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A B S T R A C T   

Hydrocarbon gas emissions from active, inactive, and improperly sealed or abandoned oil/gas wells significantly 
contribute to anthropogenically emitted greenhouse gases, predominantly in the form of methane (CH4). We 
explored the extent of hydrocarbon gas emissions from 20 active, inactive, plugged and abandoned oil/gas wells 
in Indiana (USA), where it is estimated that there are more than 80,000 well sites throughout the state. After this 
initial survey, using a static flux tent, we quantified fugitive CH4 emissions from an active gas well to approx-
imately 2 L h� 1. To evaluate the potential for microbial mitigation of hydrocarbon emissions to the atmosphere, 
we conducted laboratory microcosm experiments to quantify the CH4 oxidizing potential of soils collected from 
sites with varying distances to the leaking gas well. Soils in close proximity to the well (0.5 m) efficiently 
consumed nearly all (97%) of the added CH4, while only 14% of added CH4 was consumed by soils that were 
more distant from the well (20 m). These results suggest that fugitive CH4 emissions enrich methanotrophic 
bacteria in soils immediately adjacent to the well. Consistent with this view, we found that prolonged exposure of 
soils to elevated concentrations of CH4 enhanced the methanotrophic activity. Together, these findings prompted 
us to design a “methanotrophic soil mound” to assess the feasibility of mitigating point sources of CH4 by har-
nessing the natural methanotrophic capacity of soil microbial communities. We found that a methanotrophic soil 
mound from a landfill could sustainably mitigate the CH4 emission from the artificial source, providing a 
promising low-cost solution to ameliorate fugitive CH4 emissions from abandoned oil and gas wells to the at-
mosphere. The effectiveness of microbe-based remediation is limited in cold climates and arid environments.   

1. Introduction 

A major contributing factor to global climate change is the increased 
supply of greenhouse gases, especially carbon dioxide (CO2) and 
methane (CH4), to the atmosphere, which is associated in part with the 
processing and combustion of fossil fuels (e.g., coal, oil, natural gas). 
CH4 ranks as the third most important atmospheric greenhouse gas 
contributing to global warming after water vapor and CO2 and currently 
accounts for 15–20% of global warming (Shindell et al., 2009; Van 
Amstel, 2012; Uhlig et al., 2018). However, on a molar level, the radi-
ative forcing potential of CH4 is 34 and 86 times more potent than that of 
CO2 on 100-year and 20-year time horizons, respectively (Peischl et al., 
2015; Etminan et al., 2016). The global CH4 concentration in the 
troposphere has increased ~2.5–3.0 fold since the preindustrial era 

(Keppler et al., 2006; Hendrick et al., 2016). Global atmospheric CH4 
concentrations have increased rapidly since 2014 and recently reached 
an all-time high (Deaton, 2020; NOAA, 2020). Activities associated with 
the oil and gas industry are largely responsible for the recent global rise 
in CH4 emissions (NASA, 2018). 

Fugitive CH4 emissions to the atmosphere result from the oil and 
natural gas industrial supply chain. For example, CH4 is released from a 
range of processes including exploration, drilling and completion, 
extraction, processing, storage and distribution of oil and natural gas, 
routine operation of venting and transport installations, and improper 
sealing and abandonment of oil/gas wells (Van Amstel, 2012; Etiope 
et al., 2013; Karion et al., 2013; Vielst€adte et al., 2015; Hendry et al., 
2016; Kang et al., 2016; Laurenzi et al., 2016; Townsend-Small et al., 
2016; Schout et al., 2019). Although with large uncertainty, CH4 flux 
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from oil/natural gas extraction and processing amounted to 79 Tg yr� 1 

in 2003–2012 and is considered the second largest source of the total 
anthropogenic CH4 emission flux of 352 Tg yr� 1 (Saunois et al., 2016, 
Table S1). Owing to CH4’s tenfold shorter residence time in the atmo-
sphere than CO2, the mitigation of anthropogenic CH4 emissions would 
be effective and beneficial to limit near-term global warming (Dlugo-
kencky et al., 2011; Howarth et al., 2011; Alvarez et al., 2018). There-
fore, it is imperative to identify and reduce industrial CH4 emissions to 
mitigate climate change and limit global warming. 

CH4 can be aerobically metabolized and oxidized to CO2 by CH4- 
oxidizing microbes (methanotrophs). Methanotrophs use CH4 as their 
sole carbon and energy source (Iverach et al., 2017). Methanotrophic 
bacteria inhabit soils in forests, grasslands, heathlands, tundras, and 
deserts, as well as subterranean environments such as caves, serving as 
the only significant biological sinks for atmospheric CH4 (Roslev et al., 
1997; Henckel et al., 2000; Van Amstel, 2012; Lennon et al., 2017; Ni 
and Groffman, 2018; Webster et al., 2018; Zhou et al., 2018). Soils can 
act as a net sink of CH4 with an estimated uptake flux of 28–38 Tg yr� 1 in 
2003–2012, which accounts for 5–7% of the total CH4 sink (Saunois 
et al., 2016). As such, methanotrophs play an important role in modu-
lating the global CH4 budget and mitigating global warming. Slowly 
leaking CH4 from natural seepages is known to be partly consumed by 
methanotrophs in soils around those seepages before it can reach the 
atmosphere (Henckel et al., 2000; Farhan UI Haque et al., 2018; 
Schimmelmann et al., 2018). Methanotrophic bacteria with high activity 
may have established themselves in soils over and near CH4 seepages 

with a high and continuous supply of CH4 (Kallistova et al., 2005). 
Therefore, soils enriched in methanotrophs above and near hydrocarbon 
seepages have a potential to mitigate hydrocarbon gas emissions from 
leaking oil/gas wells. For example, methanotrophic bacteria in the soil 
in termite mounds can oxidize 20–80% of termite-produced CH4 before 
its emission to the atmosphere (Nauer et al., 2018). 

According to the Petroleum Database Management System (PDMS) 
of the Indiana Geological and Water Survey (IGWS), there are more than 
80,000 active, inactive, temporarily abandoned and permanently plug-
ged oil and gas wells in the state of Indiana (USA) alone. Most oil and gas 
wells in Indiana and many other states in the USA predate legal and 
environmental requirements or even registration with state authorities 
(e.g., permitting by state geological surveys). The extent of fugitive 
hydrocarbon emissions from oil/gas wells to the atmosphere has not 
been as well studied in Indiana as it has been in other states in the USA 
(P�etron et al., 2014; Kang et al., 2014, 2016; Riddick et al., 2019). With 
this large number of oil and gas wells in Indiana, there were three major 
objectives of this study. First, we assessed the extent of fugitive CH4 
emissions from Indiana oil/gas wells. We selected 20 active or aban-
doned oil/gas wells across Indiana and quantified the fugitive CH4 
emission from an active gas well (IGS ID 125487) near Bloomington, 
Indiana using a static flux tent (see Kang et al., 2014). Second, we 
quantified and compared the methanotrophic activities of soils in the 
vicinity of an active gas well. Third, we evaluated the feasibility of 
methanotrophic soil mounds inoculated with methanotrophs from a 
landfill to mitigate CH4 emissions above leaking oil/gas wells. 

Fig. 1. Distribution of oil/gas wells in Indiana from the Petroleum Database Management System (PDMS) of the Indiana Geological and Water Survey (IGWS). 
Leaking active gas well IGS ID 125487 north of Bloomington in Monroe County is marked by a blue star. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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CH4-emitting landfills contain soils exhibiting strong, yet patchy meth-
anotrophy (Kallistova et al., 2005). 

