests conducted by different parties, and by 93 

the same party on different occasions. This suggests a variation in measured concentrations due to both 94 

method-dependent mechanisms (e.g., testing depth and location), and method-independent temporal 95 

variations in the physical presence of combustible soil gases (Fleming et al. 2021, their Figure 2). 96 

Temporal variation in gas concentrations and effluxes may be driven by episodic and pulsed 97 

movement of gas in the saturated zone (Cahill et al. 2017; Van de Ven et al. 2020) and due to changing 98 

atmospheric conditions (Kuang et al. 2013; Oliveira et al. 2018). Barometric pressure changes are also 99 

known to induce variable effluxes, and may cause atmospheric gases to flow into the soil during rising 100 

barometric pressures due to a pressure imbalance between atmospheric and soil gases (Abbas et al. 2010; 101 

Forde et al. 2019a). High wind speed has been shown to decrease measured at and above-grade methane 102 

concentrations from subsurface sources (Chamindu Deepagoda et al. 2016; Ulrich et al. 2019), and induce 103 

subsurface gas pressure variations that may drive higher effluxes and flush soil gases in the soil (Poulsen 104 

et al. 2017). Higher air temperatures may drive higher gas diffusion rates, while convective and buoyant 105 
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gas movement may be caused by differences in density due to temperature and the relative density of 106 

methane compared to air (Nachshon et al. 2011; Chamindu Deepagoda et al. 2016).  107 

While these recoded variations in gas migration effluxes and concentrations may indicate relevant 108 

variations in measurable combustible gas concentrations, prior experiments have not explicitly 109 

demonstrated whether concentration variations, potentially driven by meteorological factors such as wind 110 

speed and atmospheric pressures and temperatures, occur in the subsurface in addition to the measured 111 

at-grade concentrations and effluxes. In addition, time series measurements simultaneously at multiple 112 

depths were not possible using a single high-resolution gas analyzer connected to multiplexed flux 113 

chambers in previous studies (e.g., Forde et al. 2019b; Fleming et al. 2021). While previous studies of gas 114 

migration efflux are relevant from a methane emissions measurement perspective (Forde et al. 2019b; 115 

Lyman et al. 2020; Fleming et al. 2021) and effluxes may be used to detect GM (Forde et al. 2019b; Schout 116 

et al. 2019), most practitioners currently rely on concentration measurement. Thus, understanding 117 

methane concentration variability is more applicable to the current practice in GM detection. To the 118 

authors knowledge, previously published work has not recorded temporal variation of in-soil fugitive gas 119 

concentrations at a high resolution over multiple days, nor analyzed how this variation may affect the 120 

successful detection of wells with GM. 121 

Here we use inexpensive chemoresistive sensors to record a high-frequency combustible gas 122 

concentration time series at multiple depths around a case study well with GM. With the aim of improving 123 

GM testing and monitoring practices, this field experiment specifically sought to evaluate whether:  124 

• Measurable methane concentrations are higher at greater depths in the soil. 125 

• Measurable methane concentrations are temporally variable both at-grade and at depth 126 

into the soil. 127 

• If present, these variations in measurable methane concentration coincide with varying 128 

meteorological conditions such as precipitation, wind speed and barometric pressure changes. 129 

Materials and Methods 130 

Study well description.  131 

Field access to a suspended petroleum production well with GM was provided by an anonymous 132 

industry partner. Previous site investigations confirmed the presence of detectable GM focused outside 133 

the well casing, with estimated average emissions within a 25 cm radius around the well-center of 0.3 m3 134 

CH4 d-1 (130 g d-1) and no detectable SCVF (Fleming et al. 2021). Gas concentrations in 14 different 135 

detection surveys conducted over > 10 years document a consistently detectable presence of GM focused 136 
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near the well casing, though the maximum measured concentrations during commercial GM testing have 137 

varied from <100 to 110,000 ppm. In each survey, the highest methane gas concentrations were observed 138 

near the well casing (i.e., the two measurements spatially located “within 30 cm of wellbore on opposite 139 

sides”: AER 2021). This spatial distribution is common in most GM surveys (Erno and Schmitz 1996; Lyman 140 

et al. 2020) with some exceptions (Forde et al. 2019b).  141 

Soil gas sampled immediately against the outer casing at 30 cm depth yielded thermogenic 142 

methane concentrations as high as 87% gas by volume with minor concentrations of higher alkanes, 143 

consistent with common GM composition (Fleming et al. 2021). Compositional analyses of the 61 soil gas 144 

samples (sampled by the authors at depths from 0 to 30 cm within 1.5 m of the well) include a mean and 145 

maximum concentration of C2+ gas concentrations (including ethane [C2], propane [C3], nC4, iC4, 146 

neopentane, iC5, nC5, and nC6) of 0.069 % v/v and 0.378 % v/v, respectively. The mean methane [C1] 147 

concentration for the same sample set was 18.4 % v/v, indicating that the combustible soil gases were 148 

predominantly (i.e., > 97 % v/v) methane. The balance of average soil gas compositions (in order of 149 

decreasing mean abundance) were N2 (64.5%), O2 (14.4%), CO2 (1.4 %), and Ar (0.74%). Atmospheric 150 

methane concentrations sampled five meters South of the well in October 2019 averaged 2.5 ppm (max 151 

5.5 ppm) (Fleming et al. 2021). The shallow lithology, as observed by hand auger samples, is fine silty sand 152 

down at least 2 meters, with a water table ~ 0.5 m below ground surface. The prevailing wind direction in 153 

the region is westerly (Alberta Agriculture and Forestry, 2020).  154 

 155 

 156 

Fig. 1—Boxplot showing the relative occurrence of C1 (methane), C2 (ethane), and C3+ in combustible 157 

soil gas compositions. The boxplots include analyses from 61 samples collected at 0-30 cm depth and < 158 

1.5 meters radius from the study well. The logarithmic vertical axes show percent composition (left axis) 159 
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and ppm (right axis). The boxplot graphically illustrates the minimum, 1st quartile, median, 3rd quartile, and 160 

maximum measured concentrations. 161 

 162 

Sensor measurement of methane concentration.  163 

Sensors were installed at four locations to monitor methane gas concentrations at one-minute 164 

frequency over 19 days (October 3-22, 2020). Chemoresistive MQ-4 combustible gas sensors with high 165 

sensitivity to methane (Henan Hanwei Electronics Co. Ltd.) were inserted into water-resistant housings 166 

(Fig A-1). Sensor loop resistances were recorded at one-minute frequency on a datalogger (CR1000, 167 

Campbell Scientific). Since the dominant form (> 97%) of combustible gas in GM at this site is methane 168 

