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Abstract
Worldwide methane emission by various industrial sources is one of the important human concerns due to its serious climate and air- 
quality implications. This study investigates less-considered diffusive natural methane emissions from the world’s largest oil sand 
deposits. An analytical model, considering the first-order methane degradation, in combination with Monte Carlo simulations, is used 
to quantitatively characterize diffusive methane emissions from Alberta’s oil sands formations. The results show that the average 
diffusive methane emissions from Alberta’s oil sands formations is 1.56 × 10−4 kg/m2/year at the 90th percentile of cumulative 
probability. The results also indicate an annual diffusive methane emissions rate of 0.857 ± 0.013 Million tons of CO2e/year (MtCO2e/ 
year) from Alberta’s oil sands formations. This finding suggests that natural diffusive leakages from the oil sands contribute an 
additional 1.659 ± 0.025 and 5.194 ± 0.079% to recent Canada’s 2019 and Alberta’s 2020 methane emission estimates from the upstream 
oil and gas sector, respectively. The developed model combined with Monte Carlo simulations can be used as a tool for assessing 
methane emissions and current inventories.
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Significance Statement

Methane emissions from various industrial sources have garnered significant global attention due to their high radiative forcing con-
tribution to climate change. Additionally, methane reacts with hydroxyl radicals, which play a crucial role in removing other air pol-
lutants; its oxidation also contributes to ozone formation, impacting air quality and posing risks to human, animal, and crop health. 
This study addresses the often-overlooked diffusive natural methane emissions originating from the largest oil sand deposits on 
earth. We quantify diffusive methane emissions from Alberta’s oil sands. Our findings reveal that methane natural diffusive leakage 
from oil sands needs to be accounted for in emission assessments.

Competing Interest: The authors declare that they have no conflict of interest that could have influenced the work reported in this 
paper.
Received: February 13, 2023. Accepted: July 31, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of National Academy of Sciences. This is an Open Access article 
distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/ 
licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original 
work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact 
journals.permissions@oup.com 

Introduction
Methane (CH4) is known as the second most important short-lived 
greenhouse gas and is 25–34 times more potent than carbon diox-
ide on a 100-year time horizon and 96 times more potent over a 
20-year time horizon (1, 2). Therefore, depending on methane 
emission rates, the short-term global temperature may increase 
even if CO2 emissions decline due to the very long atmospheric 
lifetime of CH4 (3). Furthermore, besides the climate change impli-
cations, methane also has an air-quality consequence attributed 
to its reaction with hydroxyl radicals, producing CO and CO2 (4) 
and its NOx-catalyzed ozone formation in the troposphere (5–7). 
Therefore, a thorough understanding of atmospheric methane 
emission sources will play a vital role in developing mitigation 

pathways toward limiting the global average temperature to 2°C 

above the preindustrial levels (8) and improving air quality.
Recent studies have indicated that human-based activities re-

lated to agriculture, oil and natural gas, landfills, and microbial 

processes in wetlands and waste depositories are the main sour-

ces of methane emissions (9–12). Top-down and bottom-up ap-

proaches have been widely used to quantify methane emissions. 

The top-down approach involves measuring changes in atmos-

pheric methane concentration (atmospheric methane emissions) 

recorded at selected sites and utilizing inverse modeling techni-

ques to estimate the net sink/source of methane at the surface. 

The commonly used quantification techniques in this approach 

include the source receptor methods (13), aircraft-based flux 
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measurements (14), satellite measurements (15, 16), and hybrid 
measurement modeling (17, 18). These quantification techniques 
have been long used in Europe and North America. The bottom-up 
approach quantifies the emissions based on a methane inventory 
estimated by provinces/states and local sectors. Discrepancies 
have always existed between top-down and bottom-up methane 
emission estimates. The methane emissions measured by a 
top-down approach are generally greater than bottom-up 
inventory-based estimates (19–21). This inconsistency is mainly 
linked to the limited capability of the inventory-based technique 
to identify all methane emission points from a large number of 
complex source types (5, 22). The discrepancy has led to the de-
bate that the existing quantifications of methane emissions can-
not be broadly accepted. Many studies have indicated that the 
oil and gas sector leads to this discrepancy, primarily from its pro-
duction and processing procedures (1). For example, some studies 
have revealed that the actual methane emission from the oil 
and gas sectors is higher than the currently reported values 
(20, 21, 23–25). More specifically, recent studies reported that the 
airborne measurement-derived emission results were found to be 
four times greater than the bottom-up inventory-based estimates 
for the Lloydminster region (26, 27). However, these studies only at-
tributed the discrepancies to anthropogenic methane emissions 
from the oil and gas sector, such as production, tanks, facilities 
and equipment, combustion, and bitumen extraction (28–30).