2. Methodology 

2.1. Research area 

The Petroleum Database Management System (PDMS) of the IGWS 
has a record of 83,798 oil/gas wells in Indiana, 12,736 of which are 
active wells (Fig. 1). The well records of the Indiana Department of 
Natural Resources indicate 233 inactive, 513 orphaned, 18,550 plugged 
and abandoned, and 45,707 temporarily plugged oil/gas wells in Indi-
ana. We investigated 20 active, temporarily deactivated or plugged- 
abandoned oil/gas wells across Monroe, Daviess and Sullivan counties 
in Indiana (Table 1). The selected wells are located in well known oil and 
gas fields in Indiana, had reliable location information in the database, 
and could be accessed from nearby roads. 

We used a Fisher M-97 metal detector (Escondido, California) to 
locate remaining metal pieces of abandoned oil/gas wells on and below 
ground. However, locating abandoned wells in the field proved to be 
exceedingly difficult when well fittings were deeply buried and precise 
locations were not known. Plowing of fields and regrowth in forests have 
concealed many former well locations beyond recognition. Current 
technology presents challenges when locating leaking abandoned wells. 
However, we can expect that future remote sensing technologies, 
probably in connection with drones, will improve our ability to 
economically and efficiently detect CH4 point sources in the field. 
Geochemical tracers in streams may point to leaking gas wells (Grieve 
et al., 2018). Instead of selecting an abandoned well, we chose a leaking 
active gas well (IGS ID 125487) north of Bloomington in Monroe County 
as a site for quantifying fugitive CH4 emission and testing for meth-
anotrophic activity (i.e. the extent of microbial CH4 oxidation) in sur-
rounding soils. The well has been producing natural gas from the 
Ordovician Black River Formation and serves as an observation well 
above a natural gas storage reservoir since 1975. 

2.2. Quantification of CH4 emissions 

The active gas well (IGS ID 125487) north of Bloomington expressed 
leakage through above-ground fittings rather than through a CH4 leak 
along an imperfectly cemented well string below surface. We measured 
CH4 emission using a static flux tent. We constructed a polyethylene foil 
tent to completely enclose all above-ground fittings of the gas well 
(Fig. 2A). The tent had a triangular cross section of ca. 0.12 m2 and a 
length of 6.0 m. The bottom of the polyethylene tent was ballasted by 
stones to seal against the ground around the perimeter of the tent. A 12- 
V DC fan was operated within the tent to generate turbulence and ho-
mogenize the CH4 concentration in tent air. Prior to measuring, the air in 
the tent was vented by flapping one section of the tent, followed by re- 
ballasting the base of the tent. The air from within the tent was sampled 
through a Tygon® tube into a membrane pump in a SARAD RTM 2200 
instrument (SARAD GmbH, Dresden, Germany) and CH4 concentrations 
were determined over time with an Axetris Laser OEM Module LGC F200 
CH4 detector (Kagiswil, Switzerland). The maximum and minimum CH4 
concentrations that could be measured with this instrument were 96.5, 
0.1 ppm (i.e. parts per million) by volume, respectively. We detected 
significant CH4 emissions only between metal pipes and fittings at the 
two distal ends of the well structure (Fig. 2A). The southern end had the 
strongest CH4 leakage. To differentiate between the CH4 emissions from 
the two ends, we built two separate smaller polyethylene foil tents to 
enclose individual ends. Fig. 2B shows the tent enclosing the southern 
strong leak. 

CH4 emissions were quantified under different weather conditions (i. 
e. air temperature, air pressure, humidity). We recorded the relative 
humidity and air pressure with a SARAD RTM 2200 instrument along 
with air temperature using a portable Garmin 64st GPS (B&H, New 
York, NY). The CH4 concentration in each tent increased linearly over 
time within the range of our measurements (0–96.5 ppm by volume). 
The CH4 emission rate in the tents was derived using the following 
formula:  

R ¼ k V 3.6                                                                                    (1) 

where R is the CH4 emission rate (L h� 1), k is the slope of CH4 concen-
tration change over time in the tent (mL m� 3 s� 1), and V is the volume of 
the polyethylene tent (m3). 

2.3. Microcosm experiments 

Laboratory microcosm experiments were conducted to assess the 
CH4 oxidation rates of soil samples from underneath and near the fittings 
of the leaky gas well. We collected soil from the surface of the ground 
directly underneath the fittings of the leaky well and 20 m away from 
the well (i.e. control soil) to evaluate their comparative methanotrophic 
activities. Soils were stored at 4 �C until their deployment in triplicate 
microcosm experiments in pre-annealed and butyl septum-stoppered 70- 
mL glass culture bottles in contact with a CH4-enhanced standard at-
mosphere in the headspace of each bottle. CH4 from a natural gas outlet 
in the laboratory was collected using a glass syringe (BD, Franklin Lakes, 
New Jersey) and injected into the headspace of each culture bottle 
immediately prior to septum-sealing at ambient atmospheric pressure, 
thus increasing the CH4 partial pressure in the headspace of each 
experiment. Initial and remaining CH4 concentrations over time in 
headspace gases of culture bottles were quantified using a SARAD RTM 
2200 instrument with an Axetris CH4 detector. For each measurement, 
an aliquot of 1 mL of headspace air was sampled each time from the 
bottles using a 1-mL BD syringe and injected into the inlet of the SARAD 
instrument to determine the CH4 concentration. 1-mL of room air was 
injected into the bottles before each sampling to keep the air pressure 
constant in culture bottles. Experiments in bottles without soil and with 
dry soil proved that diffusional loss of CH4 through septa and repeated 
sampling of 1-mL aliquots did not significantly affect the measurements. 

Table 1 
Details of 20 investigated oil/gas wells across Indiana.  

Well 
No. 

IGS ID County Symbola Reported 
depth (m) 

CH4 in surrounding 
air (ppm by vol.) 

1 125,457 Monroe GSG 250.5 1.9–2.1 
2 125,486 Monroe OBG 217.0 1.1–1.8 
3 125,487 Monroe OBS 640.7 1.8–12.9 
4 125,523 Monroe DRY 211.5 1.2–2.0 
5 125,466 Monroe OBS 281.3 2.4–2.8 
6 125,468 Monroe DRY 251.2 2.6 
7 101,606 Daviess OIL 204.5 1.4 
8 101,607 Daviess WIO 320.0 1.4–1.5 
9 101,668 Daviess OIL 198.7 1.9 
10 162,349 Daviess OIL 187.5 ~25 
11 160,310 Daviess OIL 581.9 1.8 
12 101,602 Daviess WIO 320.0 1.9–2.4 
13 101,605 Daviess OIL 320.0 2.5 
14 120,316 Sullivan OIL 72.5 >96.5 b 

15 120,267 Sullivan OIL 74.4 0 
16 163,253 Sullivan GAS 65.5 0 
17 unknown Sullivan GAS unknown 4.0 
18 163,228 Sullivan GAS 64.6 0 
19 165,127 Sullivan GAS 224.6 0 
20 unknown Sullivan AGAS unknown 0  

a Acronyms are defined by the Petroleum Database Management System of the 
Indiana Geological and Water Survey: “GSG” ¼ gas well to gas storage, “OBG” ¼
gas well to observation well, “OBS” ¼ observation well, “DRY” ¼ dry hole, “OIL” 
¼ oil well, “WIO” ¼ oil well to water injection, “GAS” ¼ gas well, “AGAS” ¼
abandoned gas well. 

b CH4 concentration in air exceeded 96.5 ppm. 
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To test whether prolonged exposure of soils from a leaking well to 
elevated concentrations of CH4 enhances the activity of methanotrophs 
in soils, we exposed control soil samples to an elevated CH4 concen-
tration in culture bottles for one month and then measured their 
methanotrophic activities in triplicate to test whether the microbes were 
conditioned and became more effective at oxidizing CH4. In addition, 
the effect of soil moisture on methanotrophic activity of soils was tested. 
We homogenized soil samples collected adjacent to the leaky well and 
subdivided the soil into multiple aliquots. The original moisture content 
was 32 wt % (determined by drying a pre-weighed aliquot for 48 h and 
reweighing). Multiple aliquots of the soil were prepared as a series of soil 
samples with moisture contents of 0, 16, 24, 32, 40, 48, and 64 wt % 
water, followed by deployment in triplicate microcosm experiments and 
determination of their methanotrophic activities at room temperature, i. 
e. 20.5 �C (see Table 2). 