(Fig. 1), the term gas concentrations is used to represent methane concentration herein. Two vertical 169 

sensor nests, which included sensors at depths of 0 (i.e., at-grade), 0.05, and 0.30 meters below ground 170 

surface, were located five centimeters radially from the East and West sides of the surface casing (Fig. 2; 171 

Fig A-1). Two distal (i.e., ‘control’ to the GM around the well casing) sensors located 5 m to the East of the 172 

surface casing, were installed at 0.05 m depth to document sensor noise and any response that could be 173 

caused by variable temperature and humidity factors. Of the two distal sensors, one was installed in native 174 

soil at 0.05 m depth (referred to as the distal ‘soil baseline’ sensor). The second was isolated from 175 

subsurface methane gas efflux by installation at 0.05 m depth in moist filter sand inside an open-topped 176 

polyethylene container (0.3 m diameter by 0.3 m depth) that was buried in the soil, with the sand filled to 177 

grade (referred to as the distal ‘isolated’ sensor).  178 

The location of the sensor nests near the well was chosen to represent typical testing practices for 179 

measurements nearest the well, with two measurements within 30 cm of the well on opposite sides (e.g., 180 

AER 2021). The chosen depths were based on anecdotal information around the common measurement 181 

depths employed by service companies that conduct gas migration testing around energy wells. As 182 

previously mentioned, the 30 cm threshold is commonly used because depths less than this do not 183 

typically require ground disturbance permitting (e.g., Province of Alberta 2020; BC Oil and Gas Activities 184 

Act 2020; Statutes of Saskatchewan 1998). 185 

The MQ-4 sensors use a tin dioxide (SnO2) chemoresistive semiconductor which is responsive to 186 

combustible gases, including methane (CH4) and other light hydrocarbon gases present from gas 187 

migration (Honeycutt et al. 2019). The sensor resistance is constant in the presence of clean air (i.e., mostly 188 

N2 and O2, with negligible CH4 concentrations; Henan Hanwei Electronics Co. Ltd.). A passive diffusive 189 

sampling method is used to deliver target gases to the sensor, where hydrocarbon gases react with 190 

available oxygen causing a non-linear decrease in sensing loop resistance with increasing hydrocarbon 191 
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gas concentration (Honeycutt et al., 2019). These sensors are reactive in the presence of any light 192 

hydrocarbon gas, including other alkanes (C2+), but are most sensitive to CH4 (Henan Hanwei Electronics 193 

Co. Ltd.). Previous experiments on sensors using a similar principle of measurement indicate limited 194 

interference by CO2 (Sekhar et al. 2016). The sensors are also slightly impacted by variable humidity and 195 

temperature (Henan Hanwei Electronics Co. Ltd.). These inexpensive sensors (~CAN $5 per unit) have 196 

been previously suggested or used for similar applications, including natural gas leak detection (Mitton, 197 

2018), and continuous efflux measurements around wellheads (Riddick et al. 2020).  198 

Sensor-specific exponential calibration curves between methane concentration and raw voltage 199 

response were developed in the laboratory. While these sensors are responsive to a range of combustible 200 

hydrocarbon gases, calibration and reporting as ppm methane is justified by the relatively minor presence 201 

(< 3%) of C2+ gases in comparison to methane (Fig. 1). Manufacturer response curves indicate that low 202 

C2+ gas concentrations would induce a similar response to an equivalent concentration where CH4 is the 203 

only alkane present (Henan Hanwei Electronics Co. Ltd.). Previous gas composition data (Fig. 1) indicate 204 

that methane concentrations over the measurement period may have infrequently exceeded the 205 

manufacturer recommended 5% methane by volume, potentially leading to an underestimate of true 206 

methane concentrations above this 5% threshold. Detailed sensor validation and calibration methods, in 207 

addition to details on the solar power supply and field installation, are described in Appendices A through 208 

C. 209 

 210 

Fig. 2— Case study site cross section conceptual diagram showing the methane migration along the 211 

wellbore and underneath a low-permeability layer (After Forde et al. 2019b). Methane concentration 212 

sensors are 5 cm from the well casing on the East and West sides, at depths of 30, 5, and 0 cm. Two 213 

additional sensors are 5 m West in-soil and in an isolated enclosure. Recommended test locations for 214 

Western Canadian gas migration detection are shown as points. 215 
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 216 

Meteorological data collection during monitoring period. 217 

Precipitation and wind speed data were retrieved from the nearest public weather station (10-20 218 

km away) (Alberta Agriculture and Forestry, 2020) for the monitoring period. Water levels from a hand-219 

installed piezometer (screen centered 1.0 m depth below ground surface, 1.25 m South of well-center) 220 

and on-site atmospheric temperature and pressure were recorded hourly (Levelogger). The water levels 221 

were barometrically compensated with a Barologger. Water level and barometric pressure change rates 222 

were approximated as a five-hour central difference, which was the shortest time interval that returned a 223 

visually smooth change rate. 224 

 225 

Data processing. 226 

Sensor response data were processed in R (R Core Team 2020), where the calibration curves were 227 

used to convert raw voltage to methane gas concentrations before being compared to meteorological 228 

and site conditions. Data analyses included Pearson correlation analyses between gas concentrations and 229 

meteorological factors (including wind speed, temperature, barometric pressure and pressure change), 230 

and groundwater level and water level change. Short-term (i.e., hourly and daily) and full-period (19 day) 231 

variation in concentrations by depth and location were assessed visually and by comparing the coefficient 232 

of variation (normalized standard deviation) of different sensors (Appendix C). As a proxy for industry-233 

performed snapshot measurement, the single and dual-point detection success rate was assessed over 234 

working hours (07:00 – 18:00). The calculated success rate was the percentage of one-minute frequency 235 

measurements that were detected above a range of concentration thresholds (2, 25, 50, 100, 500, 1000, 236 

5000, and 10 000 ppm) at each depth. Dual-point analyses considered both sensors at a given depth (at-237 

grade, 5, or 30 cm) to represent typical testing practices with two measurements within 30 cm of the well, 238 

while the single-point analysis presents the results from only one sensor. The detection success rate 239 

indicates the percentage of measurement occasions where individual snapshot concentration 240 

measurements, or the combination of two snapshot measurements at the same depth, would correctly 241 

indicate the presence of GM or potential concentration exceedances. Different concentration thresholds 242 

represent different portable measurement equipment with a range of detection limits, and variations in 243 

operator decision making (e.g., attributing any concentration below a certain limit to be a non-definitive 244 

GM signal). 245 
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Results and Discussion 246 

Meteorological conditions over the monitoring period. 247 

The equipment was deployed, and monitoring data collected over a 19-day period (3-22 October 248 

2020). Diurnally varying on-site air temperature was superimposed on a steadily temperature decline over 249 

the monitoring period, with freezing temperatures overnight first observed on the fifth night (October 250 