Diffusive natural methane emissions from the oil and gas res-
ervoirs have rarely been studied. This study thus considers nat-
ural methane emission escaping from the largest oil sand 
deposits on earth through diffusion. Methane natural diffusion 
is a slow upward migration of methane molecules from oil sand 
deposits through the overlying water-saturated porous layers 
due to the existing methane concentration gradient. Although dif-
fusion is the slowest transport mechanism, it can be a major 

factor in depleting the oil and gas accumulations over a geologic 
time scale (31) and hence it deserves to be considered in methane 
emissions from oil sand formations. Alberta’s oil sands are mainly 
distributed in the Athabasca, Cold Lake, and Peace River regions, 
with 168 billion barrels of oil reserves covering an area of 
140,000 km2, as shown in Fig. 1 (32). Alberta’s oil sands are mainly 
hosted within the Wabiskaw–McMurray succession, whose age 
determined from the microfossil and palynological records is esti-
mated to be ∼125 million years (33). According to kinetic studies, a 
slow thermal maturation occurs when oil sands are heated under 
controlled conditions or at the geological formation temperature. 
The thermal maturation may yield methane, CO2, CO, H2S, COS, 
CS2, acetaldehyde, and SO2 (34, 35). A fraction of the generated 
gases would undoubtedly migrate and escape into the ground-
water and atmosphere through diffusion over a geologic time 
scale (36). Nonetheless, this potential methane emission source 
type has not been considered in Canada’s National Inventory in 
the recently reported 2020 Methane Emission Management from 
the Upstream Oil and Gas Sector in Alberta (37).

The aims of this paper are: (i) to present a model to describe the 
subsurface methane diffusion from oil sands to the surface and 
thus to the atmosphere; (ii) to provide a zero-order estimate of 
the methane emission rates from Alberta’s oil sands based on 
the proposed model in combination with Monte Carlo simulations 
(MCSs); (iii) to calculate the contribution of methane emissions by 
subsurface diffusion over 140,000 km2 of Alberta’s oil sands to 
Canada’s and Alberta’s methane emissions reported from the up-
stream oil and gas sector, and provide further evidence that al-
lows a more reliable assessment of methane inventory. In 
addition, the fact that Alberta’s oil sands are the largest hydrocar-
bon deposits on earth (38–40) highlights the importance of consid-
ering the global impact of methane emissions from these 
less-considered sources. Furthermore, this paper addresses a 
rarely studied methane emission pathway.

Methods
Methane diffusion model
We consider a vertical cross section of a water-saturated porous 
layer of thickness H overlying the oil sand formation, where 
z = 0 is the top of the oil sand formation and z = H is the earth’s 
surface. The pore water above the oil sand formation is assumed 
to be stagnant; thus, molecular diffusion is the dominant mech-
anism in the subsurface methane transport in the water- 
saturated porous layer. The unsteady-state methane diffusion 
considering a first-order methane degradation (e.g. oxidation, ad-
sorption, etc.) can be described by:

Deff
∂2CCH4

∂z2 − κdCCH4 =
∂CCH4

∂t
(1) 

with the initial condition (IC):

CCH4(z, t = 0) = 0 (2) 

The oil and pore water are typically saturated with methane at oil 
sand reservoirs’ temperature and pressure (29, 31, 34, 36); thus, 
the lower boundary condition (BC) at z = 0 can be expressed as:

CCH4(z = 0, t) = C∗CH4 (3) 

The BC at z = H can be written as:

Deff
∂CCH4

∂z
+ ka(CCH4 − C∞

CH4) = 0(z = H, t) (4) 

where CCH4 is the methane concentration in the pore waters 

Fig. 1. The Alberta oil sands map (Source: Alberta Geological Service) 
displays the locations of the Alberta oil sands. Among these, Athabasca, 
Peace River, and Cold Lake contribute to 66, 21, and 13% of Alberta’s oil 
sands reserves, respectively (32).
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(mole/m3), z is the vertical distance and positive upward, Deff is the 
effective diffusion coefficient for methane through the water- 
saturated porous media (m2/s), t is the time (s), H is the thickness 
of the water-saturated porous layer/oil sand formation depth (m), 
κd is the degradation constant (s−1), ka is the mass transfer coeffi-
cient across the earth-air interface (m/s), C∞

CH4 is the surface me-

thane concentration in air, which is set as zero due to its low 
content in the air, C∗CH4 is the dissolved equilibrium concentration 
of methane in pore waters with a range of 32.9–133.4 molCH4/ 
m3

Aqueous phase (41).
The solution of Eq. (1) is obtained by the separation of variables 

subject to the given IC and BCs. The dimensionless form of the so-
lution is written as:

CCH4D(zD, tD) = cosh
����
Da


zD −

����
Da
√

tanh
����
Da
√

+ Dsh
( 

����
Da
√

+ Dsh tanh
����
Da
√ sinh

����
Da


zD

 

+
∞

n=1

An sin (μnzD) · e−(μ2
n+Da)tD

(5) 

where CCH4D = CCH4/C∗CH4, tD = Defft/H2, zD = z/H; Da = κdH/Deff is 

the Damköhler number; Dsh = kaH/Deff is the Sherwood number; 
μn is the root of μn + Dsh tan μn = 0; and An is defined as:

An = −
2μn(D2

sh + μ2
n)

(Da + μ2
n)(D2

sh + μ2
n + Dsh)

(6) 

The surface flux of diffusive methane emissions is obtained based 
on Fick’s first law as given by:

JzD=1 = − Deff
C∗CH4

H
∂CCH 4D

∂Z
= Deff

C∗CH4

H

Dsh
����
Da
√

Dsh sinh
����
Da
√

+
����
Da
√

cos
����
Da
√

 

−
∞

n=1

μnAn cos(μn) · e
−(μ2

n+Da)tD

 

(7) 

where J is the diffusive flux (mole/m2/s).

Monte Carlo simulations
Like most subsurface geological parameters, many input parame-
ters in Eq. (7) are uncertain for calculating the surface flux of me-
thane emissions. This uncertainty is due to the lack of detailed 
knowledge of the geological characterizations of the subsurface 
formations overlying the oil sand deposits. For example, an exact 
distribution for Alberta’s oil sand depth over 140,000 km2 surface 
area is not precisely characterized. The depth of oil sand forma-
tions can vary from the depth of surface mining operations 
(<75 m) to the typical depths of in situ thermal recovery opera-
tions (∼300 m). If only a single value of the oil sand depth (H ) is ap-
plied for representing the entire Alberta’s oil sands, the obtained 
results could be less meaningful and representative. Other uncer-
tain variables also need the same treatment. In this study, MCS, 
which has been broadly used in other areas like financial invest-
ments, risk management, and geothermal development (42, 43), 

is introduced to address the uncertainty in the mathematical mod-
el parameters. MCS is a statistical experimentation method based 
on generating a large number of random realizations of a physical 
problem using a given probability distribution of uncertain varia-
bles. In our case, Eq. (7) is used to calculate the surface methane 
flux during each run of MCS (Supplementary material). The oil 
sand depth (H ), the mass transfer coefficient (ka), the effective dif-
fusion coefficient (Deff), the dissolved equilibrium concentration of 
methane in the oil sand pore waters (C∗CH4), and the degradation 
constant (κd) are the probability distribution function parameters 
used in the MCS. In the following, we introduce the determination 
of these variables.

Oil sand depth
The depth of oil sand formations can vary from surface pit mining 
operations (<75 m) to the typical in situ thermal recovery opera-
tions depth (∼300 m) (29, 44). This study thus focuses on the depth 
range between 0 and 300 m by assigning a uniform probability dis-
tribution reflecting its uncertainty range.