2.4. Artificial soil mound experiments 

We experimentally tested the feasibility of “methanotrophic soil 
mounds” over CH4 seeps to reduce CH4 emissions into the atmosphere. A 
CH4 seep was simulated in the laboratory by placing the end of a 
Teflon™ capillary tubing with a regulated flow of 99.7 vol % pure CH4 
(Scientific Specialties, Hanover, Maryland) at the bottom of a poly-
ethylene bucket without lid that was positioned in a 0.903 � 0.462 �
0.358 m plexiglass terrarium with lid (Fig. 3A). Regulated by a control 
valve (Fig. 3B), the CH4 flow first passed through a bubble counter made 
of glass before being directed into the capillary. The CH4 flux of the 
artificial CH4 seep at the bottom of the bucket was linearly related to the 
number of gas bubbles per minute (linear regression y ¼ 12.39 x, where 
y is the flux in mL h� 1 and x is the number of bubbles per minute; 

Fig. 1S). The CH4 inflow rate from the Teflon™ capillary was set at 74 
mL h� 1 (i.e. approx. 6 bubbles min� 1) for all soil mound experiments 
and kept constant for days to weeks. The end of the Teflon™ capillary at 
the bottom of the bucket was first covered with a highly permeable layer 
of small rocks with an average diameter of ca. 3 cm and a rock layer with 
a height of ca. 10 cm. The rock mound was covered by a layer of soil with 
a thickness of ca. 5 cm. The soil was either derived from 20 m away from 
the leaky gas well north of Bloomington, Indiana (Fig. 3C) or from a 
solid waste landfill enriched in methanotrophic bacteria in Bloomington 
(39.28� N, 86.47� W). The base diameter of the circular mound in the 
bucket was 0.26 m. A low-velocity AC fan was used to homogenize the 
CH4 concentration inside of the terrarium. At time zero of each CH4 
measurement, the terrarium air with a volume of 149.4 L was exchanged 
with room air at an ambient CH4 concentration of ca. 2 ppm by volume. 
After sealing the perimeter of the terrarium’s lid with tape, and leaving a 
small vent at the cable/tube feedthrough to prevent overpressure, air 
from the inside of the terrarium was admitted through a Tygon® tube 
into a SARAD RTM 2200 instrument with an Axetris CH4 detector. The 
CH4 concentration was recorded every minute until it reached the 
maximum value that could be measured with our instrument (96.5 ppm 
by volume). The methanotrophic activity of the soil mound was pro-
portional to the amount of time needed to reach 96.5 ppm by volume of 
CH4 in terrarium air. We then used the amount of time needed to reach 
96.5 ppm by volume CH4 as a proxy for the CH4 oxidation rate of the soil 
mound. 

To test whether prolonged exposure of a soil mound to enhanced 
levels of CH4 increases methanotrophic activity through conditioning of 
methanotrophs, we built a mound in a bucket using control soil from 20 
m away from the leaky gas well north of Bloomington and placed the 
open bucket into the semi-closed terrarium (Fig. 3D). The air in the 
terrarium was enriched with CH4 to 85 ppm by volume at room tem-
perature (20.5 �C) for eight days, after placing a Teflon™ capillary 
tubing with a flow of CH4 in the terrarium. The CH4 flow and the partial 
closure of the terrarium lid were simultaneously adjusted to keep the 
CH4 concentration in terrarium air at 85 ppm, as monitored by the 
SARAD instrument. The methanotrophic activity of the soil mound was 
assessed in the terrarium at the onset of the experiment (i.e. day zero), 
after 1 day, and after 8 days. The evaporative loss of water from the soil 
was compensated by intermittent addition of deionized water to main-
tain the weight of the bucket containing the soil mound, which therefore 
kept the soil moisture constant at ca. 20 wt % during the experimental 

Fig. 2. A: Initial long polyethylene tent enclosing all fittings of the leaky gas well (IGS ID 125487) north of Bloomington, Indiana. 1 – northern end, 2 – southern end; 
B: Polyethylene tent enclosing the strongly leaking southern end of the gas well. 

Table 2 
Initial setups of microcosm experiments in 70-mL culture bottles.  

Experiment Soil used Soil mass (g) Added CH4 (mL) 

#1 Well soila, Control soilb 4.0 0.5 
#2 Control soilb 15 1.5 
#3 Control soilb 4.0 0.5 
#4 Well soila 2.7 2.0  

a Soil from directly underneath the fittings of the leaky gas well. 
b Soil from a distance of 20 m from the leaky gas well. 
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sequence. 

3. Results and discussion 

3.1. CH4 emissions from Indiana oil/gas wells 

3.1.1. Field investigation 
Among 20 active, temporarily deactivated or plugged-abandoned 

oil/gas wells we investigated in Indiana, 11 wells had a CH4 concen-
tration in ambient air surrounding their well fittings at or below the 
typical ambient environmental CH4 concentration (ca. 2 ppm), indi-
cating that these wells have no significant CH4 leaks. The measured CH4 
concentration in air next to the fittings of the 20 investigated wells and 
their basic parameter information are listed in Table 1. We note that 
leakage from oil and gas wells can be episodic and that single 

measurements of atmospheric CH4 concentrations in the vicinity of wells 
do not provide conclusive evidence for either the absence or the absolute 
flux of CH4 over time. 

Our initial field work focused on abandoned wells and their locations 
as reported in official records. The following description offers examples 
of problems encountered during our field survey. The exact location of 
abandoned well IGS ID 125523 could not be located in the field, in part 
owing to unrelated metallic covers on the ground over water-filled 
concrete pipes that interfered with our ability to use a metal detector 
for identifying the well’s precise location. However, the location was 
known with sufficient precision to warrant measurements of CH4 in air 
surrounding the suspected location. Some abandoned wells like IGS ID 
125468 were located within forests where newly grown trees and 
abundant metallic debris prevented the identification of the original 
well sites. Abandoned wells IGS ID 101602 and IGS ID 101605 gave no 

Fig. 3. A: Soil mound experiment in a terrarium. 
Control unit (1) regulating the CH4 flow to the 
Teflon™ capillary (2). A bucket (3) holds the mound. 
A low-velocity AC fan (4) homogenized the air in the 
terrarium (5). Air from the terrarium is sampled 
through Tygon® tubing (6); B: CH4 control unit 
featuring a bubble counter (7). C: Mound in bucket 
covered with soil. The Teflon™ capillary (2) directs 
the flow of CH4 to the bottom of the bucket, below the 
mound; D: Experiment for prolonged exposure of soils 
in buckets to 85-ppm CH4 in the terrarium. The 
Teflon™ capillary (2) directs a slow flow of CH4 into 
the terrarium, while the lid of the terrarium has a gap 
(8) on the right side, kept open by the power cable of 
the AC fan (9). The regulated balance of CH4 supply 
and leakage keeps the CH4 concentration in the ter-
rarium at 85 ppm.   
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above-ground indication of their former existence and atmospheric CH4 
measurements in the area failed to detect any positive anomaly, sug-
gesting that any buried well fittings had been plugged properly. 
Vigorous CH4 bubbling on the surface of a pond indicated the site of a 
leaking, abandoned, and submerged well near active well IGS ID 
120316. Based on the intensity of bubbling on the surface of the pond, 
the gas flux was estimated to 0.2 L min� 1. 