7th) that were sustained after October 12th (Fig. 3). Air temperatures ranged from 10 ℃ to below -14.5 ℃, 251 

leading to soil frost (observed to two cm depth by the end of monitoring). Barometrically compensated 252 

groundwater levels were moderately variable on daily time scales and showed a sharp response (> 30 cm 253 

rise) to a cumulative 3.5 mm precipitation event on October 11th (Fig. 3). More moderate precipitation 254 

events that occurred several days did not show marked water level changes. Wind speeds also 255 

demonstrated a quasi-diurnal fluctuation with generally higher wind speeds in the daytime. 256 
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 257 

Fig. 3—Water level in meters below ground surface (m below ground surface), and selected 258 

meteorological data from the nearest public weather station, including hourly precipitation (mm), air 259 

temperature (℃), and wind speed (km h-1) over the monitoring period. The vertical bars indicate midnight 260 

of the October 2020 calendar date indicated. 261 

 262 
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Time series methane concentrations response. 263 

The sensors in the two sensor nests near the well recorded temporally variable methane 264 

concentrations in the soil and at-grade with the soil surface. Methane concentrations tended to be higher 265 

at greater depth (Fig. 4), with mean hourly concentrations combined from both (East and West) nests of 266 

8,500, 11,500, and 25,200 ppm at the 0, 5 and 30 cm depths, respectively. Methane concentrations ranged 267 

from <2 ppm to  50 000 ppm (i.e., 5% of gas composition). Ten mean hourly methane concentration 268 

values measured at the West 30 cm depth sensor exceeded the 5% gas manufacturer recommended 269 

detection range. Less than 0.1% of one-minute measured concentrations were below 2 ppm (Table 2). 270 

  271 

Fig. 4—One-minute frequency soil methane concentration boxplots (log ppm CH4) plotted with depth 272 

and separated by sensor array location (East, West and Distal Control) over the full 19-day measurement 273 

series. Box and whiskers indicate minimum, 1st quartile, median (vertical line), 3rd quartile, and maximum 274 

concentrations, with ‘outliers’ exceeding 1.5 times the interquartile range below the 1st quartile 275 

represented as points. 276 

 277 

The distal sensors recorded relatively low methane concentrations with moderate variability over 278 

the monitoring period (Fig. D-1), and generally lower amounts of variation in comparison to the sensors 279 
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in the nests near the well (Table C-1). Both distal sensors had limited diurnal fluctuations with slightly 280 

higher concentrations observed during the daytime. Diurnal variation may be partly explained by the 281 

influence of temperature and humidity on the sensors. In future studies, the influence of temperature and 282 

humidity should be more robustly assessed. The distal ‘soil baseline’ sensor recorded a steadily declining 283 

concentration over the time series between a maximum of 840 ppm at the start of the testing period to a 284 

minimum of 40 ppm, while the ‘isolated reference’ sensor steadily fluctuated between 0-10 ppm over the 285 

full measurement period (Fig. 5). The higher methane concentrations recorded by the ‘soil baseline’ 286 

sensor may indicate a moderate subsurface GM signature at a 5 m distance from the well. The modest 287 

fluctuation between expected atmospheric concentrations for the ‘isolated reference’ sensor, with no 288 

apparent impact from precipitation or freezing air temperatures, indicates that the sensor performance 289 

was not significantly affected by these factors. The calibrated concentrations are largely within expected 290 

methane concentrations for all sensors based on expected atmospheric concentrations (~2 ppm) and 291 

previously measured soil gas concentrations, though the calibration method and sensor detection limits 292 

may have led to an underestimate of true methane concentrations which exceeded 5% gas. 293 

 294 

 295 

Fig. 5—Time series of hourly averaged methane concentrations (ppm) around an energy well with gas 296 

migration observed between October 3-22, 2020. Sensors were deployed in two arrays (located at 5 cm 297 

distance of the energy well casing on each of the East and West sides) at three depths (0, 5, and 30 cm). 298 
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Additional ‘control’ sensors were located 5 m distance from the energy well on the east side as a ‘baseline’ 299 

5 cm in-soil methane concentration (Orange), and an ‘isolated reference’ sensor placed at 5 cm depth and 300 

protected from soil gases in an enclosure (Purple). Period A and B (shaded) correspond to analysis periods 301 

with visually regular concentration variations prior to (Period A), and following a three-day lag after  a 3.5 302 

mm precipitation event (Period B). The vertical log scale and decreasing sensitivity approaching the sensor 303 

detection limit (5% gas; 50 000 ppm) may contribute to the apparently lower variability at high 304 

concentrations. 305 

 306 

Change in observed distribution of methane concentrations and implications in gas movement 307 

behavior associated with a precipitation event. 308 

An observed change in methane concentrations, and concentration variation behavior, coinciding 309 

with a minor 3.5 mm precipitation event on October 11th (Fig. 3) prompted separation of the analysis into 310 

two periods preceding and following a three-day lag after the 3.5 mm precipitation event (Fig. D-2). 311 

There are relatively distinct methane concentration profile time series in each period (Fig. 5). Methane 312 

concentrations in the Western array sensors were higher and more consistent prior to the October 11th 313 

precipitation event, and showed a more pronounced daily-scale variation over several orders of 314 

magnitude after the precipitation event. Conversely, the Eastern array sensors had higher concentrations 315 

beginning on October 13th, with a lower amount of daily variation. Differences between the two arrays 316 

before and after the precipitation event (Period A and B in Fig. 5) was also evident in different correlations 317 

with meteorological factors for the two analysis periods (Table 1). The 5 m distal ‘soil baseline’ and 318 

‘isolated reference’ sensors concentrations were not visually different following the precipitation event. 319 

There were also no substantially different correlations with meteorological factors between the two 320 

periods for the reference and baseline sensors, indicating that the precipitation event may not have 321 

impacted these measurements.  322 

The precipitation event caused a significant water table rise (~0.33 m; Fig. 3), with associated 323 

changes in the soil moisture content distribution, both of which would have altered the effective gas 324 

permeability of the soil around the well. Previous observations of soil gas concentrations and effluxes at 325 

this well (Fleming et al. 2021), and by researchers in other settings (Chamindo Deepagoda et al. 2018) 326 

suggest that gas movement from the water table to ground surface occurs through preferential flow 327 

pathways. The precipitation event and associated change in water level and soil moisture content may 328 

have induced a change in the advective movement of gas in the soil around the well casing by occupying 329 
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pore spaces with water. This would have thereby changed the preferential movement pathway of gas 330 

within the saturated and unsaturated zone and lead to a shift in the gas concentration distribution.  331 

