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A B S T R A C T   

Petroleum resource development generates a legacy of energy wells that must be decommissioned effectively as 
we transition towards NetZero. Unfortunately, some decommissioned wells (DWs) can suffer integrity failure 
resulting in release of fugitive natural gas into the surrounding soils and atmosphere. After decommissioning 
there are typically no ongoing assessments to confirm well integrity, meaning integrity status remains uncertain 
into the future. Furthermore, factors affecting fugitive natural gas migration in surficial soils around DWs are 
poorly recognized, inferring integrity assessment and monitoring strategies are lacking. To better understand the 
integrity status of DWs, identify soil properties controlling fugitive gas migration and help develop more effective 
monitoring and detection methodologies, we undertook field investigations at six DWs in England involving 
surficial CH4 measurements, sub-surface soil-gas and sediment sampling and dynamic flux-chamber measure-
ments. We found no evidence of integrity failure at any site. However, the composition and structure of soils in 
which examined DWs are embedded suggest fugitive gas migration to surface may be severely limited; poten-
tially mitigating methane emissions while making integrity assessment at the surface challenging. Overall, the 
integrity status of DWs in England is poorly constrained and we show surficial soil properties must be charac-
terised and considered to effectively constrain the fate of fugitive gas and in order to design effective field 
assessment and monitoring methods.   

1. Introduction 

Petroleum resource development has met the majority of global 
energy requirements over the last 150 years and in doing so has 
generated a legacy of millions of energy wells, all of which must be 
effectively and efficiently decommissioned as we move towards decar-
bonized energy systems (Kang et al., 2021). Unfortunately, some 
decommissioned wells (DWs) develop integrity failure (Kang et al., 
2014; Riddick et al., 2020; Townsend-Small et al., 2016b; Schout et al., 
2019). This often results in the unintended release of fugitive fluids, or 
most commonly gases, into intersected soils, groundwater and the at-
mosphere (Cahill et al., 2017; Jackson and Dusseault, 2014; Kang et al., 
2014; Böttner et al., 2020; Riddick et al., 2019). Of particular concern 
with respect to well integrity failure are fugitive natural gas emissions to 
atmosphere that are comprised primarily of methane (CH4), accounting 
64.2% of the total fugitive emissions from the energy sector (35.8% are 
from coal) (IEA, 2020; IPCC, 2006). Which is concerning given that CH4 
is a potent greenhouse gas (GHG) with a global warming potential 26 to 

37 times greater than carbon dioxide (CO2) over a 100 year period 
(Shindell et al., 2009; Alvarez et al., 2011; Howarth et al., 2012). Such 
concerns have been increasingly reaffirmed as global monitoring sta-
tions have observed atmospheric CH4 concentrations continually rising 
in recent decades, from ~1600 ppb CH4 mole fraction in 1984 to ~1800 
ppb in 2021 (Advanced Global Atmospheric Gases Experiment, 2022; 
Rigby et al., 2008), a significant portion of which is thought to be 
associated with petroleum resource development (Brandt et al., 2014). 

Energy well integrity is a general concept which includes a series of 
activities, processes and physical barriers implemented by industry to 
reduce the risk of uncontrolled release of fugitive fluids during a well’s 
life cycle (UK Oil and Gas Industry Association Limited, 2021). In 
particular, operators use cement and other materials during the 
decommissioning process to form additional physical barriers to prevent 
unwanted flow of fluids (such as hydrocarbons, formation water, drilling 
mud, etc.) aiming to maintain well integrity in perpetuity. A key goal of 
energy well decommissioning is therefore to prevent fluid flow from any 
permeable layers within or outside of a well structure and potentially 
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reaching the surface (Böttner et al., 2020). Integrity failure occurs when 
one or more of these physical barriers (e.g. the well casing, cement, 
plugs, etc.) becomes compromised, forming a pathway which fugitive 
fluids can migrate within or outside of a DW into the environment 
(Davies et al., 2014). Well integrity failure is a multifaceted phenome-
non whereby a combination of environmental (e.g. geographic location, 
subsurface geology, etc.) and anthropogenic (e.g. engineering practices 
and regulations) factors play a significant role in its occurrence and 
manifestation (Cahill et al., 2019; Trudel et al., 2019; Sandl et al., 2021). 
Decommissioning of an onshore well in the UK must be in accordance 
with established procedures and specific regulator provisions (Envi-
ronment Agency, 2022) and following the Oil & Gas UK Guidelines for 
suspension and abandonment (UK Oil and Gas Industry Association 
Limited, 2021), which have evolved with time (Cahill and Samano, 
2022). This process of plugging and abandoning a well requires the 
sealing of permeable layers intersected by the well, filling with cement 
between two cement plugs, the lower of which should be located at a 
level that prevents any further migration of fluids from the well into the 
surrounding strata. After, the wellhead is removed and the casings are 
cut and sealed below the ground level (typically 2-3 m depth), rein-
stating the site back to its pre-operative state (Environment Agency, 
2022). Currently, no regulations in the UK require ongoing monitoring 
or assessment of DW integrity after decommissioning and consequently 
the long-term integrity status of legacy wells is poorly constrained. 
However, several recent bespoke research studies have examined DW 
integrity post decommissioning with a view to constraining integrity 
(Schout et al., 2019; Böttner et al., 2020; Kang et al., 2014; Town-
send-Small et al., 2016b; Saint-Vincent et al., 2021; Riddick et al., 2020). 
One such study involved a field investigation conducted in 2016 during 
which surficial CH4 concentrations from the air adjacent to the soil 
surface were measured using a portable tuneable diode laser and sam-
pling system positioned on top of the soil surface at 102 onshore DWs of 
varying ages across England (Boothroyd et al., 2016). During these in-
vestigations, the DW head was GPS located and seven equidistant 
measurements of CH4 concentrations across 40 m transects (centred 
directly above the estimated wellhead location) were attained. Addi-
tionally, equivalent measurements at a nearby control site (i.e., within 
an adjacent field of similar land use with no DW present) were also 
attained to allow direct comparison and to hypothetically delineate any 
relative anomaly (i.e., primarily any elevation above the control site); 
the magnitude of which was used to infer overall DW integrity. 
Following data collection, the CH4 concentration observed above the 
estimated DW centre was normalised to the overall average of its 
respective field control (i.e., absolute CH4 measurements were not 
explicitly considered). In this case, the control site was assumed as 
indicative of ambient conditions from which anomalies can be delin-
eated (i.e. a normalisation value of 1 being equivalent to the control, < 1 
being lower CH4 and > 1 being elevated CH4 relative to the control). 
From the 102 surveyed DWs, 31 were reported as exhibiting statistically 
significant elevated surficial CH4 concentrations at ground surface (i.e. a 
normalized CH4 value >1); an observation attributed to well integrity 
failure. Conversely, 39 of the 102 wells investigated, were reported with 
statistically significant lower surficial CH4 concentrations than their 
control sites and therefore it was concluded these locations were acting 
as net CH4 sinks. 