Mass transfer coefficient
We reviewed methane mass transfer coefficients in the air–water 
interface reported from field and laboratory experiments at differ-
ent temperatures, as shown in Table 1. The following relationship 
suggested by Barber et al. (46) can be used to correct the results to 
obtain the mass transfer coefficient at surface temperature.

kx

ky
=

Scx

Scy

 n

(8) 

where kx is the mass transfer coefficient of the solute at a specified 
temperature. In this work, the specified temperature equals 2.5°C 
based on surface temperature statistics in Alberta’s five represen-
tative municipalities (i.e. Calgary, Edmonton, Fort McMurray, 
Peace River, and High Level) for nearly 10 years (51). Scx is the 
Schmidt number at the specified temperature obtained from 
Jähne et al. (52). ky is the mass transfer coefficient corrected to me-
thane at 20°C (Scy = 620). n value of −2/3 is used here (46). 
Eventually, the calculated mass transfer coefficients at Alberta’s 
surface temperature are listed in the last row of Table 1, and 
this work uses the average value of 0.201 × 10−5 m/s.

Effective diffusion coefficient
Maxwell (53) and Nelson and Simmons (54) defined the effective 
diffusion coefficient of a solute in a homogeneous water- 
saturated porous media as:

Deff =
ϕmD

a
(9) 

where D is the diffusion coefficient (m2/s), ϕ = 0.3 is the porosity, a 
is the rock texture or tortuosity factor, and m is the lithologic ex-
ponent. Following Nelson and Simmons’ work (54), a and m equal 
1.45 and 1.54, respectively.

Table 1. Experimental mass transfer coefficient of methane in the air at the earth’s surface.

Reference Mass transfer coefficient (10−5 m/s) Temperature (°C) Schmidt numbers Mass transfer coefficient at 2.5°C (10−5 m/s)

Sebacher et al. (45) 0.47 20 620 0.247
Barber et al. (46) 0.56 20 620 0.294
Schütz et al. (47) 0.17 20 620 0.089
Happell et al. (48) 0.30 20 620 0.157
Cole et al. (49) 0.51 — 600 0.262
Xiao et al. (50) 0.304 — 600 0.156
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The methane diffusion coefficients obtained from the re-
ported laboratory and field experiment results at different tem-
peratures and pressures are shown in Table 2. Nelson and 
Simmons (54) suggested that the diffusion coefficient (D1) 
under a specified condition can be estimated from the known 
conditions (D0, T0, μ0) using the Stokes–Einstein relation, as 
given by:

D1 = D0
T1

μ1

μ0

T0
(10) 

where D0 is the known diffusion coefficient under the known 
absolute temperature T0 (K) and water viscosity μ0 (cP), and 
D1 is the diffusion coefficient at the specified absolute tem-
perature T1 (K) and water viscosity μ1 (cP).

Since the given depth of oil sand ranges from 0 to 300 m, we 
consider two extreme conditions of 2.5°C and 0.101 MPa for 
the shallow oil sands and 10°C and 3 MPa (29, 44, 65) for the 
deep oil sands to obtain the proper range of the diffusion coef-
ficient. The calculated diffusion coefficients of methane in 
water are listed in the last two rows of Table 2. In this work, 
we use the average value, ranging from 0.9128 × 10−9 to 
1.1841 × 10−9 m2/s, by assigning a uniform probability distribu-
tion reflecting its uncertainty.

The dissolved equilibrium concentration of methane in the oil 
sand pore waters
The oil sands in Athabasca, Cold Lake, and Peace River regions 
have a gas–oil ratio (GOR) in the range of 4 to 20 standard m3 of 
methane per 1 m3 of bitumen (41). This GOR range represents a 
dissolved methane mole fraction range of 0.085 to 0.343 when a 
typical molar mass of bitumen of 550 g/mole and an oil-specific 
gravity of 1.005 g/mL are used. Considering the equilibrium con-
stants of the gas–oil (Kog = yg

CH4/x
o
CH4) and gas–water 

(Kwg = yg
CH4/x

w
CH4) systems, the methane partition coefficient for 

the oil–water system is defined as αwg = xw
CH4/x

o
CH4 ≈ 0.007 

(44, 66), resulting in a mole fraction range of 0.0006 to 0.0024 for 
the dissolved equilibrium concentration of methane in the oil 
sand pore waters, where yg

CH4 is the mole fraction of methane in 
the gas phase, xo

CH4 and xw
CH4 are the mole fractions of methane 

in oil and water, respectively. Therefore, a uniform distribution 
in the range of 0.0006 to 0.0024 was used in MCS.