 332 

Temporal variability patterns as a function of depth and location. 333 

While measured concentrations at all depths varied by several orders of magnitude over the 19-334 

day time series, concentrations were generally higher at greater depths in the soil (Fig. 4). This 335 

concentration distribution is expected given the tendency of saturated zone gas migration to occur in 336 

relatively narrow, discrete zones focused around the well casing (Erno and Schmitz, 1996; Dusseault et al. 337 

2014; Lyman et al. 2020; Van de Ven et al. 2020) combined with the shallow water table at the site. The 338 

methane gas exits the water table at discrete locations, and once in the unsaturated zone it will disperse 339 

radially and vertically by soil gas advection and diffusion (Figure 2; Chamindu Deepagoda et al. 2016; 340 

Forde et al. 2018). Given the shallow water table, there is relatively little opportunity for radial dispersion. 341 

Temporal variability in measured concentrations were substantially greater in sensors near the 342 

energy well (compared to the distal sensors) at short-term (e.g., several minutes), hourly and daily scales. 343 

The coefficient of variation (i.e., the measurement variation as a percentage of the mean) was generally 344 

higher for sensors closer to the surface (Table C-1), and the increasingly pronounced variation at 345 

shallower depths is visible in the short-term time series showing one-minute frequency measurements 346 

(Fig. 6). For comparison to variability at other sensors, see the laboratory baseline noise test (Fig. C-2) and 347 

field observations of one-minute frequency variability at the five-meter distal location (Fig. D-1).  348 
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 349 

Fig. 6—Methane concentration (ppm) time series plotted with one-minute measurement frequency over 350 

24 hours for three depths 5 cm from the East side of the casing of an energy well with gas migration. Note 351 

the different y axes scales for methane concentration at the three depths. 352 

 353 

Temporal variability at all depths may be explained by a combination of i) variations in methane 354 

transport and arrival at the water table; and ii) changing rates of advective gas movement in the soil zone 355 

causing varied gas exchange and mixing with the atmosphere across the ground surface interface. In the 356 

first instance, the complex interaction between buoyancy and capillary forces in a heterogeneous porous 357 

media are expected to result in temporally variable and continuous or discontinuous changes in gas 358 

movement pathways and transport rates through the saturated zone (Gorody 2012; Van de Ven et al. 359 

2020). Episodic arrivals of migrating gases driven by ebullition events in the saturated zone will induce 360 

short-term changes in soil gas concentrations (Forde et al. 2019b). In the second instance, variable soil gas 361 

movement pathways, efflux rates, and mixing with atmospheric gases may be caused by varying 362 

meteorological conditions (e.g., barometric pressure, wind, temperature) in addition to soil moisture and 363 

groundwater levels (Nachshon et al. 2011; Chamindu Deepagoda et al. 2016). Short-term air pressure 364 

fluctuations induced by wind may have caused the observed depth-dependent variation in concentrations 365 

at the minute-scale (Fig. 6; Table C-1) (Poulsen et al. 2017). 366 

 367 
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Methane concentration correlation to meteorological factors. 368 

Simple regression analyses assessed the correlation between hourly averaged soil gas 369 

concentrations and meteorological and site factors including atmospheric pressures, temperature, and 370 

wind speed, and water level in a shallow piezometer (Fig. D-2, Fig. D-3). Given the inherent 371 

autocorrelation between meteorological factors (for example, both atmospheric temperatures and wind 372 

speeds typically fluctuate diurnally), some of these observed correlations may be spurious.  373 

 374 

 

 
Before Precipitation Event (Period A) After Precipitation Event (Period B) 

Sensor Depth (cm) U_wind PATM T_air WL dPATM/dt U_wind PATM T_air WL dPATM/dt 

 West Sensors (windward side)    

0   -0.68 0.31 -0.32 0.39 0.03 -0.33 -0.14 -0.29 0.11 -0.26 

5   -0.32 0.25 0.08 0.34 0.06 -0.15 0.30 -0.30 0.39 0.05 

30   -0.29 0.01 -0.02 0.10 0.03 -0.11 0.31 -0.25 0.36 0.10 

 East Sensors (leeward side) 

0   0.02 -0.04 0.35 -0.25 0.23 0.24 0.45 0.11 0.15 0.19 

5   -0.05 -0.02 0.30 -0.25 0.17 0.04 0.41 -0.06 0.12 -0.08 

30   0.11 -0.10 0.45 -0.26 0.14 -0.23 0.53 -0.28 0.49 -0.01 

 Isolated Reference Sensor (5m distance from well) 

5  0.27 -0.19 0.90 -0.26 -0.14 0.55 -0.72 0.94 -0.64 -0.07 

 Soil Baseline Sensor (5m distance from well) 

5  -0.27 0.58 0.30 0.34 0.13 0.39 -0.82 0.75 -0.66 0.07 

Table 1—Pearson correlation coefficients (r) between methane concentrations at each sensor (where the 375 

proximal arrays labelled as West or East of energy well, and depth in cm) and relevant meteorological 376 

factors for data periods before and after the rainfall period event (Periods A and B, Fig. 5). Meteorological 377 

factors include wind speed (U_wind), barometric pressure (PATM), atmospheric temperature (T_air), 378 

piezometer water level (WL), and barometric pressure change (dPATM/dt). Pearson coefficients greater than 379 

0.45 are italicized, while those greater than 0.6 are bolded.  380 

 381 

A negative correlation was observed with wind speed in the array on the upwind (West) side of 382 

the well (e.g., Pearson r = -0.68 and -0.33 in Period’s A and B, respectively in the at-grade sensor), with 383 

higher soil gas concentrations are observed during times of lower wind speeds. This negative correlation 384 

was absent for the leeward (East) side sensors (Table 1). Decreasing correlation strength with depth 385 

suggests the wind effect decreases with depth. The impact of wind on soil gas movement is well 386 

supported, since wind causes moderate pressure variations at ground surface, leading to pressure 387 

pumping and an increased gas exchange between the soil and atmosphere (Redeker et al. 2015; Poulsen 388 
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et al. 2017). Near the soil surface, wind may also cause methane transport laterally downwind from 389 

preferential efflux pathways (Chamindu Deepagoda et al. 2018). This may potentially explain the negative 390 

correlation with wind on the West sensors (upwind of the inferred preferential gas movement pathway 391 

along the casing for the predominant wind direction) and a slight positive correlation to the East 392 

(generally downwind). 393 

Barometric pressure change has previously been shown to induce exchange between soil and 394 

atmospheric gases due to a pressure differential between the atmosphere and soil gases (Börjesson and 395 