While no direct measurements of CH4 efflux to atmosphere (i.e., a 
rate of change in CH4 concentration per unit volume) were attained in 
these investigations, Fick’s first law was utilised to estimate the flux of 
CH4 (in mg CH4/m2/s) from the soil surface at each DW. This was 
achieved using the concentration of CH4 observed at the soil surface (i. 
e., in mg CH4/m3) and a diffusion coefficient estimate (m2/s) at steady 
state over time in two dimensions (using an explicit finite difference 
method). In addition, several other assumptions about relevant param-
eters were made according to the DW location (i.e., assuming soil type, 
porosity and clay-sized particle fraction in the soil). Using this method, a 
flux of 130.2 kg CH4/well/year (3256 kg CO2eq/well/year) was 

estimated for the largest relative CH4 concentration anomaly observed, a 
modest magnitude considering a typical dairy cow emits approximately 
~80 kg CH4/year (~2000 kg CO2 eq /year of CH4). Meanwhile, a net 
negative (i.e. uptake of CH4) of 22.5 kg CH4/well/year (563 kg CO2 eq/ 
well/year) was estimated for the lowest CH4 relative concentration 
observed (i.e. the DW site was determined to be a net CH4 sink). Overall, 
estimated fluxes for the least squares mean relative (i.e. not absolute) 
CH4 concentrations for each well, showed a normal distribution with a 
mean fugitive CH4 emission of 14.5 - 27 kg CH4/well/year (364 ± 677 
kg CO2 eq/well/year). These estimates are lower than the ones from 
abandoned oil and gas wells in Pennsylvania that were reported as 
ranging from 32.85 to 1525 kg CH4/well/year (821.25-38125 CO2 eq/ 
well/year) with a mean of 255.5 kg CH4/well/year (6387.5 CO2eq/ 
well/year) (Pekney et al., 2018). Until now, there has been no follow up 
research conducted at these DWs to confirm or further constrain these 
observations. 

To build on this previous work and advance general understanding 
on the integrity of DWs in England, we undertook detailed investigations 
at six DWs, four of which the aforementioned study suggested to be 
suffering integrity failure. Investigations involved attainment of surficial 
CH4 measurements, hand-auger drilling, sub-surface soil gas and sedi-
ment sampling (with subsequent laboratory testing) as well as 
measuring CH4 emissions to atmosphere with a dynamic flux chamber. 
Furthermore, we also examined soil properties at select DWs that would 
influence fugitive gas migration away from the DW structure and 
determine the expression of gas seen at surface (Van De Ven and 
Mumford, 2020b), to inform and optimise future fugitive gas monitoring 
and detection strategies moving forwards in England and beyond. 

2. Methods 

2.1. Decommissioned well site selection 

Six DW sites were selected for investigation in the East Midlands, 
England. Four DWs were specifically selected as they were previously 
reported as exhibiting statistically significant anomalously elevated CH4 
from measurements taken at the soil surface (ranked 1st, 3rd, 5th and 
28th greatest relative elevated CH4 anomaly out of 102 investigated) 
during prior investigations (Boothroyd et al., 2016). Two additional sites 
(not previously investigated) were also selected having been identified 
as possessing traits (i.e. drilling period, well orientation and well intent), 
associated with a reduction in potential long term integrity (Cahill and 
Gonzalez, 2020). The DW sites investigated are summarised in Table 1 
and their locations in England shown in Fig. 1. 

2.2. Field methods 

2.2.1. Field campaigns, locating DWs and subsurface measurements 
The six selected DWs were examined in two field campaigns, with the 

first (undertaken in January 2020) a reconnaissance campaign, where 
three well sites were investigated (Torksey, Eakring and Old Hills) and 
evaluated for future investigations and monitoring strategies. For the 
second field campaign (undertaken in July 2020), one site (i.e. Old Hills) 
was revisited after exhibiting potentially anomalously elevated CH4 
readings, while three additional sites were also investigated (Plungar, 
Bottesford, and Long Clawson) using flux-chamber measurements for 
monitoring. 

Onshore decommissioning guidelines in the UK require well opera-
tors to cut, cap and bury a wellhead after decommissioning (Environ-
ment Agency, 2022). This can make it difficult to determine the exact 
location of DWs, for which coordinates appear to be rounded to the 
nearest 10 m. Consequently, all DWs investigated had no visible well-
head and a mobile-GPS was used to locate recorded coordinates (in 
coordination with landowners where possible), which horizontal posi-
tion error is in a range of 7-13 meters with a Root Mean Square Error of 
~9.9 m (Merry and Bettinger, 2019). Determined locations were then 
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assumed as the DW-head centre at which point, surficial gas concen-
trations were measured across a 20 meter by 20 meter square area (with 
the assumed well head in the centre) using a greenhouse gas (GHG) 
analyser (either Geotech’s GA5000 with accuracy of ±0.5% volume up 
to 100% or Inficon’s Irwin Methane Detector with a sensitivity of 1 ppm 
up to 100 %) and integrated pump. Constituents measured included 
CH4, CO2, O2, H2S and CO (results generated in percentage vol-
ume/ppm, sensitivity and accuracy for all analyses of 0.1 and 1 ppm 
respectively). Prior to measurement, GHG analyser CH4 readings are 
‘zeroed’ to atmospheric concentrations; consequently, readings of zero 
correspond to atmospheric concentrations (expected to be in the range 
of 1-2 ppm) and any observation greater than zero would be considered 
in excess of atmospheric baseline conditions. 