It was far easier to find properly documented active wells and test 
them for emissions of fugitive gas. Well IGS ID 120316 is an active oil 
well with surrounding CH4 concentration in air exceeding 96.5 ppm (i.e. 
exceeding the measurement range of our portable SARAD RTM 2200 
analytical equipment) while other nearby active oil/gas wells within the 
same county (e.g., wells IGS IDs 120,267, 163,253, 163,228, and 
165,127) had no measured significant CH4 emissions. 

3.1.2. Fugitive CH4 flux from the active gas well 
CH4 concentrations in tents enclosing the leaky gas well (IGS ID 

125487) north of Bloomington initially increased linearly over the first 
5 min of measurements and were within the range of low CH4 concen-
trations that we could quantify with the SARAD RTM 2200. Sniffing gas 
from various fittings and along the soil surface with a plastic hose 
attached to the SARAD RTM 2200 proved effective to locate point 
sources. We found no evidence for CH4 migration through the soil to the 
atmosphere. Using the long tent covering the entire well (Fig. 2A) at an 
air temperature of 24.5 �C, air pressure 99.7 kPa, and 44% relative air 
humidity on June 9, 2018, we calculated the CH4 emission rate at the 
southern stronger leak as ~1.4 L h� 1 using formula (1) (based on three 
measurements: k ¼ 0.51, 0.58, 0.49 mL m� 3 s� 1; V ¼ 0.72 m3), and the 
CH4 emission rate at the northern weaker leak as ~0.14 L h� 1 (k ¼ 0.05 
mL m� 3 s� 1; V ¼ 0.72 m3) (Fig. 4A, C). Using the smaller tents enclosing 
parts of the well at an air temperature of 22.6 �C, air pressure 99.3 kPa, 
and 76% relative air humidity on June 16, 2018, the average CH4 
emission rate from the southern stronger leak was calculated to ~1.7 L 
h� 1 (based on three measurements: k ¼ 1.62, 1.32, 1.37 mL m� 3 s� 1; V 
¼ 0.34 m3), and the CH4 emission rate from the northern weaker leak as 
~0.04 L h� 1 (k ¼ 0.026 mL m� 3 s� 1; V ¼ 0.38 m3) (Fig. 4B and C). The 
CH4 flux from the northern weaker leak was one to two orders of 
magnitude lower than that from the southern stronger leak rendering 
the northern leak’s contribution to the well’s overall fugitive CH4 flux 
negligible. We derived an average fugitive CH4 flux from the leaky gas 
well of ~1.6 L h� 1 based on all six measurements at the southern 
stronger leak in both long and small tents. 

We note that there is a discrepancy between the calculated fugitive 
CH4 fluxes at the southern stronger leak from measurements in the long 
and small tents, i.e. ~1.4 versus ~1.7 L h� 1, respectively. The CH4 
concentration in the air in the long tent was not homogeneous during 
measurements because the DC fan was not strong enough. A heteroge-
neous CH4 concentration in the tent likely affected the calculated fugi-
tive CH4 flux in the long tent. We hypothesize that the calculated 
fugitive CH4 flux from the long-tent measurement was biased towards a 
smaller value relative to that from the small-tent measurement. 

There might also be a case that the contrasting measurements in 
different tents on separate days portray a real difference in fugitive 
fluxes. Both measurements were conducted under similar air tempera-
ture and pressure conditions, in calm weather at wind speeds of less than 
1 m s� 1, but the relative humidity in air differed between 44% and 76% 
during the long-tent and small-tent measurements, respectively. It seems 
unrealistic that the moisture content in the external air can impact the 
fugitive CH4 flux through leaks in metal fittings when the seeping gas 
from the pressurized underground reservoir maintains constant relative 
humidity in the leak. Instead, we speculate that the underground 
reservoir of natural gas expressed different gas pressures over time, or 
that the control valves of the well were set for different delivery pres-
sures resulting in changing gas pressures at the leak. Higher gas pressure 
would exacerbate the rate of fugitive CH4 loss. 

3.2. Microcosm experiments with soils in culture bottles 

The comparative methanotrophic activities of soils from directly 
underneath, and 20 m away from the fittings of the leaky gas well IGS ID 
125487 discussed in the previous section were evaluated in microcosm 
experiments. The initial experimental setup used aliquots of 4.0 g soil 
and 0.5 mL CH4 in the air headspace of 70-mL glass culture bottles, 
resulting in ~7400 ppm of initial CH4 in headspace gas. Soil from 
directly underneath the fittings of the leaky well consumed 96.9% of the 
initial CH4 after 138 h, while the microcosm experiments with no soil 
and 4.0 g of control soil from 20 m away from the well consumed only 
13.3 and 14.4%, respectively (Fig. 5A). The minor initial CH4 loss in the 
microcosm experiments with no soil may be attributed to the dissolution 
of CH4 into the butyl septa of culture bottles and repeated sampling of 
headspace gases for CH4 measurements. The overall data suggest that 
soils closer to leaky wells exhibit higher methanotrophic activity. We 

Fig. 4. A: CH4 concentrations over time of three series of measurements at the 
leaky gas well (IGS ID 125487) north of Bloomington, Indiana near the southern 
stronger leak after closure of the long tent; B: CH4 concentrations over time of 
three series of measurements at the leaky well north of Bloomington near the 
southern stronger leak after closure of the small tent; C: CH4 concentrations 
over time of two series of measurements at the leaky well north of Bloomington 
near the northern weaker leak after closure of the long and small tents. The 
precision of each measurement is 0.5 ppm. 
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further tested the methanotrophic activities of the original control soil 
from a distance of 20 m away from the leaky well and another 15-g 
aliquot of control soil after continuous exposure to an elevated con-
centration of CH4 (1.5 mL CH4 in the air headspace of a 70-mL culture 
bottle) at room temperature (20.5 �C) for one month (Experiment #2 in 
Table 2). The starting conditions for each experiment were 4.0 g soil and 
0.5 mL CH4 in the air headspace of a culture bottle. The pre-exposed soil 
consumed 98.4% of the initial CH4 after 6 days, while the same amount 
of original soil consumed only 5.7% after 7 days (Fig. 5B). This indicates 
that the methanotrophic consortium of microbes in the control soil had 
strongly enhanced its methanotrophic potential during pre-exposure to 
elevated CH4 concentrations. Differences in CH4 oxidation could reflect 
an increase in the total abundance or composition of methanotrophic 
bacteria. It is also possible that exposure of soils to elevated CH4 “wakes 
up” metabolically inactive methanotrophic bacteria that persist over 
time in a dormant state (Lennon and Jones, 2011). 