Svensson 1997; Forde et al. 2019a). This study showed an inconsistent and low correlation (up to -0.26 at 396 

the at-grade West sensor; Table 1) for the atmospheric pressure change rate, dPATM/dt. Rising barometric 397 

pressure is expected to cause atmospheric gases to be pushed into the upper soil zone and therefore a 398 

decrease methane concentration (Abbas et al. 2010). This effect may be stronger in regions with thicker 399 

unsaturated zones (Forde et al. 2019a). 400 

Changes in water level can affect soil gas transport pathways and effective gas conductivity as 401 

moisture contents change (Chamindu Deepagoda et al. 2018) and/or induce advective gas movement 402 

(Fuki, 1987; Abbas 2011), or due to changes in preferential methane transport pathways in the saturated 403 

zone. Low correlation coefficients were seen with water level that were variably positive (West sensors; 404 

Table 1) or negative (East Sensors in Period A; Table 1). 405 

A moderate correlation with atmospheric temperature, particularly for the sensors in the Eastern 406 

array, may be explained by changes in buoyancy-driven flow and higher diffusion rates at higher 407 

temperatures (Nachshon et al. 2011; Chamindu Deepagoda et al. 2016). Increased soil temperature is also 408 

related to higher microbial methane oxidation rates (Stein and Hettiaratchi 2001). However, the 409 

magnitude of expected daily temperature variation was previously found to be too small to produce daily-410 

scale changes in methane efflux attributable to methane oxidation variation at this site (Fleming et al. 411 

2021). The distal reference sensors 5 m to the West (typically upwind from the well) were used to compare 412 

sensor output concentrations that may be attributed to changes in soil temperatures and relative 413 

humidity, and atmospheric methane concentrations. The isolated reference sensor showed a very strong 414 

positive correlation between atmospheric temperature and concentration, resulting in a daily cycle 415 

between 3 and 6 ppm with daily maxima occurring in early afternoon. This indicates the magnitude of 416 

variation that might be expected at the 5 cm depth due to changes in soil temperature and humidity 417 

(thereby impacting sensor response in ways not related to soil gas concentrations). This variation may also 418 

be caused by daily cycles in atmospheric methane mixing ratios (Simpson et al. 1999). Concentrations in 419 

the soil baseline sensor also exhibited a moderate daily cycle superimposed on a progressive decline 420 
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between 840 to <100 ppm CH4, the cause of which is not clear. Visual comparison and the correlation 421 

coefficients both suggest that the soil baseline sensor response was most strongly related to atmospheric 422 

temperature, with weaker (and potentially spurious) relationships to wind speed and water levels.  423 

In summary, the measured soil gas concentrations near the well casing are correlated to several 424 

meteorological factors that may partially explain some of the observed concentration variation. The distal 425 

reference sensors fluctuate regularly and indicate a small amount of variation, contrasting the pronounced 426 

variations observed on the minute, hourly, and daily time scales near the zones of highest methane 427 

migration efflux. While several factors were strongly correlated to measured concentrations at particular 428 

sensors (most notably wind speed at the Western (windward) array during the pre-precipitation analysis 429 

period), no clear patterns were observed for all sensors, or prior to vs. after the precipitation event.  430 

Revisiting the objectives posed in the introduction, it is observed that gas concentrations were 431 

generally higher at greater depths, though all sensors varied temporally over multiple orders of 432 

magnitude, and occasionally reversals of the methane concentration gradient were observed. The 433 

methane concentrations were highly temporally variable and sometimes correlated to wind speed, 434 

temperature, and barometric pressure. The complex interaction between these multiple factors and the 435 

spatially variable soil migration zone clearly precludes generalization of these effects based on this short 436 

time series at a single field site. Confidence in these findings will be increased through additional studies 437 

at other field settings with different surface conditions (such as soil type, and vadose zone thickness), and 438 

well-specific factors such as gas migration rates, well configuration, and local geology. Commercial and 439 

scientific viability of long-term methane concentration measurements will be affected by repeated site 440 

access constraints to deploy and collect the equipment, and equipment constraints such as power supply 441 

and data logging. 442 

 443 

Implications for gas migration detection and risk assessment. 444 

This high frequency methane gas concentrations time series around an energy well with GM has 445 

important implications for the GM detection and risk assessment using concentration-based 446 

measurements. Variations in methane concentrations within proximity of the well casing at all measured 447 

depths indicate the potential variability in repeated snapshot GM tests. Considering the magnitude of 448 

potential temporal variability at hourly and daily scales, snapshot, or even repeated snapshot, methane 449 

concentrations measurements may falsely indicate trends in measured concentration or underestimate 450 

potential concentration-based risk exceedances (e.g., explosive limits).  451 
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Methane gas concentrations changed spatially between the two arrays and with depth over 452 

several time scales. Surface concentrations at the two arrays, both within 5 cm of the well casing, varied 453 

over multiple orders of magnitude between > 10 000 ppm (1 % gas v/v) to < 100 ppm over the 19-day 454 

measurement period (Fig. 5). The magnitude of relative variability and correlation between meteorological 455 

factors such as wind speed was generally greater at shallower depths. Results support previous findings 456 

that at-grade measurements are particularly susceptible to impacts from variable meteorological factors 457 

(Chamindu Deepagoda et al. 2016; Fleming et al. 2021).  458 

 459 

  
Sensor Depth 

(cm) 

Methane Analysis Detection Limit (ppm) 

2 25 50 100 500 1000 5000 10 000 

Detection Success rate (%) for Individual Sensors 
West Sensors (Upwind) 

0  99.8 60.6 55.5 50.3 39.7 35.4 20.1 6.1 

5  95.6 74.6 69.0 66.1 57.3 51.0 23.9 12.4 

30  98.3 77.7 73.2 69.6 56.3 51.1 43.0 42.9 

 East Sensors (Leeward) 

0  98.8 98.0 97.9 92.1 79.4 76.1 60.2 52.3 

5  99.9 98.7 97.9 97.7 79.6 76.2 71.5 69.2 

30  99.8 99.6 99.6 99.2 98.0 97.9 77.5 76.7 

 Detection Success (%) for Two Sensors (East and West) at the Same Depth 

0  99.9 99.7 99.7 99.6 97.3 93.4 75.5 55.7 

5  99.9 99.7 99.6 99.6 99.6 97.7 87.5 79.0 

30  99.9 99.6 99.6 99.6 99.6 99.6 96.3 96.0 

Table 2—Detection success rate (% of measurements that would have been above a given detection limit 460 

lower cut-off), for one-minute-frequency daytime measurements during working hours (07:00 to 18:00) 461 

over 19 days. Two-sensor success indicates the success rate where either or both sensors at each depth 462 

exceed the concentration cut-off. The recommended detection limit, 500 ppm (i.e., 1% of the Lower 463 

Explosive Limit, LEL) is bolded (AER 2021). The 10 000 ppm (i.e., 20% LEL, 1% methane v/v) limit requiring 464 

immediate action and restricted worksite access is italicized (Occupational Health and Safety Code; 465 