2.2.2. Intrusive investigations, sediment and soil gas sampling 
Following surficial readings, a hand-auger was used to advance 

shallow boreholes (~8.25 cm diameter) to two meters depth (on 
average), into the soils at and around the estimated DW head location 
(up to 6 m away from assumed well head centre). Encountered surficial 
sediments were logged according to visible grain-size (following British 
Standard 5930:1981) and physical soil samples (i.e., ~ 50g competent, 
undisturbed portions from hand auger borehole cuttings) for further 
compositional and structural analysis were attained at selected sites 
(Fig. 2a). After reaching total depth (i.e. typically 2m), a drive-point 
stainless-steel vapour probe (¾” diameter, stainless steel, Geosense, 
England) was installed at the bottom of the hole (sealed in place with 
clay rich sediment cuttings from the borehole) and monitored with a 
hand held GHG analyser and pump system for at least five minutes 
(Fig. 2b). Based on hand held GHG observations (i.e. whether or not 
higher than atmospheric levels of CH4 were detected), physical soil-gas 
samples were collected at select sites using a peristaltic pump and a 25 
ml gas-tight syringe system (SGE 25MDR, Restek Thames, England) with 
Luer Lock Valve. For sampling, a 2” syringe needle was placed into the 
flowing soil gas effluent tube, purged several times before a sample was 
taken and transferred into a 12 ml pre-evacuated sampling tubes (stored 
upside down) for further laboratory GC and isotope analyses (Fig. 2c). 
Additionally, in-situ moisture readings were obtained by inserting a 
Lutron PMS-714 Moisture-meter, which gives moisture content in ranges 
from 0-50% (0.1 resolution), approximately 10 cm into the borehole’s 
walls for all sites during the first field campaign. Additionally, air tem-
perature (~0.1◦C typical accuracy and resolution) and barometric 
pressure (~0.5 cmH2O accuracy) were continuously monitored (Van 
Essen Instruments Baro-Diver, Kitchener, ON, Canada) at all field sites 
during both field campaigns. 

2.2.3. CH4 flux measurements 
To obtain CH4 efflux measurements, a dynamic flux chamber system 

(Eosense® eosAC Multi-Species Soil Flux Chamber with a nominal flow 
rate of 25 sccm providing recirculation-based measurements and 
coupled with a tuneable diode CH4 laser and Campbell Scientific 
CR1000 data logger) was positioned over the previously dug hand- 
augured boreholes at selected DW sites for periods of up to 24 hrs. 
Before monitoring, cylindrical plastic collars were placed over hand- 
augered boreholes, emplaced approximately four centimetres into the 

soil to create an effective seal before operating the flux chambers in 
either manual (for short measuring periods of less than 5 min) or 
continuous mode (for longer measuring periods) (Fig. 2d). Following 
data collection, a regression line was derived from any rate of change in 
CH4 concentration within a closed chamber volume observed during 
chamber closures and combined with the ideal gas volume (calculated 
based on the ambient temperature and pressure), chamber volume 
(0.0021 m3) and surface area (0.0182 m2) to yield a CH4 flux value (in 
mass/area/time). 

A summary of field activities at each site (including samples and flux 
measurements made) is provided in Table 2, while Fig. 2 provides a 
conceptual overview of how each DW was investigated. Field mea-
surements were focused at and above the assumed DW head to give the 
greatest chance to detect any fugitive fluids were they being released. 
More data was acquired at Old Hills DW site, which was examined in 
both field campaigns due to it being reported as exhibiting the greatest 
surface CH4 anomaly by Boothroyd et al. and observed as presenting 
potentially elevated CH4 levels during field campaign 1. In addition, Old 
Hills DW was more conducive than other sites investigated for remote 
flux chamber deployment (being situated in a secured farm field loca-
tion). The latter also applying to Long Clawson, allowing greater dura-
tion of flux monitoring. Torksey and Eakring were examined during the 
initial reconnaissance field campaign where no flux chamber measure-
ments were attained. For Plungar and Bottesford DWs, only short-term 
flux monitoring was conducted due to site security concerns and in 
light of the presence of low permeability clays that would limit the 
effectiveness of such methods regardless of deployment length and or 
number of locations. 

2.3. Laboratory CH4 analyses 

Physical soil-gas samples were analysed by gas chromatography (GC) 
to attain gas composition (H2, He, N2, O2, Ar, CO2 and alkanes C1 to C6) 
where CH4 and ethane (C2H6) concentrations were analysed using an 
Agilent 6890A GC with FID and permanent gas and light hydrocarbon 
column (NERC Isotope Geoscience Laboratory, BGS Nottingham, UK). 
The GC system is calibrated with a hydrocarbon reference gas of 0.1% 
CH4, 0.1% C2H6, and 0.1% propane (C3H8). Sample gas (2 ml) is injected 
into the GC where total peak areas of CH4 and C2H6 are compared to the 
reference gas calibration to calculate hydrocarbon gas concentrations. 
Standard calibration ranges from 0 to 1000 ppm with a minimum of four 
calibration points (i.e. gas concentration to partial pressure, gas con-
centration in water after equilibrium, gas concentration in headspace 
after equilibrium, and total concentration of gas in the original sample) 
and r2 value better than 0.99. The lower detection limit for hydrocar-
bons is one ppm (compared to a typical natural atmospheric baseline 
CH4 of ~2ppm) and for non-hydrocarbon gasses is 50 ppm. Addition-
ally, where concentrations were sufficiently elevated, carbon isotope 
analysis of CH4 (δ13C-CH4) was undertaken using a modified Sercon 
CryoGas sample preparation module, coupled to a 20-11 Continuous 
Flow Isotope Ratio Mass Spectometer (CF-IRMS, NERC Isotope Geo-
science Laboratory, BGS, Nottingham, UK). Raw isotope values are 
produced on the Sercon Callisto software comprising the sample peak 
area to that of a reference gas of known isotope composition, and 

Table 1 
DW sites investigated, including key DW attributes relevant to overall well integrity, including well intent (E: exploratory, A: appraisal and D: development or pro-
duction), spud date and well age, land use/type, previously reported relative CH4 anomaly (i.e. relative CH4 elevation above a nearby baseline control site as reported 
by Boothroyd et al.), and CH4 anomaly rank (i.e. rank of anomalousness relative to all 102 wells previously investigated).  

Site Name X Y Intent Spud Date (age years) Land-use/ vegetation Previously Reported Relative CH4 Anomaly Anomaly Rank (/102) 

Old Hills 474202 322629 E 2004 (16) Grazing field 3.7 1 
Eakring 468129 359883 D 1944 (76) Forest detritus 1.9 3 
Torksey 485065 379222 A 1975 (45) Grazing field 1.7 5 
Long Clawson 473500 328410 E 1943 (77) Winter Wheat 1.2 28 
Bottesford 479095 338852 E 1943 (77) Crop Field N/A NA 
Plungar 477650 332830 D 1955 (65) Crop Field N/A NA  
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corrected offline for blank, drift and linearity issues using a two point 
calibration, based on the externally calibrated values of a standard, with 
BGS1 acting as a check standard. Carbon isotope values are corrected to 
the international VPDB scale, with typical precision of 0.3‰ for δ13C- 
CH4 based on a run replication of reference gases; complete methodol-
ogies are detailed in Smith et al. (2021). 