We conducted a series of microcosm experiments in triplicate to 
evaluate soil methanotrophic activity as a function of moisture content, 
where we used (1) aliquots of 2.7 g of dry soil from underneath the 
fittings of the leaky well with added water to achieve soil moisture levels 
of 0, 16, 24, 32, 40, 48, 64 wt % water and (2) 2.0 mL CH4 in the air 
headspace of each 70-mL culture bottle. The amount of oxygen in the 
headspace of each culture bottle was large enough to prevent anoxic 
conditions in the bottle. The CH4 was completely consumed after only 
one day by the soil with 16 wt % moisture. The CH4 was consumed after 
two days by the soils with 32 wt % and 24 wt % water, after three days 
by the soil with 40 wt % water, and was essentially unchanged after 
three days in contact with dry soil (0 wt % water; Fig. 5C). Fig. 5D ranks 
the various experiments in terms of decreasing CH4 loss after 1 day in the 
order 16 > 32 > 24 > 40 > 48 � 64% > 0 wt % water. These results 
suggest that the type of soil used in our experiments required an optimal 
soil moisture content of about 16 wt % to express maximum soil 
methanotrophic activity under the chosen environmental conditions. 

Sufficient soil moisture is required for all microbial biochemical activ-
ities, but an overabundance of water causes flooding of pore spaces in 
soil and restricts gas transport of CH4 and O2 from the air into soil. Such 
conditions not only impede methanotrophy (Mills et al., 2013), but can 
even create anoxic conditions leading methanogens to produce CH4, 
such as in wetlands. In turn, completely dry soils trigger dormancy of 
methanotrophs, which may represent normal conditions of soils during 
drought. 

3.3. Evaluation of methanotrophic efficiency of experimental soil mound 
over artificial seep emitting pure CH4 

In theory, the 149.4 L of air in the closed plexiglass terrarium con-
taining a soil mound in an open bucket require ca. 12 min of a CH4 influx 
of 74 mL h� 1 through the Teflon™ capillary to elevate the ambient CH4 
concentration of ca. 2 ppm to a maximum measurable CH4 concentra-
tion of 96.5 ppm (i.e. the upper threshold of CH4 quantification for our 
analytical instrument). A longer time needed to reach 96.5 ppm CH4 in 
terrarium air indicated a higher CH4 oxidation rate in the soil mound. In 
practice, the time needed to reach 96.5 ppm CH4 in the terrarium with 
either no mound, with control soil from 20 m away from the leaky well, 
or with soil from a Bloomington landfill was 14, 19 and 38 min, 
respectively (Fig. 6A). This indicates that the methanotrophic activity of 
landfill soil increases the mound’s effectiveness at mitigating CH4 
emissions. The kinetics of experiments without soil were 2 min slower 
than the theoretical time, which may be due to minor exchange of ter-
rarium air with room air through small gaps between the terrarium lid 
and side walls during experiments, for example at locations where 
tubing and cables had to enter the terrarium. Pre-conditioning of 
methanotrophic microbial consortia in control soil from 20 m away from 
the leaky well for 0, 1, or 8 days at 85 ppm of CH4 in the terrarium 
yielded response times of 17, 21 and 34 min to reach 96.5 ppm CH4, 
respectively (Fig. 6B). Based on these findings, we conclude that the 

Fig. 5. A: CH4 concentration over time in the air 
headspace of microcosm experiments with no soil, 
with soil from underneath the fittings of the leaky gas 
well (IGS ID 125487) north of Bloomington, Indiana, 
and with control soil from a distance of 20 m from the 
well head. Vertical error bars indicate the standard 
deviation of triplicate microcosm experiments. The 
average standard deviations of CH4 concentrations of 
experiments with no soil, soil from the leaky well, and 
with control soil are �0.51, 0.40, 0.44 ppm by vol-
ume, respectively; B: CH4 concentration over time in 
the air headspace of microcosm experiments with (1) 
original control soil from a distance of 20 m from the 
head of the leaky well north of Bloomington and (2) 
another aliquot of control soil after one month of 
exposure to elevated concentrations of CH4. The 
average standard deviations of CH4 concentrations of 
experiments with original soil and exposed soil are 
�0.22, 0.41 ppm by volume, respectively; C: Con-
trasting declining CH4 concentration in the air head-
space of microcosm experiments with soils containing 
different amounts of moisture (0, 16, 24, 32, 40, 48, 
64 wt % water). ‘Blank’ denotes experiments with no 
soil. The average standard deviations of CH4 con-
centrations of experiments with moisture contents of 
0, 16, 24, 32, 40, 48, 64 wt % water are �0.94, 0.61, 
0.51, 0.48, 1.12, 0.60, 0.68 ppm by volume, respec-
tively; D: Percentage of CH4 consumed after 1 day in 
the air headspace of microcosm experiments versus 
soil moisture content. The standard deviations of CH4 
percentages consumed in experiments with moisture 
contents of 0, 16, 24, 32, 40, 48, 64 wt % water are 
�0.96, 0.13, 1.02, 0.89, 1.32, 1.42, 1.66 vol %, 
respectively.   
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activity of methanotrophs in soil mounds can be enhanced during 
exposure to elevated CH4 concentrations. 

3.4. Mitigation strategy 

Results of the artificial soil mound experiments support the technical 
feasibility of soil mounds with high methanotrophic activity to mitigate 
fugitive hydrocarbon gas emissions from leaky oil/gas wells into the 
atmosphere. Soils with high methanotrophic activity can be found above 
and near CH4 seepages (e.g., landfills, leaky oil/gas wells) and can be 
used to inoculate newly established soil mounds. Shading of established 
soil mounds over CH4 seepages by trees and bushes can avoid summer 
temperature extremes and mitigate excessive evapotranspiration and 
drying of soil. Seeping CH4 should first encounter a highly permeable 
mound of rocks or pebbles before it slowly diffuses through a sufficiently 
thick layer of methanotrophic topsoil, thus avoiding ‘fast tracks’ that 
would limit the residence time of hydrocarbons in the soil. Engineered 
methanotrophic soil mounds over hydrocarbon seeps may offer a cost- 
effective, self-sustaining, and optically pleasing solution to mitigate 
some of the fugitive hydrocarbon emissions from abandoned gas wells. 
Using methanotrophic activity data from the experimental soil mound in 
a plexiglass enclosure with a soil cover from the solid waste landfill 
north of Bloomington at room temperature (20.5 �C), we extrapolate 
from the surface area and CH4 oxidation rate of the experimental mound 

that ca. 2.3 m3 of CH4 can be microbially oxidized daily by a larger soil 
mound with a surface area of 100 m2. Approximately 1.6 m2 of the 
landfill soil with a thickness of 5 cm would be theoretically needed to 
eliminate CH4 emissions from the leaky gas well north of Bloomington 
with a CH4 leakage of 1.55 L h� 1. Although a 5 cm thin soil horizon 
would be sufficient, for practical purposes, a landfill soil layer with a 
thickness of at least 20 cm would be desired to prevent soil drying out 
too fast in summer and eroding away during severe weather events (e.g., 
thunderstorms). The efficiency of methanotrophy in soils further de-
pends on water chemistry, porosity, and permeability of soil, all of 
which can be adjusted by suitable additions and conditioning. The 
landfill cover soil should be amended by adding biochar produced at 
400 �C, which can increase its CH4 oxidation capacity (Huang et al., 
2019; Wu et al., 2020). Grass cover or an additional top layer of gravel 
would stabilize the soil containing methanotrophs. Microbial oxidation 
of CH4 generates moisture that helps sustaining methanotrophy. 

4. Conclusions 

Plugged and abandoned oil/gas wells in Indiana often have no 
above-ground indication of their former existence (e.g., intact wellhead) 
and their methane emissions cannot be easily detected as positive 
anomalies in the field. A statistically relevant survey of fugitive emis-
sions from plugged and abandoned oil/gas wells in Indiana would 
require time and resources far in excess of the constraints of the present 
work. The average fugitive methane flux from an active leaky gas well 
north of Bloomington, Indiana was 1.55 L/h measured within the time 
interval from June 9 to June 16, 2018. Microcosm experiments in 
stoppered glass bottles suggest that soils closer to leaky oil/gas wells 
exhibit higher methanotrophic activity. The methanotrophic potential 
of microbes in soils can be enhanced by pre-exposure to elevated con-
centrations of methane. Soil from underneath the fittings of the leaky gas 
well north of Bloomington experiences maximum methanotrophic ac-
tivity at a soil moisture content of about 16 wt %. Dry soil has essentially 
zero methanotrophic activity. 