Molofsky et al. 2021). 466 

 467 

One-minute frequency measurements were below the expected atmospheric concentration (~2 468 

ppm) in 4.4 to 0.1% of measurements, indicating the frequency of potential range issues with these 469 

sensors and the calibration method used (Table 2). The chances of detecting GM at a 500 ppm cut-off 470 

during working hours using at-grade single-point measurement was 39.7% and 79.4 % for the West and 471 

East 0 cm sensors, respectively. Both single-point and dual-point measurement detection success rates 472 
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were generally higher at greater depths and declined with higher concentration cut-offs (Table 2). Dual-473 

sensor detection success was greater than single-point detector success, though 2.7% of at-grade dual-474 

sensor measurements did not exceed 500 ppm. 475 

At-grade concentrations were only marginally detectable for single-point measurements during 476 

some periods of the 19-day monitoring record, indicating lower detection success for at-grade 477 

measurements when using a single point (Table 2; Schout et al. 2019). When both measurement points 478 

were considered at each depth (i.e., two measurement points within 30 cm of the wellbore, as currently 479 

recommended in Alberta; AER 2021), the detection success rate was substantially higher (i.e., > 97.3 % 480 

when the recommended detection limits (500 pm) is used; Table 2). This indicates the tendency for 481 

increasing testing success with higher spatial measurement density, especially near the well. When 482 

detection limits were < 500 ppm, greater measurement depth did not substantially improve two-sensor 483 

detection success. These results indicate that shallower measurements using lower sensitivity detectors 484 

(e.g., 500 ppm, or 1% LEL, detection limit) have a lower chance of detecting above-background gas 485 

concentrations indicative of GM in comparison to deeper measurements or measurements made with 486 

more sensitive instruments.  487 

Gas concentrations were generally higher at greater depths; however, their temporal fluctuations 488 

indicates that even subsurface measurements may need to consider temporal variability and 489 

meteorological influences. The advantages of higher subsurface methane concentration measurements 490 

were obtained without exceeding the 30 cm depth ground disturbance threshold, and greater detection 491 

success was obtained through two at-grade test points instead of a single test point at greater depth. The 492 

use of lower detection limits (< 100 ppm) with two at-grade measurements, obviated the advantage to 493 

subsurface measurement at this site. Increased confidence in GM test results may be obtained by using 494 

higher sensitivity detectors, measuring at greater depths in soil or at higher spatial density, and by 495 

withholding GM testing during periods of inappropriate meteorological conditions such as high wind 496 

speeds, barometric pressure increases, or following precipitation events.  497 

This study has demonstrated the feasibility of installing inexpensive long-term sensors at-grade 498 

with the soil-surface, or in the shallow soil zone, as an alternative method to detecting and monitoring the 499 

presence of GM, in a manner that is resilient to temporal variability. Considering the financial, social, and 500 

environmental liability implications, accurate GM testing may be particularly relevant in higher risk areas 501 

such as where urbanization is encroaching on legacy oil/gas infrastructure (Gurevich et al. 1993; AER 2014; 502 

Abboud et al. 2020).  503 
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Variable concentrations observed at-grade can potentially introducing error into risk assessments 504 

based on snapshot concentration measurements. In comparison to the relatively reliable GM detection 505 

using two-sensor snapshot measurements during this case-study, 44% of at-grade measurements (and 506 

4% of 30 cm depth measurements) would have failed to recognize the capacity for gas concentrations 507 

around this case-study well to occasionally exceed 10 000 ppm (Table 2). In outdoor spaces, elevated 508 

methane concentrations at-grade or within the soil are expected to rapidly decrease to low (non-509 

explosive) concentrations upon mixing in the atmosphere above the well (Ulrich et al. 2019). However, 510 

these data show that testing conducted at certain times may underestimate the maximum potential 511 

concentrations. Improved confidence in these GM risk assessments will be obtained with long-term 512 

measurement, especially over periods that might be expected to result in higher at-grade gas 513 

concentrations (such as lower wind speeds). Accurate long-term concentration data can also be used to 514 

guide site-specific mitigation and management options. 515 

Decreasing detection limits in gas measurement equipment (e.g., high-precision optical 516 

absorption gas sensors) and refinements to GM testing techniques inevitably leads to increased 517 

detectability of lower methane concentrations. This makes it increasingly difficult to meet the requirement 518 

to repair wells to a state of non-detectable gas migration in Alberta (AER 2021). Existing and historically 519 

available technologies and methods already detect the higher concentrations which are associated with 520 

higher rates of leakage (Erno and Schmitz 1996; Forde et al. 2018; Fleming et al. 2021). In essence, 521 

improved GM detection will increase the total number of wells classified with GM, with most of them in 522 

the ‘low-rate’ GM category (e.g., efflux of < 1 m3 CH4 day-1).  523 

The challenge and expense in well repair has led to a disproportionate number of wells that are 524 

idle (i.e., with suspended status in Alberta) (Muehlenbachs, 2017; Schiffner et al. 2021). Incorporating the 525 

‘social cost’ of methane emissions may economically incentivize the repair and decommissioning of wells 526 

with higher emissions (e.g., 43 m3 day-1 considering both GM and SCVF; Schiffner et al. 2021). However, 527 

the ‘low-leaker’ wells (like the well presented here; Fleming et al. 2021) are anecdotally the most difficult 528 

to repair. They are consequently the largest fraction of idle wells, which contribute to insolvency in the 529 

energy industry (Schiffner et al. 2021). Emission distributions suggest that the average GM and SCVF rates 530 

are heavily influenced by a small number of ‘super-emitter’ wells which contribute disproportionately to 531 

the overall leakage volumes (Erno and Schmitz 1996; Brandt et al. 2014; Kang et al. 2014; Zavala-Araiza et 532 

al. 2015; Saint-Vincent et al. 2020). From a methane emissions perspective, the detection and repair of 533 

these ‘super emitter’ wells will contribute the most to decreasing total emissions from GM sources. In 534 

contrast, at many well pads the contribution of methane emissions through low-rate GM may be 535 
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insubstantial in the larger perspective of all emissions at the well pad scale, and more broadly within the 536 

upstream oil and gas industry (Lyman et al. 2020). Given the conundrum presented by improved GM 537 

detection and investigation, with decreasing returns on emissions reduction through the repair of ‘low-538 

leaker’ wells, it may be prudent for regulators to consider adopting a non-zero permissible GM rate 539 

(Natural Resources Canada, 2019). In this case, regulators could permit well decommissioning with low, 540 

but acceptable, methane emissions or risk classification (Dusseault et al. 2014; Natural Resources Canada 541 

2019).  542 

We have shown that point measurements may be insufficient to assess methane concentration-543 

based risk, and it is known that emission rates of both GM and SCVF can be variable over time, requiring 544 

long-term measurement for accurate assessment (Lyman et al. 2020; Riddick et al. 2020; Fleming et al. 545 