2.4. Sediment analyses and interpretation 

Select surficial sediment samples (attained as described in section 
2.2.1) were examined using Mercury Intrusion Capillary Pressure 
Analysis (MICP; MCA laboratories, Cambridge, UK) in order to charac-
terise the pore structure and therefore understand propensity for fugi-
tive gas migration within and through them. MICP provides quantitative 
information on a porous material’s physical structure (i.e. pore volume, 
pore size and total porosity) that allows estimation of other parameters 

Fig. 1. UK Map showing the location and intent of onshore energy wells in England. Inset zoom in area showing detail of the East Midlands where DWs investigated 
in the current study were located. 
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relevant for fluid flow, e.g. pore size distribution. Analyses are per-
formed using a Micromeritics AutoPore V with mercury (Hg) over a 
pressure range up to 413 MPa. The pressure required for Hg entry is 
inversely proportional to the size of the pore structures in which it is 
intruding, making it possible (i.e. by correlating pressure increments to 
volume of Hg in a sample at a range of pressures) to derive both density 
and porosity (Dong et al., 2018; Aboujafar, 2009). Furthermore, by 
using Washburn’s relationship between capillary pressure and pore 
radius (Gao and Hu, 2013), we can estimate pore size diameter and pore 
size distribution as follows: 

D =
− 4γcosθ

P 

Where D is pore diameter (m), γ is the surface tension of Hg (480 
dynes/cm), Θ is the contact angle of Hg (140◦), and P is the controlled 
applied pressure (KPa). Permeability of soil samples from MICP analyses 
was estimated according to the method by Di and Jensen (2015), which 
obtains permeability as the product of a constant (i.e. 0.1874) times the 
square radius (μm) of Hg at 35% total intrusion volume times the total 
porosity of the sample (%). 

Results from MICP also allow estimation of threshold capillary 
pressure, i.e. the pressure required to displace a wetting phase (e.g. 
water) by a non-wetting phase (e.g. gas), which quantifies the ability of a 
porous media to contain gas and for this to start flowing (Thomas and 
Katz, 1968). First, threshold capillary pressure for a Hg-air system was 
estimated using Katz and Thompson’s permeability approach (Gao and 
Hu, 2013); determining the inflexion point of the cumulative intrusion 
curve (i.e. log differential intrusion vs intrusion pressure from a satu-
rated porous medium). This was then converted to a gas-water system 
according to the method described by Busch and Amann-Hildenbrand 
(2013) based on the following equation: 

Pc =
2γ
r 

Where Pc is the threshold pressure, γ the interfacial tension of CH4 
and r the mean pore radius (metres) obtained from MICP. For a CH4 
interfacial tension value the following equation from Ren et al. (2000) 
was considered (Busch and Amann-Hildenbrand, 2013): 

γCH4 = 67.26 − 0.926 ∗ p + 0.011 ∗ p2 − 0.169 ∗
(
T − Tref

)

Fig. 2. Conceptual overview of field investigation methods at each DW. Diagram shows a typical DW in the UK, with the wellhead being cut, capped and buried at 
approximately three m below ground surface. Investigation methods include advancement of hand-auger boreholes to approximately two metres depth for subsurface 
soil gas sampling (a and b); including physical soil-gas sampling for further laboratory analyses (c) and deployment of dynamic flux chambers over the hand-augured 
boreholes(d). 

Table 2 
Field data acquired during two field investigation campaigns at the six investigated DWs.  

DW site No. shallow auger holes (deepest depth in 
m) 

Sediment 
samples 

Soil-gas 
samples 

Control 
samples 

Boreholes monitored for 
flux 

Total flux monitoring 
time 

Old Hills 6 (2.28 m) 11 10 2 4 24 hrs 
Eakring 5 (1.02 m) 5 - - - - 
Torksey 3 (1 m) 7 - - - - 
Plungar 1 (0.7 m) 1 - - 1 10 min 
Bottlesford 1 (1.2 m) 1 - - 1 10 min 
Long 

Clawson 
3 (3.27 m) 2 4 1 2 7 hrs  
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Where p is the threshold pressure (MPa) from the MICP Hg-air sys-
tem, T is the temperature (K) and Tref is the reference temperature (333 
K for CH4). Subsequently, the estimated threshold capillary pressure 
value then allows a gas column height to be estimated that represents 
the maximum amount of gas that could be stored within a porous media 
unit before buoyancy forces of the gas column exceed the capillary 
pressure of the overlying low permeability layer and gas starts to 
migrate. According to Busch and Amann-Hildenbrand (2013) this rela-
tionship can be obtained by: 

h =
Pc

(ρwater − ρCH4
) ∗ g 

Where h is the maximum column height (m), Pc the threshold pres-
sure (MPa), ρwater is the brine density (1000 kg/m3), ρCH4 the CH4 
density (0.66 kg/m3 at 1 bar and 20◦C) and g the gravity constant (9.81 
m/s2). 

3. . Results 

3.1. Field based surficial and soil gas measurements 

Table 3 contains the mean surface (i.e. boundary layer/surficial 
gases) and subsurface soil-gas composition measurements (i.e. from 
surface down to 3 m depth as shown in Table 1) for all DW sites 
examined. Results reveal all gas constituents at surface and in the soils to 
be at, or around, natural ranges (O2: ~21%, CO2: ~0.3%, CH4: 1.5 – 
2ppm). At Old Hills DW we observed the highest value for CH4 in sub-
surface soils (i.e. 6 ppm for one single sample location and event), which 
prompted additional physical soil gas sample attainment for laboratory 
analyses and garnered focussed and extended flux chamber deployment. 

Additionally, the average ambient air temperature registered at the 
well sites during the first field campaign was 9.5◦C with an average 
barometric pressure of 0.98 atm, and soil moisture readings of 25.2% of 
water in the soil (range of 24.4-25.8%). For the second field campaign, 
the average ambient air temperature was 20◦C with an average pressure 
of 0.99 atm. 