Microbial uptake of CH4 in an experimental ‘methanotrophic mound’ 
covered with a layer of soil from a landfill north of Bloomington, Indiana 
reduced the CH4 emissions from an artificial methane seep underneath 
the mound, thus supporting the concept of engineered soil mounds with 
high methanotrophic activity above hydrocarbon gas seeps for cost- 
effective and sustainable mitigation of fugitive hydrocarbon emissions 
to the atmosphere. Our results suggest that the CH4 emissions from the 
leaky gas well north of Bloomington can theoretically be eliminated by a 
ca. 1.6 m2 large mound covered with a layer of Bloomington landfill soil. 

Because of the abundance of oil and gas wells in Indiana and docu-
mented significant contributions of oil and gas well CH4 emissions in 
other states, the CH4 emission rates of plugged and abandoned oil/gas 
wells in Indiana need to be evaluated in future studies to estimate the 
total fugitive CH4 flux and to plan mitigation strategies. 

Data availability 

Datasets related to this article can be found at https://dx.doi.org/10. 
17632/79ww92z4z6.1, an open-source online data repository hosted at 
Mendeley Data. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This study is based upon work supported by the U.S. Department of 
Energy, Office of Science, Office of Basic Energy Sciences, Chemical 

Fig. 6. A: Change of CH4 concentration over time in the closed terrarium (1) 
with no mound, (2) with control soil from 20 m away from the leaky gas well 
(IGS ID 125487) north of Bloomington, Indiana, and (3) with soil mound 
covered with Bloomington landfill soil. Vertical error bars indicate standard 
deviations of triplicate mound experiments. The average standard deviations of 
CH4 concentrations of experiments (1), (2), (3) are �5.2, 6.4, 6.0 ppm by 
volume, respectively; B: Changes in CH4 concentration in the closed terrarium 
containing a mound covered with control soil from near the leaky well north of 
Bloomington. The mound had been pre-conditioned during exposure to 85 ppm 
of CH4 since September 10th, 2018. Three duplicate series of measurements of 
methanotrophic effectiveness were performed on September 10th (first, i.e. 
prior to pre-conditioning), September 11th (second, after one day of pre- 
conditioning), and September 18th, 2018 (third, after 8 days of pre- 
conditioning). 

Y. Yin et al.                                                                                                                                                                                                                                      

https://dx.doi.org/10.17632/79ww92z4z6.1
https://dx.doi.org/10.17632/79ww92z4z6.1


Applied Geochemistry 118 (2020) 104619

9

Sciences, Geosciences, and Biosciences Division under Award Number 
DE-SC0006978. In addition, the research was supported by the National 
Science Foundation (DEB-144224). Sally Letsinger, Lee Paulsen, LaB-
raun Hampton, Jason Eldridge, Xiang Gao, and Charly Zuppann pro-
vided assistance. We thank the Monroe County Indiana Solid Waste 
Management District (USA) for providing access to landfill soil. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apgeochem.2020.104619. 

References 

Alvarez, R.A., Zavala-Araiza, D., Lyon, D.R., Allen, D.T., Barkley, Z.R., Brandt, A.R., 
Davis, K.J., Herndon, S.C., Jacob, D.J., Karion, A., Kort, E.A., Lamb, B.K., 
Lauvaux, T., Maasakkers, J.D., Marchese, A.J., Omara, M., Pacala, S.W., Peischl, J., 
Robinson, A.L., Shepson, P.B., Sweeney, C., Townsend-Small, A., Wofsy, S.C., 
Hamburg, S.P., 2018. Assessment of methane emissions from the U.S. oil and gas 
supply chain. Science 361, 186–188. https://doi.org/10.1126/science.aar7204. 

Deaton, J., 2020. Methane Levels Reach an All-Time High. Scientific American. htt 
ps://www.scientificamerican.com/article/methane-levels-reach-an-all-time-high/. 
website accessed 15 April 2020.  

Dlugokencky, E.J., Nisbet, E.G., Fisher, R., Lowry, D., 2011. Global atmospheric 
methane: budget, changes and dangers. Philos. Trans. R. Soc. A 369, 2058–2072. 
https://doi.org/10.1098/rsta.2010.0341. 

Etiope, G., Drobniak, A., Schimmelmann, A., 2013. Natural seepage of shale gas and the 
origin of “eternal flames” in the Northern Appalachian Basin, USA. Mar. Petrol. Geol. 
43, 178–186. https://doi.org/10.1016/j.marpetgeo.2013.02.009. 

Etminan, M., Myhre, G., Highwood, E.J., Shine, K.P., 2016. Radiative forcing of carbon 
dioxide, methane, and nitrous oxide: a significant revision of the methane radiative 
forcing. Geophys. Res. Lett. 43, 12614–12623. https://doi.org/10.1002/ 
2016GL071930. 

Farhan Ui Haque, M., Crombie, A.T., Ensminger, S.A., Baciu, C., Murrell, J.C., 2018. 
Facultative methanotrophs are abundant at terrestrial natural gas seeps. Microbiome 
6, 118. https://doi.org/10.1186/s40168-018-0500-x. 

Grieve, P.L., Hynek, S.A., Heilweil, V., Sowers, T., Llewellyn, G., Yoxtheimer, D., 
Solomon, D.K., Brantley, S.L., 2018. Using environmental tracers and modelling to 
identify natural and gas well-induced emissions of methane into streams. Appl. 
Geochem. 91, 107–121. https://doi.org/10.1016/j.apgeochem.2017.12.022. 

Henckel, T., Jackel, U., Schnell, S., Conrad, R., 2000. Molecular analyses of novel 
methanotrophic communities in forest soil that oxidize atmospheric methane. Appl. 
Environ. Microbiol. 66 (5), 1801–1808. https://doi.org/10.1128/AEM.66.5.1801- 
1808.2000. 

Hendrick, M.F., Ackley, R., Sanaie-Movahed, B., Tang, X., Phillips, N.G., 2016. Fugitive 
methane emissions from leak-prone natural gas distribution infrastructure in urban 
environments. Environ. Pollut. 213, 710–716. https://doi.org/10.1016/j. 
envpol.2016.01.094. 

Hendry, M.J., Barbour, S.L., Schmeling, E.E., Mundle, S.O.C., Huang, M., 2016. Fate and 
transport of dissolved methane and ethane in cretaceous shale of the Williston Basin. 
Can. Water Resour. Res. 52, 6440–6450. https://doi.org/10.1002/2016WR019047. 

Howarth, R.W., Santoro, R., Ingraffea, A., 2011. Methane and the greenhouse-gas 
footprint of natural gas from shale formations. Climatic Change 106, 679–690. 
https://doi.org/10.1007/s10584-011-0061-5. 

Huang, D., Yang, L., Ko, J.H., Xu, Q., 2019. Comparison of the methane-oxidizing 
capacity of landfill cover soil amended with biochar produced using different 
pyrolysis temperatures. Sci. Total Environ. 693, 133594. https://doi.org/10.1016/j. 
scitotenv.2019.133594. 

1. Iverach, C.P., Beckmann, S., Cendon, D.I., Manefield, M., Kelly, B.F.J., 2017. 
Biogeochemical constraints on the origin of methane in an alluvial aquifer: evidence 
for the upward migration of methane from underlying coal measures Biogeosciences 
14, 215–228. https://doi.org/10.5194/bg-14-215-2017. 