2021). Longer term high-frequency measurement may thus present a viable alternative GM monitoring 546 

method, providing higher confidence in GM investigation. In turn, this may provide sufficient confidence 547 

for regulators to permit well decommissioning with a low rate of methane leakage. Given the potential for 548 

methane biofiltration to further reduce atmospheric emissions (Stein and Hettiaratchi 2001; Reddy et al. 549 

2014; Gunasekera et al. 2018), this could reduce the total number of idle wells and industry insolvency 550 

(Muehlenbachs, 2017). Financial and technical resources could also then be devoted to other more cost-551 

effective emission reduction initiatives (Natural Resources Canada, 2019).  552 

Conclusion 553 

Inexpensive combustible gas concentration sensors were installed at several depths near to a 554 

case-study energy well with gas migration to collect a high-frequency time series of methane 555 

concentrations over a 19-day period. Results indicate several findings with potential application to 556 

enhance the understanding of GM detection and risk assessment practices: 557 

1. Methane gas concentrations are generally higher at greater soil depths. A depth of only five cm 558 

below ground surface yielded order-of magnitude increases in measured concentrations 559 

compared to sensors at-grade with ground-surface.  560 

2. Changes in methane concentrations observed after a moderate rain event indicate changes to the 561 

free phase gas migration pathways in the saturated or unsaturated zone.  562 

3. Pronounced temporal variability in measured concentrations occurred over time scales of minutes 563 

to hours and days, with concentration changing by as much as four orders of magnitude over a 564 

few hours. More variation was observed at shallower depths and at-grade measurements (which 565 

are common practice) were most susceptible to temporal variation. Changing repeated snapshot 566 
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gas migration test results are expected when considering potential temporal variability at all 567 

depths.  568 

4. Temporal variation in measured concentrations were correlated to wind speed, changing 569 

groundwater level, and barometric pressure.  570 

5. GM detection success was generally high at this well. GM detection success was improved by 571 

using two measurement locations (in alignment with currently recommended practices), a lower 572 

detection limit, and greater measurement depth.  573 

6. Repeated or long-term measurement may be necessary to observe concentration exceedances 574 

relevant for risk assessment. 575 

These data will be useful to support policy development for GM detection, risk evaluation, and the 576 

end-of-life management of low-leaking energy wells that are not easily repaired. 577 

  578 
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Appendix A—Sensor Description and Field Installation 809 

 810 

Fig. A-1—A) Photograph of MQ-4 sensors wired to commercially available circuit board with 10 000 Ω 811 

resistor. B) Field-installation of sensors at the 5 cm and 0 cm depth next to outermost well casing. (Soil 812 

later backfilled to grade.) 813 

 814 

Two nests of MQ4 chemoresistive gas sensors were installed near the well casing, with sensors at 0, 5, and 815 

30 cm depths. The sensors within the nests were horizontally offset to limit vertical preferential gas flow, 816 

while maintaining a radial distance from the outermost well casing of approximately five centimeters. The 817 

sensor housings were centered on the described depth, such that ‘0 cm depth’ sensor was partially buried 818 

at ground surface. Two additional control sensors were installed five meters west of the wellhead, both at 819 

5 cm below ground surface with one sensor in native soil and one sensor enclosed within a plastic 820 

container (0.3 m diameter by 0.3 m depth) filled with moist sand to isolate the sensor from subsurface 821 

gases while allowing exchange with atmospheric gases and heat. The sensors were mounted on a 822 

commercially available circuit board with a three-wire output, then enclosed within a perforated plastic 40 823 

mL bottle wrapped in geotextile to exclude sediment from direct contact with the sensor and installed in 824 

an orientation that would shield the sensors from downward water drainage (Fig. A-1). A common 825 

external five-volt DC power supply ensured adequate current for the sensor heating loops, with estimated 826 
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continuous per-sensor requirements of ≤900mW (Henan Hanwei Electronics Co. Ltd). The continuous 827 

power supply was provided by an overpowered on-site photovoltaic system with 6 X 300 W solar panels 828 

charging an 1800 Ah battery bank outputting steady 120V AC power through a 4000 W inverter, which 829 

then powered the 12 VDC and 5 VDC power adapters for the datalogger and heating loops, respectively. 830 

(Estimated total continuous system power demands for the 8 sensors was less than 30 W).  831 

Single-ended analog circuit voltages (mV) were sampled from the sensor circuit every minute and 832 

recorded on a datalogger (CR1000, Campbell Scientific) over a period of 20 days. The first 24 hours of the 833 

data series was discarded, following the recommended ‘burn-in’ time for full heating of the sensor (Henan 834 

Hanwei Electronics Co. Ltd.; Honeycutt et al. 2019).  835 

Appendix B—Sensor Calibration 836 

 837 

 838 

Fig. B-1—Example exponential curve fit to calibration data for sensor #8. 839 

 840 

While the manufacturer provides empirically derived formulae for converting the sensor output to a 841 

combustible gas concentration estimates, an independent calibration was preferred to fully account for 842 

the non-linear sensor-specific response to increasing voltages across the wide range of encountered 843 

methane gas concentrations (Henan Hanwei Electronics Co. Ltd.; Riddick et al. 2020). Sensors were lab 844 

calibrated to determine the non-linear response between sensor circuit voltage and methane 845 

concentrations (Fig. B-1). Calibration procedure involved injecting progressively greater volumes of pure 846 

CH4 gas into an enclosed vessel containing all 8 sensors and registering the sensor response at each step. 847 

The vessel was vented between injections, allowing the sensors to stabilize to background values. The 848 
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sensor circuit response was manually averaged at stable values to exclude the sensor overshoot peak 849 

(Honeycutt et al. 2019). These data of sensor circuit voltage and CH4 concentration (obtained through 850 

calculation of injected gas volume in comparison to the vessel volume) were fitted to an exponential-type 851 

curve by varying the parameters c, E, and b to optimize the least sum of squared deviations using MS 852 

Excel’s ‘Solver’ function, yielding a calibration curve specific to each sensor (Eq.1; Table B-1).  853 

[CH4]pppm.estimated =  c ∗ ERaw.Voltage∗b + k ………………………..…. (1) 854 

The exponential curves were then adjusted with a constant k to output 2 ppm CH4 as the free-air 855 

background concentration for the mean sensor circuit voltage obtained in the field at the end of the 856 

measurement period when all sensors were placed exposed to fresh air 50 m upwind from the well. While 857 

the sensors response is known to vary slightly depending on relative humidity and temperature, no 858 

corrections were made for these parameters (Honeycutt et al. 2014). Previous field measurements by 859 

other authors have shown a good agreement between MQ4 measurements and concentrations measured 860 

from gas samples analyzed with gas chromatography (Riddick et al. 2020). This gives greater confidence in 861 

the capability of the MQ4 sensor to distinguish between the responses closer to the well compared to the 862 

lower concentrations further away. No gas sampling or additional concentration measurements were 863 

performed during this field experiment. While this did avoid perturbing in-soil gas movement, it was not 864 

possible to validate the MQ4 sensor concentrations against another measured value.  865 