3.2. Methane emissions measurements 

Table 4 contains the results from flux chamber monitoring at all DW 
sites studied. Measurements revealed CH4 flux values in concurrence 
with results obtained from the in-field GHG analyser; i.e. commensurate 
with soil gas CH4 being at, or close to, typical average atmospheric CH4 
levels (i.e. 2-3 ppm). Consequently, slight elevations or reductions in 
CH4 concentration in the soil gas compared to atmospheric air CH4 
levels led to low (i.e. negligible) net emissions (Fig. 3a); fluctuating 
between positive and negative and all within the range considered 
normal for soils in a summer period (Chan and Parkin, 2001; Levy et al., 
2012). We did not observe elevated CH4 flux values at any site; including 
Old-Hills DW where we previously detected slightly elevated soil gas 

CH4, (i.e. 6 ppm) in the first field campaign using the in-field GHG 
analyser (as described in section 3.1). Old-Hills DW is located in a 
grazing field (although not being utilized at the time of the investiga-
tion) where signs of ruminant (i.e. sheep) faeces were evident. To un-
derstand how traces of animal faeces might influence CH4 emissions 
measurements, we also conducted a short CH4 emission test on a small 
mass of fresh livestock faeces (found in an adjacent field) (Fig. 3b). Here 
we enclosed approximately 300g of faeces within the flux chamber 
system and monitored emissions. During this test, CH4 concentrations 
increased from baseline to six ppm within seven minutes, congruent 
with a CH4 flux of 0.74 µmol/m2/s, which is by far the largest flux 
observed during this investigation. 

3.3. Laboratory analyses 

Results showed that most samples are at or around background at-
mospheric in terms of CH4 concentrations; with δ13C-CH4 values varying 
from -25 to -50 ‰, except several samples from Old Hills (attained from 
borehole 2 which was 1 m offset from the assumed DW head location) 
which exhibited CH4 slightly elevated above typical background levels 
(with an average of ~9 ppm). Atmospheric on-site air controls and 
laboratory air controls exhibited similar CH4 levels to soil-gas samples (i. 
e. 2-3 ppm) with δ13C-CH4 values of -28.9 to -40.3 ‰ (Fig. 4, Table 5). 
Additionally, no higher chain hydrocarbon gases were detected in any 
samples (i.e., no C2H6, C3H8, etc.). 

3.4. Sediment analyses and interpretation 

3.4.1. Sediment pore structure 
Surficial soils (i.e., > 0.3 m depth, beneath the root zone) at all DW 

sites were visually identified as being dominated by clay-size particle 
fractions (Fig. 5). MICP results from Torksey, Eakring and Old Hills DWs 
support this assertion and are displayed in Table 6, with pore-size 
classifications shown in Fig. 6. The data show pore-size diameter for 
surficial soils at each DW is dominated by meso- and micro-porosity 
(Nabawy et al., 2009). 

For comparison, results obtained for a relatively porous, consoli-
dated (but unrelated) sandstone are included in figures and tables, 
showing a structure dominated by macropores (i.e. 8-60 µm pore di-
ameters; Fig. 6). In contrast, DW site surficial soil samples appear to 
increase incrementally primarily through the meso- (i.e. 0.4 - 8 µm) and 
micro-pore (<0.4 µm) diameter ranges. 

Table 3 
Summary of field based surface and soil-gas measurements recorded with the 
portable GHG analyser. This table displays values of mean carbon dioxide (CO2) 
and mean oxygen (O2) recorded at each DW site and typical soil gas values for 
CH4 and CO2 at 30 cm depth are included as a reference (Wang et al., 2014).  

DW Site CH4 range (ppm) Mean CO2 (%) Mean O2 (%) 

Torksey 1-2 0.43 21.7 
Eakring 1-2 0.52 21.2 
Old Hills 1-6 0.7 20.5 
Long Clawson 1-2 0.7 20.25 
Plungar 1-2 - - 
Bottesford 1-2 - - 
Atm. Air 1-3 0.3 ~21 
Typical Natural Gases >850,000 2 0 
Typical Soil Gases 1.4-1.6 0.84 – 0.99 -  

Table 4 
Summary of flux chamber measurements including number of measurements, 
total measurements duration and average flux calculated (in varying units of 
interest) as described in section 2.2.2. Plungar DW exhibited the greatest (albeit 
small) emission rate during these investigations with CH4 fluxes of 7.0e− 03 kg/ 
m2/year.  

DW Site Number of flux 
measurements 

Total duration 
of flux 
measurements 
(minutes) 

Avg. CH4 

Flux 
(µmol/ 
m2/s) 

Avg. 
CH4 

Flux 
(kg/ 
m2/ 
y) 

Avg. 
Flux in 
(kg 
CO2-e/ 
m2/yr) 
100 yr 
GWP* 

Old Hills 80 743 -1.03e− 02 -3.9 
e− 01 

-9.80 
e− 01 

Long 
Clawson 

8 258 -4.36 e− 02 -2.2 
e− 02 

-5.51 
e− 01 

Plungar 2 12.5 1.38 e− 02 7.0 
e− 03 

1.75 
e− 01 

Bottesford 1 17 -2.96 e− 03 -1.5 
e− 03 

-3.75 
e− 02 

Livestock 
Faeces 
Test 

1 7 7.39 e− 01 3.74 
e− 01 

9.35 
e+00 

*GWP: Global Warming Potential 
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3.4.2. Permeability and threshold capillary pressure calculations 
Estimated permeabilities as determined from MICP analyses for DW 

soil samples are shown in Fig. 7. Surficial soils from Torksey present the 
lowest values for permeability at 0.001 mD. Eakring follows with 0.041 
mD, then Old Hills with 0.006 mD. In contrast and for comparative 
purposes, a permeability of 259 mD was estimated for the unrelated 
consolidated sandstone sample. Old Hills sediments exhibit the highest 
porosity of the three; however, a slightly lower permeability than 
Eakring, which likely indicates that it contains more abundant silt/clay 
size particles in the soil matrix, differences in the pore geometry from 
the mineral composition of the clay particles and/or connectivity of the 
pores. Calculated threshold entry pressures demonstrate the relationship 
between pore size and the pressure necessary for a fluid (e.g. fugitive 
gas) to migrate through a porous material. Torksey exhibited the 
greatest capillary entry pressure and corresponding break through gas 
column height required, estimated at ~7639 kPa (based on a 13 nm 
mean pore-throat radius) and 780.1 m respectively. This is followed by 
Eakring, estimated at 6626 kPa (for a 21 nm mean pore-throat radius) 
and 676.4 m; then finally Old Hills estimated at 5985 kPa (for a 23 nm 
mean pore-throat radius) and 609.3 m. For comparison, capillary entry 

pressure and corresponding maximum gas-column height values for the 
consolidated (unrelated) sandstone were estimated at 724 kPa (for a 
mean pore-throat radius of 200 nm) and 74 m demonstrating a stark 
contrast in likely porous media advective flow properties. This obser-
vation highlights that in unconsolidated surficial soils at the DW sites 
examined, fugitive gas migration by advective flow would be vertically 
restricted, with diffusion forming the dominant transport mechanism 
over longer time scales. 