Methane degradation constant
Damköhler number varies from 0 to 1 (67). Combining the values 
of Deff and H and the definition of Damköhler number given in 

previous sections, the value of degradation constant is obtained 
as 3.3 × 10−13 s−1.

Results and discussion
An important consideration in MCS is the independency of the re-
sults to the number of realizations. Hence, first, the number of 
realizations necessary to ensure the desired degree of accuracy 
needs to be determined. In this study, we considered a sufficient 
number of realizations at which the mean of the surface flux of 
diffusive methane emissions stabilizes and the coefficient of vari-
ance (COV) reduces to an acceptable value, i.e. <0.1 (68). We simu-
lated cases with varying numbers of realizations, ranging from 104 

to 3 × 108, to identify the minimum number necessary to ensure 
the convergence of the final solution. The mean and the COV for 
N realizations are, respectively, defined as (68):

J =
1
N

N

i=1

Ji (11) 

COV =
1

J

�����������

Var(J)/N


(12) 

We then plotted the mean of the surface flux of diffusive methane 
emissions versus the number of realizations (Fig. 2A). As the num-
ber of realizations increased, the fluctuation of the mean de-
creased, and the mean gradually stabilized. We also plotted the 
COV versus the number of realizations (Fig. 2B). As the number 
of realizations increased, the COV decreased below 0.1. The re-
sults demonstrated in Fig. 2 show that the minimum realization 
number of N = 5 × 107 is required to ensure an independent solu-
tion. This work uses the realization number of N = 108 for conduct-
ing MCSs to estimate the surface flux of diffusive methane 
emissions.

Figure 3 shows the surface methane flux frequency, the corre-
sponding cumulative distribution, and the range distributions of 
total surface methane emissions from Alberta’s oil sands ob-
tained from the MCS with 108 realizations. As shown in Fig. 3A, 
the surface flux of diffusive methane emissions from Alberta’s 
oil sand ranges from 1.41 × 10−6 to 1.41 × 102 kg/m2/year. The 
mean/expectation of surface methane emissions through diffu-
sion over 140,000 km2 of Alberta’s oil sand is 2.449 ± 0.038 ×  
10−4 kg/m2/year. The uncertainty (S) of 0.038 × 10−4 kg/m2/year 
is based on the uncertainties of input values and assumptions 
used in this work, defined as S = Var(J)/

���
N
√

. Based on the cumula-
tive distribution function shown in Fig. 3B, the cumulative prob-
ability of diffusive methane emissions with a surface flux larger 

Table 2. Experimental diffusion coefficient of methane in water.

Reference Diffusion coefficient 
(10−9 m2/s)

Pressure 
(MPa)

Temperature  
(°C)

Diffusion coefficient at 2.5°C, 
0.101 MPa (10−9 m2/s)

Diffusion coefficient at 10 °C, 
3 MPa (10−9 m2/s)

Witherspoon and Saraf (55) 1.88 0.101 24.8 0.941 1.220
Wise and Houghton (56) 2.4 0.101 20 1.373 1.782
Gubbins et al. (57) 1.81 0.101 25 0.905 1.174
Tham et al. (58) 1.99 0.101 25 0.995 1.291
Bonoli and Witherspoon (59) 2.38 0.101 40 0.831 1.078
Maharajh and Walkley (60) 1.22 0.101 10 0.942 1.222
Jähne et al. (52) 1.25 0.101 10 0.966 1.252
Sachs (61) 1.4 8.2 25 0.699 0.907
Guo et al. (62) 1.61 5 25 0.804 1.044
Chen et al. (63) 1.44 10 25 0.719 0.933
Bellaire et al. (64) 1.73 0.101 25 0.865 1.122
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than 1.20 × 10−5 kg/m2/year and lower than 1.56 × 10−4 kg/m2/year 
is about 80%.