Kallistova, A. Yu, Kevbrina, M.V., Nekrasova, V.K., Glagolev, M.V., Serebryanaya, M.I., 
Nozhevnikova, A.N., 2005. Methane oxidation in landfill cover soil. Microbiology 
74, 608–614. https://doi.org/10.1007/s11021-005-0110-z. 

Kang, M., Kanno, C.M., Reid, M.C., Zhang, X., Mauzerall, D.L., Celia, M.A., Chen, Y., 
Onstott, T.C., 2014. Direct measurements of methane emissions from abandoned oil 
and gas wells in Pennsylvania. Proc. Natl. Acad. Sci. Unit. States Am. 111 (51), 
18173–18177. https://doi.org/10.1073/pnas.1408315111. 

Kang, M., Christian, S., Celia, M.A., Mauzerall, D.L., Bill, M., Miller, A.R., Chen, Y., 
Conrad, M.E., Darrah, T.H., Jackson, R.B., 2016. Identification and characterization 
of high methane-emitting abandoned oil and gas wells. Proc. Natl. Acad. Sci. Unit. 
States Am. 13 (48), 13636–13641. https://doi.org/10.1073/pnas.1605913113. 

Karion, A., Sweeney, C., P�etron, G., Frost, G., Hardesty, R.M., Kofler, J., Miller, B.R., 
Newberger, T., Wolter, S., Banta, R., Brewer, A., Dlugokencky, E., Lang, P., 
Montzka, S.A., Schnell, R., Tans, P., Trainer, M., Zamora, R., Conley, S., 2013. 
Methane emissions estimate from airborne measurements over a western United 
States natural gas field. Geophys. Res. Lett. 40, 4393–4397. https://doi.org/ 
10.1002/grl.50811. 

Keppler, F., Hamilton, J.T.G., Brab, M., Rockmann, T., 2006. Methane emissions from 
terrestrial plants under aerobic conditions. Nature 439, 187–191. https://doi.org/ 
10.1038/nature04420. 

Laurenzi, I.J., Bergerson, J.A., Motazedi, K., 2016. Life cycle greenhouse gas emissions 
and freshwater consumption associated with Bakken tight oil. PNAS E7672-E7680. 
https://doi.org/10.1073/pnas.1607475113. 

Lennon, J.T., Jones, S.E., 2011. Microbial seed banks; the ecological and evolutionary 
implications of dormancy. Nat. Rev. Microbiol. 9, 119–130. https://doi.org/ 
10.1038/nrmicro2504. 

Lennon, J.T., Nguyễn Thùy, D., Phạm Ðức, N., Drobniak, A., Tạ, P.H., Phạm, N.Ð., 
Streil, T., Webster, K.D., Schimmelmann, A., 2017. Microbial contributions to 
subterranean methane sinks. Geobiology 15, 254–258. https://doi.org/10.1111/ 
gbi.12214. 

Mills, C.T., Slater, G.F., Dias, R.F., Carr, S.A., Reddy, C.M., Schmidt, R., Mandernack, K. 
W., 2013. The relative contribution of methanotrophs to microbial communities and 
carbon cycling in soil overlying a coal-bed methane seep. FEMS Microbiol. Ecol. 84, 
474–494. https://doi.org/10.1111/1574-6941.12079. 

NASA, 2018. https://unfccc.int/news/nasa-confirms-methane-spike-is-tied-to-oil-and- 
gas website accessed 15 April 2020.  

Nauer, P.A., Hutley, L.B., Arndt, S.K., 2018. Termite mounds mitigate half of termite 
methane emissions. Proc. Natl. Acad. Sci. Unit. States Am. 115 (52), 13306–13311. 
https://doi.org/10.1073/pnas.1809790115. 

Ni, X., Groffman, P.M., 2018. Declines in methane uptake in forest soils. Proc. Natl. Acad. 
Sci. Unit. States Am. 115 (34), 8587–8590. https://doi.org/10.1073/ 
pnas.1807377115. 

NOAA, 2020. https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/ website accessed 15 
April 2020.  

Peischl, J., Ryerson, T.B., Aikin, K.C., De Gouw, J.A., Gilman, J.B., Holloway, J.S., 
Lerner, B.M., Nadkarni, R., Neuman, J.A., Nowak, J.B., Trainer, M., Warneke, C., 
Parrish, D.D., 2015. Quantifying atmospheric methane emissions from the 
Haynesville, Fayetteville, and northeastern Marcellus shale gas production regions. 
J. Geophys. Res. Atmos. 120, 2119–2139. https://doi.org/10.1002/2014JD022697. 

P�etron, G., Karion, A., Sweeney, C., Miller, B.R., Monszka, S.A., Frost, G.J., Trainer, M., 
Tans, P., Andrews, A., Kofler, J., Helmig, D., Guenther, D., Dlugokencky, E., Lang, P., 
Newberger, T., Wolter, S., Hall, B., Novelli, P., Brewer, A., Conley, S., Hardesty, M., 
Banta, R., White, A., Noone, D., Wolfe, D., Schnell, R., 2014. A new look at methane 
and nonmethane hydrocarbon emissions from oil and natural gas operations in the 
Colorado Denver-Julesburg Basin. J. Geophys. Res. Atmos. 119, 6836–6852. https:// 
doi.org/10.1002/2013JD021272. 

Riddick, S.N., Mauzerall, D.L., Celia, M.A., Kang, M., Bressler, K., Chu, C., Gum, C.D., 
2019. Measuring methane emissions from abandoned and active oil and gas wells in 
West Virginia. Sci. Total Environ. 651, 1849–1856. https://doi.org/10.1016/j. 
scitotenv.2018.10.082. 

Roslev, P., Iversen, N., Henriksen, K., 1997. Oxidation and assimilation of atmospheric 
methane by soil methane oxidizers. Appl. Environ. Microbiol. 63 (3), 874–880. htt 
ps://aem.asm.org/content/63/3/874. 

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P., Canadell, J.G., 
Dlugokencky, E.J., Etiope, G., Bastviken, D., Houweling, S., Janssens-Maenhout, G., 
Tubiello, F.N., Castaldi, S., Jackson, R.B., Alexe, M., Arora, V.K., Beerling, D.J., 
Bergamaschi, P., Blake, D.R., Brailsford, G., Brovkin, V., Bruhwiler, L., Crevoisier, C., 
Crill, P., Covey, K., Curry, C., Frankenberg, C., Gedney, N., Hoglund-Isaksson, L., 
Ishizawa, M., Ito, A., Joos, F., Kim, H., Kleinen, T., Krummel, P., Lamarque, J., 
Langenfelds, R., Locatelli, R., Machida, T., Masksyutov, S., McDonald, K.C., 
Marshall, J., Melton, J.R., Morino, I., Naik, V., O’Doherty, S., Parmentier, F.W., 
Patra, P.K., Peng, C., Peng, S., Peters, G.P., Pison, I., Prigent, C., Prinn, R., 
Ramonet, M., Riley, W.J., Saito, M., Santini, M., Schroeder, R., Simpson, I.J., 
Spahni, R., Steele, P., Takizawa, A., Thornton, B.F., Tian, H., Tohjima, Y., Viovy, N., 
Voulgarakis, A., Van Weele, M., Van der Werf, G.R., Weiss, R., Wiedinmyer, C., 
Wilton, D.J., Wiltshire, A., Worthy, D., Wunch, D., Xu, X., Yoshida, Y., Zhang, B., 
Zhang, Z., Zhu, Q., 2016. The global methane budget 2000-2012. Earth Syst. Sci. 
Data 8, 697–751. https://doi.org/10.5194/essd-8-697-2016. 