4. Discussion 

4.1. Apparent integrity status of examined DWs 

Field measurements of surface and soil-gas CH4 as well as efflux of 
CH4 to atmosphere at all DWs examined were close to atmospheric levels 
and/or within typical natural ranges; ~2 ppm (i.e. mean atmospheric 
concentration) or up to 0.0007 µmol CH4/m2/s2 for mineral soils and up 
to 0.0274 µmol CH4/m2/s2 for organic rich soils (Levy et al., 2012; Ilie 
and Vaccaro, 2020). Only one sampling location produced soil gas 
samples which slightly exceeded baseline atmospheric CH4 levels (i.e., a 

Fig. 3. a) Example flux time series showing the moving average (i.e., 10 s period) of CH4 concentration (in ppm, dark red time series) during flux chamber 
deployment over an approximately two-hour monitoring period at Old Hills DW site. ‘BH#’ stands for borehole followed by a number indicating the order they were 
drilled. Orange shaded time periods indicate the chamber was closed and measuring flux. Measurements remained stable around two ppm, regardless of the chamber 
being open or closed, indicating negligible flux from the soils. b) CH4 flux from a rudimentary livestock faeces test at Old Hills DW showing a rapid increase in CH4 
concentration during closure of the chamber generating the greatest flux (i.e. 0.74 µmol/m2/sec) observed during all current DW investigations. 
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measurement of 6 ppm of CH4 observed in the field, confirmed at ~10 
ppm in the laboratory) at Old Hills DW. However, such soil gas CH4 
concentrations (i.e. 6 - 10 ppm with an estimated flux of 1.8E-4 µmol 
CH4/m2/s) are still close to or within natural soil gas concentrations and 
emission ranges, where reported concentrations and fluxes can reach up 
to 0.0063 µmol/m2/s (Levy et al., 2012). The marginally elevated 
samples from one location are therefore likely to be a result of natural 
organic soil sources, land use (i.e. animal grazing) and/or a temporal 
concentration spike (Chan and Parkin, 2001; Schout et al., 2019) and is 
likely of no significance with respect to DW integrity. Similarly, all CH4 
flux measurements obtained during our investigations were congruent 
with the low concentrations seen during surface and subsurface soil gas 
monitoring, showing practically no linear or stepwise increases in CH4 
concentrations. In fact, observed CH4 flux at Old Hills remained stable 
around net zero but with an overall small net negative flux (i.e. -1.03E− 2 

µmol CH4/m2/s which is -9.80E− 1 kgCO2/m2/yr for 100yr GWP), in 
contrast with the previously suggested efflux of 3,256 kg CO2eq/year 
(Boothroyd et al., 2016). Similarly, very small and generally negative 
fluxes were also observed at Long Clawson and Bottesford DW sites, with 
the only positive flux being observed at Plungar DW, albeit a very small 
mass of approximately 0.18 kg CO2-e/m2/yr (100 yr GWP). Such efflux 

is relatively small compared to other natural CH4 emitting sources 
(Brandt et al., 2014) and within a normal range for soils in a summer 
season (Chan and Parkin, 2001). For example, a typical dairy cow emits 
approximately ~2000 kg CO2 eq /year of CH4. Moreover, our observa-
tions with respect to CH4 concentrations and efflux are very low when 
compared to measurements previously reported at energy well pads 
where integrity failure and fugitive gas migration are present (Forde 
et al., 2019a; Lyman et al., 2020). In such examples soil CH4 concen-
trations are seen to commonly reach >1% and as high as 80% volume (i. 
e. 1000 – 800,000 ppm), with associated flux rates much greater too. For 
example, Forde et al. (2019b) investigated the integrity of 17 energy 
wells in British Columbia, Canada attaining some 350 flux measure-
ments and reported consistently positive CH4 flux measurements, 
averaging 1.6 µmol/m2/s (reaching as high as 180 µmol/m2/s) at wells 
with suspected integrity failure. This contrasts with our highest 
measured flux rate at Plungar DW of 0.01 µmol/m2/s. Consequently, it is 
clear that our results are not indicative of energy well integrity failure or 
fugitive gas migration inferring all DWs examined appear to have 
maintained integrity to date. The CH4 efflux measured from livestock 
faeces at Old Hills DW further demonstrates this conclusion (being much 
greater than anything observed at the examined DWs) and shows how 
false positives may be concluded if land use or natural flux ranges are 
not explicitly considered. Finally, additional consideration of Old Hills 
DWs original intent (i.e. the purpose for which the well was originally 
drilled) also supports our observations that integrity failure is unlikely to 
be an issue at this site. This DW was drilled for exploration purposes, 
where no hydrocarbon fluids were found or produced (UKOGL, 2021) 
and so leakage of such fluids is highly unlikely to occur (as there simply 
is no source to leak). 

Although stable carbon isotope ratios are generally considered as an 
effective tool to constrain a prospective fugitive gases geological source 
and depth of origin; levels of CH4 typically need to be > 150ppm v/v for 
CH4 and CO2, 10 ppm v/v ethane, 5 ppm v/v propane and 2 ppm v/v n- 
butane in order to obtain reliable carbon isotope values (Szatkowski 
et al., 2002; Schout et al., 2018; Kang et al., 2014). Therefore, the low 
levels of CH4 observed in this investigation mean that δ13C-CH4 isotope 
ratios determined at the DW sites investigated may not be reliable nor is 
it necessary to identify a fugitive gas source, as there most likely is not 
one to delineate. Nonetheless, we observed δ13C-CH4 isotope ratios 

Fig. 4. CH4 concentrations (ppm) versus δ13C-CH4 (‰) for DW site samples collected and measured during field investigations. The shaded region shows the normal 
concentration range of CH4 expected in atmospheric air; while dashed lines show key concentrations of CH4 with the typical natural gas composition of >85% 
delineated by red indicating observed levels are very far from typical natural gas. Dotted grey line shows δ13C-CH4 biogenic source values (< -50) and Thermogenic 
source values (> -50), the diagonal “Biodegradation” arrow referring to pseudo-thermogenic readings of biogenic source gases caused by microbe oxidation. 

Table 5 
Soil-gas CH4 composition (in ppm) for the wells that presented CH4 readings in 
the field, with their mean stable carbon isotope ratios (i.e. δ13C- CH4 in ‰ VPBD) 
from laboratory analyses for soil gas samples attained from investigated DWs, 
including from different auger holes and controls. Atmospheric air and natural 
gas values (i.e. fossil origin) were included for comparison purposes.  