 866 

 867 

Sensor 1 2 3 4 5 6 7 8 

Coeff c 0.022 0.776 0.260 0.186 0.421 0.140 25.933 43.956 

Coeff b 0.0026 0.0021 0.0026 0.0027 0.0026 0.0027 0.0020 0.0015 

Exponent 3.1437 2.9540 2.5257 2.7066 2.4722 2.5604 2.2504 2.6591 

Constant (k) 1.7 -4.1 0.2 -219.0 -1.3 0.5 -86.6 -188.3 

R2 0.970 0.971 0.993 0.951 0.989 0.992 0.998 0.994 

Field Installation Location 

(Distance from Well, Depth in 

Soil Below Ground Surface) 

30 cm, 

West 

5 cm, 

West 

0 cm, 

West 

5 m West, 5 

cm Native 

Soil 

5 m West, 5 

cm Isolated 

Sand 

30 cm, 

East 

5 cm, 

East 

0 cm, 

East 

 868 

Table B-1—Calibration curve parameters and description of sensor field installation location as depth 869 

below ground surface and side of well casing 870 
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 871 

Appendix C—Baseline Noise and Sensor Response Tests 872 

Since all sensors were using a common external five-volt source for the sensing and heating loop, 873 

independent sensor response was verified by individually subjecting each sensor to a high concentration 874 

of combustible gas and ensuring that the voltage output of other sensors were not affected (Fig. C-1).  875 

 876 

Fig. C-1—Independent sensor response showing unchanged sensor circuit voltages on other sensors 877 

while individually subjecting sensors to elevated methane gas concentrations 878 

 879 

A baseline noise test then sought to determine the expected degree of variation in sensor response that 880 

might be expected during normal operation in atmospheric air (after Honeycutt et al. 2014). The sensors 881 

measured atmospheric concentration responses in an open laboratory setting every 15 seconds for 882 

several days, after which the sensing voltage was converted to ppm CH4 using the field-adjusted 883 

calibration parameters (Table C-1). Variance is displayed graphically and represented through the 884 

coefficient of variation, CV 885 

𝐶𝑉 =
𝜎

𝜇
 886 

Where σ is the standard deviation of measurement, and μ is the mean calibrated sensor response in ppm 887 

CH4.  888 
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   Coefficient of Variation 

   Lab Field 

Sensor # 
Field 

Location 

Field Depth 

 
Full Period 

Shaded 

Stable 

Period 

Full 

Series 

Mean of 

all 12 h 

periods 

Mean of all 1 h 

periods 

  -- cm -- --------------------------- % --------------------------- 

1 West 

along 

casing 

30 2.0 0.6 113.3 49.9 11.0 

2 5 10.4 3.7 169.4 73.7 47.2 

3 0 7.7 2.0 148.7 89.7 52.1 

6 
East along 

casing 

30 8.8 1.3 57.1 15.8 5.9 

7 5 12.4 4.3 71.5 12.9 5.1 

8 0 79.1 88.6 97.7 31.4 9.4 

4 
5 m Distal 

5 (baseline) 0.1 0.0 77.2 4.8 1.0 

5 5 (isolated) 8.9 1.8 20.5 4.0 3.7 

Table C-1—Coefficient of variation (normalised standard deviation of measurement) in % for lab baseline 889 

noise tests and field data, demonstrating the variability in measured values as ppm CH4. Field locations 890 

correspond to the direction on the side of the well casing as West (W) or East (E) and depth in-soil (30 cm, 891 

5 cm, or 0 cm). The “5 (isolated)” sensor was 5 m east of the well at 5 cm depth and isolated from soil 892 

gases.  893 

 894 
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 895 

Fig. C-2—Lab baseline noise test showing sensor response as calibrated ppm CH4 for 15 second 896 

frequency measurements over > two days. A) shows all sensors (note Y scale break), while B) shows a 897 

close-up of 5 selected sensors, with concentrations close to expected atmospheric values, labelled by 898 

sensor number. Shaded region corresponds to a 12-hour selected ‘Shaded Stable Period’ shown in Table 899 

C-1. 900 

 901 

 902 
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Appendix D—Supplementary Field Data and Discussion 903 

 904 

Fig. D-1—Time series one-minute frequency combustible soil gas concentrations (log ppm CH4) over 48 905 

hours at 0.05 m depth and 5 m East of the energy well casing. The ‘Soil Baseline’ sensor is installed in 906 

native soil, while the ‘Isolated Reference’ sensor is excluded from site soil gases. 907 

 908 

The ‘Isolated Reference’ sensor still displays some moderate variability, both on a pronounced daily cycle 909 

(Fig. 5) and as short-term variation (Fig. D-1). It is expected that all sensors will exhibit some amount of 910 

noise and varying sensor response due to changing sensor temperatures and relative humidity. Ideal 911 

sensing relative humidity below 65% may have been exceeded in the soil (Henan Hanwei Electronics Co. 912 

Ltd.) A lack of gas samples or additional field measurements precluded direct verification of the MQ4 CH4 913 

concentrations in field temperature and humidity conditions, and there may have been small changes 914 

impacting the accuracy of the (laboratory derived) calibration curves in the field conditions. However, the 915 

short-term and daily variations for the distal sensors were relatively minor (e.g., resulting in calibrated 916 

sensor responses ranging between 0-10 ppm for the ‘Isolated Reference’ sensor), despite changing 917 

weather conditions and temperatures ranging over 30 ℃. There was a much larger range in sensor 918 

response for the sensors adjacent to the well casing, despite exposure to similar variations in temperature 919 

and humidity. Therefore, the relatively small variation in the two distal sensors, and especially for the 920 

‘Isolated Reference’, indicates that a large variation in sensor response in the nests around the well casing 921 

is best explained by changing soil gas concentrations as opposed to other gas-concentration independent 922 

factors such as temperature, humidity, or sensor noise.  923 
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 924 

Fig. D-2—Measured site water level in a piezometer 1.25 m south of well-centre and 1.0 m below ground 925 

surface (BGS), and precipitation at the nearest weather station. Water level change rate excludes a large 926 

change occurring at the time of the cumulative 3.5 mm precipitation event on Oct. 11, 2020.  927 
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 928 

Fig. D-3—Meteorological factors considered in regression analysis with measured soil gas concentrations.  929 

 930 
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