Canada and Alberta have established an equivalency agree-
ment regarding the reduction of methane emissions from the oil 
and gas sectors (37). International Energy Agency reported that 
Canada’s 2019 methane emissions from the upstream oil and 
gas sector were 2,066 ktCH4 (69), equivalent to 51.65 MtCO2e/ 
year, using a CH4/CO2 100-year global warming potential of 25 
applied by the Alberta Energy Regulator (37) and Canada’s 
National Inventory Report. According to the government report 
(2022), Alberta’s upstream oil and gas methane emissions were 
16.5 MtCO2e in 2020. Alberta’s oil sands covered an area of 
∼140,000 km2 of the province (Fig. 1). Based on the results of 

Fig. 3A and C, Alberta’s oil sands could release methane to the 
earth’s atmosphere by diffusion with a mean of 0.0343 ±  
0.0005 Mt/year, equivalent to 0.857 ± 0.013 MtCO2e/year. The 
result of 0.857 ± 0.013 MtCO2e/year is 0.857 ± 0.013/51.65 =  
1.659 ± 0.025% and 0.857 ± 0.013/16.5 = 5.194 ± 0.079% of 
Canada’s 2019 and Alberta’s 2020 annual methane emission es-
timates from the upstream oil and gas sector, respectively. 
Strausz (36) estimated that between 0.1 and 1 Mt/year of vola-
tile hydrocarbons are generated in subsurface Alberta oil sand 
formations. Our calculation suggests that the methane concen-
tration profile has reached a steady state over geological time. 
Assuming that a significant fraction of the light hydrocarbons 
is methane and that most oil sand formations are saturated 

Fig. 2. A) The mean of surface methane flux and B) the coefficient of variance versus the number of realizations.

Fig. 3. A) Frequency distribution histogram of surface flux, B) the cumulative distribution function of surface flux, and C) the range distributions of total 
surface methane emissions with different probability density from Alberta’s oil sands generated by MCS with 108 realizations. The probability density is 
obtained using the counts at a given range divided by 108 realizations. The mean of surface methane emissions over 140,000 km2 of Alberta’s oil sands is 
0.857 ± 0.013 MtCO2e/year.

Wei et al. | 5
D

ow
nloaded from

 https://academ
ic.oup.com

/pnasnexus/article/2/9/pgad260/7241055 by U
niversity of C

algary user on 08 Septem
ber 2023



with methane, the 0.0343 ± 0.0005 Mt/year diffusive flux 
reveals that a considerable fraction of the generated methane 
likely remains in the subsurface or degrades in the overlying 
formations.

Conclusions
This study reports the most probable natural surface flux of me-
thane from the largest oil sand deposits on earth. An analytical 
model, considering the first-order methane degradation, is devel-
oped to study the subsurface methane diffusion. The analytical 
model is then combined with the MCSs with 108 realizations to 
perform a quantitative analysis of the methane emissions from 
Alberta’s oil sands. It is shown that the most probable surface me-
thane flux range is 1.41 × 10−5 to 1.41 × 10−4 kg/m2/year. The re-
sults show that the most probable surface flux of diffusive 
methane emissions from Alberta’s oil sands is 0.0343 ±  
0.0005 Mt/year, equivalent to 0.857 ± 0.013 MtCO2e/year, which 
would constitute 1.659 ± 0.025 and 5.194 ± 0.079% of Canada’s 
2019 and Alberta’s 2020 inventory-based methane emission esti-
mates from the upstream oil and gas sector, respectively. In add-
ition, the results suggest that a significant fraction of methane 
generated in oil sand formations most likely remains in the sub-
surface or degrades in the oil sands overlying geological 
formations.

More importantly, other oil sands and tar-sand deposits of the 
world, such as those in Venezuela, the United States, Russia, and 
China, also cover a large area. The diffusive methane emission re-
sults reported here suggest that careful consideration of diffusive 
methane emissions is necessary to ensure more accurate me-
thane emission estimates globally.

Future research
The analytical analysis of methane diffusion mitigation presented 
in this work is based on a vertical cross section of a homogeneous 
water-saturated porous layer overlying oil sand formation. More 
complex geological features such as formation heterogeneity, 
lithologies, faults, and fractures can be included to narrow the 
predicted range of methane diffusive flux. Moreover, the ground-
water flow can significantly impact the diffusive flux and the sub-
surface migration pathways. New theories and techniques should 
be incorporated to address the role of these complexities, provid-
ing a more accurate assessment of diffusive methane emissions 
from oil sand formations.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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