Sample CH4 (ppm) δ13C – CH4 (‰) 

Mean Old Hills Soil Gas 6, 13.9 -48.25 
Old Hills atm. air field control 3.4 -40.3 
Mean Long Clawson Soil Gas 2.5, 2.6, 2.9 -24.95 
Long Clawson atm. air field control 2.7, 2.4 -29.25 
Lab. Air Control 2 -34.6 
Typical Atmospheric Air 2.2* -47.5 to 48.5 ** 
Typical Natural Gas 8.5 × 105 – 9.5 × 105 -40 to -50***    

*(Wang et al., 2014) 
**(Eyer et al., 2016) 
***(Townsend-Small et al., 2016a) 
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ranging from -25 to -50 ‰ across the well sites. Samples showing 
potentially elevated CH4 (i.e. 6 - 10 ppm at Old Hills DW) exhibited 
δ13C-CH4 values of -45.80 to -50.79. The concentrations of CH4 and 
δ13C-CH4 isotope ratios observed across all DW sites are consistent with 
a situation where biogenic gases have been oxidised by microbes so that 
the gases appear to be pseudo-thermogenic (i.e., more positive than 
typical biogenic gas, which has not been oxidised by microbes). The low 
concentrations of CH4 and lack of efflux observed across all DW sites 
infers this as the most likely gas source and explanation for observed 
results (and not that integrity at these DWs has failed). 

4.2. Surficial sediment properties and implications for integrity 
assessment, monitoring and failure detection 

According to different studies (Levy et al., 2012; Lyman et al., 2017; 
Forde et al., 2019a), from the many variables controlling gas migration 
in the subsurface, the soil characteristics (e.g. texture, permeability, 
composition, etc.) in a specific area are one of the key factors controlling 

soil CH4 emission rates. We can expect higher emission rates from 
permeable, unsaturated, sandy soils than from impermeable, saturated, 
shaley soils. Fugitive gas is likely to move in discrete pathways within 
the subsurface. This makes it highly challenging to accurately and 
effectively detect, particularly with surficial flux chambers (Soares et al., 
2021). In order to optimize the effectiveness of surficial flux chambers in 
identifying the presence of any fugitive gases in the subsurface shallow 
auger holes were advanced to approximately two metres depth to create 
an artificial pathway intersecting any potential gas flow paths. In spite of 
that, during our field investigations we found that all six DWs examined 
are embedded within clayey loam soils, at least down to the depths 
investigated (i.e., 2 m on average). Structural characteristics of the soil 
samples obtained from three of the examined DW sites, ascertained 
through MICP analysis, suggest that if well integrity failure has occurred 
at the DWs examined and fugitive gas was being released from the 
wellhead or below, these soils would not easily permit flow and trans-
port of gas, but instead would act as robust capillary barriers. According 
to the Nabawy’s pore-size classification (Nabawy et al., 2009), obtained 
by comparing the pore diameter and intrusion volume from MICP ana-
lyses, even though the surficial sediments are highly porous (i.e. with an 
average of 25%) their porosity is comprised primarily of micro and 
meso-porosity (with > 50% of the total porosity < 1 µm in diameter for 
the 3 DW sites sampled). These characteristics ensure the embedded 
sediments have relatively low intrinsic permeability (estimated to be 
0.001-0.0041 mD) and fugitive gas would need significant back pressure 
(7639 kPa, 6626 kPa, and 5985 kPa for Torksey, Eakring and Old Hills 
respectively) to first enter and then to migrate through the embedded 
clayey loam soils by advection. Previous research has also highlighted 
and demonstrated the influence that surficial sediment properties will 
have on gas migration, whereby the intersected geology will dominate 
the flow patterns and behaviour of fugitive gas outside the well structure 
ensuring that its detection and prediction will be highly challenging 
(Chao et al., 2020; Steelman et al., 2017; Forde et al., 2019a; Van De Ven 

Fig. 5. Example of surficial clayey loam soils encountered at; a) Old Hills, and, b) Long Clawson DW sites. Surficial sediments at all DW sites were identified as being 
dominated by particles corresponding to the silt and clay fractions (<1/64 mm). 

Table 6 
Summary of MICP results for DW surficial soil samples including a coarse and 
unrelated sandstone for comparison.  

Pore Parameter Torksey Eakring Old 
Hills 

Sandstone 

Total intrusion volume at 60k 
psia (mL/g) 

0.13 0.15 0.1 0.1 

Total pore area at 60k psia (m2/ 
g) 

19.1 15.07 14.3 1.4 

Average pore diameter (μm) 0.02 0.04 0.04 0.4 
Bulk density at 0.33 psia (g/ml) 1.6 1.6 1.59 1.7 
Porosity (%) 22.1 25.9 27.2 23.7 
Permeability* (mD) (Di and 

Jensen, 2015) 
1.00e-03 4.10e-02 6.00e-03 259  
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and Mumford, 2020a). Soil characteristics will clearly exert significant 
control on gas migration away from a DW head and therefore dictate the 
success (or suitability) of various types of surficial and subsurface gas 
monitoring and detection methodologies. As previously mentioned, 
either surficial soils will act as a barrier or an interface for gas flow and 
together with other environmental factors (e.g. barometric pressure, 
precipitation, soil moisture, bacterial activity) will determine the vari-
ability in fugitive gas soil-concentrations and emissions at a given site. 
This spatio-temporal variability will increase the uncertainty for 
detecting any type of fugitive gases from storage sites (such as carbon 
dioxide) when using non-intrusive methods. Consequently, due to the 

presence of these surficial sediments at least 3 of the currently examined 
DWs (with the other 3 also exhibiting visually similar materials) it is 
difficult to confidently constrain integrity status. That is, while we did 
not detect any anomalously elevated surficial or subsurface soil gas CH4, 
or any CH4 efflux conditions suggestive of integrity failure; this may be a 
result of the surficial sediments encountered (i.e., low gas permeability) 
and methods utilised (i.e., close to, but not absolutely at, the wellhead). 
In this case, the investigated DWs could potentially be releasing fugitive 
gases that may be transported laterally along preferential pathways 
away from the points of monitoring and sampling (Chao et al., 2021). To 
more confidently constrain the integrity status of DWs in England (and 
elsewhere) even more intrusive and comprehensive methods than those 
utilised here would be needed to show that all potential pathways for gas 
migration have been identified and proven negative in terms of presence 
of CH4. 