Schimmelmann, A., Ensminger, S.A., Drobniak, A., Mastalerz, M., Etiope, G., Jacobi, R. 
D., Frankenberg, C., 2018. Natural geological seepage of hydrocarbon gas in the 
Appalachian Basin and Midwest USA in relation to shale tectonic fracturing and past 
industrial hydrocarbon production. Sci. Total Environ. 644, 982–993. https://doi. 
org/10.1016/j.scitotenv.2018.06.374. 

Schout, G., Griffioen, J., Hassanizadeh, S.M., De Lichtbuer, G.C., Hartog, N., 2019. 
Occurrence and fate of methane leakage from cut and buried abandoned gas wells in 
The Netherlands. Sci. Total Environ. 659, 773–782. https://doi.org/10.1016/j. 
scitotenv.2018.12.339. 

Shindell, D.T., Faluvegi, G., Koch, D.M., Schmidt, G.A., Unger, N., Bauer, S.E., 2009. 
Improved attribution of climate forcing to emissions. Science 326, 716–718. https:// 
doi.org/10.1126/science.1174760. 

Townsend-Small, A., Ferrara, T.W., Lyon, D.R., Fries, A.E., Lamb, B.K., 2016. Emissions 
of coalbed and natural gas methane from abandoned oil and gas wells in the United 
States. Geophys. Res. Lett. 43, 2283–2290. https://doi.org/10.1002/ 
2015GL067623. 

Uhlig, C., Kirkpatrick, J.B., D’Hondt, S., Loose, B., 2018. Methane-oxidizing seawater 
microbial communities from an Arctic shelf. Biogeosciences 15, 3311–3329. https:// 
doi.org/10.5194/bg-15-3311-2018. 

Van Amstel, A., 2012. Methane. A review. J. Integr. Environ. Sci. 9 (1), 5–30. https://doi. 
org/10.1080/1943815X.2012.694892. 

Vielst€adte, L., Karstens, J., Haeckel, M., Schmidt, M., Linke, P., Reimann, S., 
Liebetrau, V., McGinnis, D.F., Wallmann, K., 2015. Quantification of methane 
emissions at abandoned gas wells in the Central North Sea. Mar. Petrol. Geol. 68, 
848–860. https://doi.org/10.1016/j.marpetgeo.2015.07.030. 

Y. Yin et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.apgeochem.2020.104619
https://doi.org/10.1016/j.apgeochem.2020.104619
https://doi.org/10.1126/science.aar7204
https://www.scientificamerican.com/article/methane-levels-reach-an-all-time-high/
https://www.scientificamerican.com/article/methane-levels-reach-an-all-time-high/
https://doi.org/10.1098/rsta.2010.0341
https://doi.org/10.1016/j.marpetgeo.2013.02.009
https://doi.org/10.1002/2016GL071930
https://doi.org/10.1002/2016GL071930
https://doi.org/10.1186/s40168-018-0500-x
https://doi.org/10.1016/j.apgeochem.2017.12.022
https://doi.org/10.1128/AEM.66.5.1801-1808.2000
https://doi.org/10.1128/AEM.66.5.1801-1808.2000
https://doi.org/10.1016/j.envpol.2016.01.094
https://doi.org/10.1016/j.envpol.2016.01.094
https://doi.org/10.1002/2016WR019047
https://doi.org/10.1007/s10584-011-0061-5
https://doi.org/10.1016/j.scitotenv.2019.133594
https://doi.org/10.1016/j.scitotenv.2019.133594
https://doi.org/10.5194/bg-14-215-2017
https://doi.org/10.1007/s11021-005-0110-z
https://doi.org/10.1073/pnas.1408315111
https://doi.org/10.1073/pnas.1605913113
https://doi.org/10.1002/grl.50811
https://doi.org/10.1002/grl.50811
https://doi.org/10.1038/nature04420
https://doi.org/10.1038/nature04420
https://doi.org/10.1073/pnas.1607475113
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1111/gbi.12214
https://doi.org/10.1111/gbi.12214
https://doi.org/10.1111/1574-6941.12079
https://unfccc.int/news/nasa-confirms-methane-spike-is-tied-to-oil-and-gas
https://unfccc.int/news/nasa-confirms-methane-spike-is-tied-to-oil-and-gas
https://doi.org/10.1073/pnas.1809790115
https://doi.org/10.1073/pnas.1807377115
https://doi.org/10.1073/pnas.1807377115
https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/
https://doi.org/10.1002/2014JD022697
https://doi.org/10.1002/2013JD021272
https://doi.org/10.1002/2013JD021272
https://doi.org/10.1016/j.scitotenv.2018.10.082
https://doi.org/10.1016/j.scitotenv.2018.10.082
https://aem.asm.org/content/63/3/874
https://aem.asm.org/content/63/3/874
https://doi.org/10.5194/essd-8-697-2016
https://doi.org/10.1016/j.scitotenv.2018.06.374
https://doi.org/10.1016/j.scitotenv.2018.06.374
https://doi.org/10.1016/j.scitotenv.2018.12.339
https://doi.org/10.1016/j.scitotenv.2018.12.339
https://doi.org/10.1126/science.1174760
https://doi.org/10.1126/science.1174760
https://doi.org/10.1002/2015GL067623
https://doi.org/10.1002/2015GL067623
https://doi.org/10.5194/bg-15-3311-2018
https://doi.org/10.5194/bg-15-3311-2018
https://doi.org/10.1080/1943815X.2012.694892
https://doi.org/10.1080/1943815X.2012.694892
https://doi.org/10.1016/j.marpetgeo.2015.07.030


Applied Geochemistry 118 (2020) 104619

10

Webster, K.D., Drobniak, A., Etiope, G., Mastalerz, M., Sauer, P.E., Schimmelmann, A., 
2018. Subterranean karst environments as a global sink for atmospheric methane. 
Earth Planet Sci. Lett. 485, 9–18. https://doi.org/10.1016/j.epsl.2017.12.025. 

Wu, B., Xi, B., He, X., Sun, X., Li, Q., Ouche, Q., Zhang, H., Xue, C., 2020. Methane 
emission reduction enhanced by hydrophobic biochar-modified soil cover. Processes 
8 (2), 162. https://doi.org/10.3390/pr8020162. 

Zhou, X., Xu, C., Bai, S.H., Xu, Z., Smaill, S.J., Clinton, P.W., Chen, C., 2018. Technical 
note: manipulating interactions between plant stress responses and soil methane 
oxidation rates. Biogeosciences 15, 4125–4129. https://doi.org/10.5194/bg-15- 
4125-2018. 

Y. Yin et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.epsl.2017.12.025
https://doi.org/10.3390/pr8020162
https://doi.org/10.5194/bg-15-4125-2018
https://doi.org/10.5194/bg-15-4125-2018

	Characterization and microbial mitigation of fugitive methane emissions from oil and gas wells: Example from Indiana, USA
	1 Introduction
	2 Methodology
	2.1 Research area
	2.2 Quantification of CH4 emissions
	2.3 Microcosm experiments
	2.4 Artificial soil mound experiments

	3 Results and discussion
	3.1 CH4 emissions from Indiana oil/gas wells
	3.1.1 Field investigation
	3.1.2 Fugitive CH4 flux from the active gas well

	3.2 Microcosm experiments with soils in culture bottles
	3.3 Evaluation of methanotrophic efficiency of experimental soil mound over artificial seep emitting pure CH4
	3.4 Mitigation strategy

	4 Conclusions
	Data availability
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