4.3. Contrast with previous DW investigation results 

It was previously concluded that 30 out of 102 DWs investigated in 
England appeared to be suffering integrity failure; including four 
examined in this study (i.e. Torksey, Eakring, Old Hills and Long 
Clawson; ranked 1st, 3rd, 5th and 28th respectively for relative elevated 
CH4 anomaly). We anticipated these DWs would present levels of 
elevated hydrocarbon gases that were easily measurable at the surface, 
and even more measurable at depth in the surrounding sediments. 
Consequently, the findings of this investigation (i.e. no signs of elevated 
hydrocarbon gases at surface or in the subsurface) are somewhat sur-
prising and warrant further discussion. Firstly, it is important to 
acknowledge that to our knowledge, the previous investigations were 
conducted as a reconnaissance, or a “first pass”, scoping exercise that 
was designed to provide an initial indication of potential DW integrity in 
England across a large number of DW sites. Consequently, the methods 
employed were, by design and necessity, minimally intrusive and 
exploratory in nature. There may be several reasons for the contrast 
between the current and previous investigation results. Firstly, it has 
been shown in recent research that the expression of fugitive gas 

Fig. 6. Pore-size classification of soil particles as derived from MICP for DW surficial soil samples showing; a) intrusion volume (as a fraction of overall total) vs. pore 
diameter (µm) and b) Intruded pore volume (mL/g) vs. pore diameter (µm). Results reveal that DW samples exhibit porosities predominantly dominated by two peaks 
corresponding to micro- (<0.4 µm) and meso-porosities (<8 µm). For comparative purposes, results from a relatively permeable coarse sandstone are included, 
showing a contrasting pore-size distribution of macro-pores. 

Fig. 7. DW site surficial soils estimated permeability vs porosity values.  
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migration in soils around energy wells (subject to integrity failure) is 
highly spatio-temporally variable. This can be a result of soil properties, 
subsurface heterogeneity and various other environmental and meteo-
rological factors such as barometric pressure fluctuations, precipitation 
and bacterial activity (Lyman et al., 2020) which can all influence the 
manifestation of gas migration at surface. Consequently, it is possible 
that the DWs examined here were exhibiting signs of integrity failure 
previously, but not during the current investigations. Another potential 
reason for the contrast in results relates to differences in the methods 
used to assess integrity. Previously, a process of normalisation was uti-
lised to compare each DW site to a local control area, and integrity was 
assessed from the relative difference in observed CH4 between each sites 
and its control. Using this method, the relative CH4 at the surface of 31 
out of 102 sites was assessed to be elevated above background. However, 
it should be noted that the absolute amount of elevation above back-
ground was generally very low. In the earlier study, DWs were reported 
as being 1.5 to 3 times elevated compared to the control, which could be 
attributed to CH4 concentrations of 3 ppm at the DW head location 
compared to a control of 1ppm. While this elevation was reported as 
statistically significant, such small relative elevations could be consid-
ered marginal compared to other reported cases of well integrity derived 
gas migration (including the various cases cited in section 4.2) and is 
almost certainly within the range of natural CH4 variation. For example, 
assuming a natural background level of CH4 in soils of ~3 ppm and 
recognising that soil gas CH4 concentrations at or around leaking oil and 
gas wells are reported to range from 1% – 80% v/v (i.e. 1000 – 800,000 
ppm); relative anomalies of >300 (as opposed to 1.5 to 3) would be 
expected. Indeed, for our current study, normalising soil gas CH4 to 
laboratory air in the same manner would provide a relative value of 1.5 
(i.e. 2 ppm in lab air relative to 2.9 ppm in soil gas at Long Clawson for 
example). However, in our view such results do not indicate integrity 
failure (as we conclude in section 4.1) and these inconsistencies 
demonstrate that it is essential methods for assessing integrity of DWs in 
the field are further developed and standardised. In particular, it is 
essential that the absolute concentrations of soil gas constituents and the 
natural ranges of key indicator species are considered. As opposed to 
considering relative (i.e. normalised) values. Either way, it must be 
acknowledged that the surficial soils within which 3 of the examined 
DWs are embedded (with the other 3 also appearing to be hosted in 
similar sediments) and their characteristics (i.e. clay/silt size particle 
dominated materials with micro- and meso-porosity and resultant low 
permeabilities) as described would limit any conclusions that can be 
made on the integrity of DWs in England in both the previous and cur-
rent investigations. 

5. Conclusions 

Well integrity failure resulting in fugitive gas release is a historic and 
ongoing challenge for industry and regulators. Such failures are partic-
ularly important for storage sites (i.e. CCS) and decommissioned wells, 
which operators are required to show are effectively sealed when they 
are decommissioned (based on pressure testing) but typically not tested 
thereafter. For the latter, the longevity required for decommissioning 
seals is not specified in regulation, even though seals may leak and well 
integrity may fail due to their long-term degradation. Moreover, few 
regulators stipulate ongoing monitoring to confirm the integrity of seals 
after decommissioning. A complex combination of environmental, en-
gineering, regulatory and geopolitical factors can interact and com-
pound to determine if an energy well suffers integrity failure in the long 
term, including into its post-production life (i.e. after decommissioning). 
Compared to other jurisdictions, England has a modest but significant (i. 
e., ~1700) onshore population of DWs, a significant portion (i.e. 30 
from 102 analysed) of which have previously been suggested as poten-
tially suffering integrity failure. To better constrain likely integrity sta-
tus, we undertook a series of intrusive field investigations at six DWs, 
four of which were members of a subset previously identified as 

suffering integrity failure. Our new investigations revealed no signs of 
integrity failure with CH4 concentrations and fluxes around all DWs 
examined being within natural baseline ranges. The contrast between 
our results and those reported previously may be due to the complexity 
and spatiotemporal variability associated with subsurface fugitive gas 
migration, false positives associated with land use and/or limitations 
with respect to investigation and interpretation methods previously 
utilised. These findings highlight the importance of standardisation, and 
the need to develop and implement fit-for-purpose and robust moni-
toring and detection strategies for assessing DW integrity and fugitive 
gas migration in the field. Importantly, we also showed that all DWs 
investigated in this study were embedded in low permeability clayey 
surficial soils; which would act as robust capillary flow barriers and 
severely limit, if not totally inhibit, any gas migration from the wellbore 
towards the surface and the atmosphere. Such conditions will make it 
very challenging to detect integrity failure using relatively shallow or 
minimally intrusive methods. Therefore, further research should view 
cautiously any inference on DW integrity in England from measurements 
taken to date, because surficial sediments in which DW are embedded 
may dictate that the methods employed are inadequate to accurately 
detect or quantify signs of leakage. Additionally, in future studies, we 
suggest a wider scope by considering analysing a larger number of wells 
with greater durations and scales of monitoring, which will allow 
obtaining higher conclusive data regarding CH4 incidence rate and 
temporal variability. Results that will also be relevant for other geo-
energy activities related to subsurface gas, such as CCS in geological 
media. Overall, the true integrity status of DWs in England and else-
where around the world remains poorly constrained and more work is 
needed in the coming years, as the repercussions of well integrity failure 
and fugitive CH4 are still unknown. 
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