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A B S T R A C T   

A proper understanding of subsurface gas migration patterns resulting from belowground natural gas (NG) 
infrastructure is essential for safe and efficient first responder operations and to improve leak repair actions. 
Subsurface migration of leaked gas occurs predominately by pressure-driven advection close to the leak. Far 
migration occurs by concentration-driven diffusion and eventually defines the plume’s edge. Therefore, proper 
formulation of the diffusion behavior in mathematical models of gas transport is critical to safety and response. 
This study evaluated six diffusivity parametric functions (DPFs) for an accurate representation of soil gas 
diffusivity through soils by comparing predicted and measured values for mineral, clay, and sand soils. DPFs 
were further tested by implementing them in a multiphase flow model previously developed for belowground NG 
transport. DPFs were also tested by comparing with field scale NG leakage experiments conducted in varying soil 
conditions (mineral soil, sand, and sand/clay) at controlled NG leak rates ranging from 5 to 21 slpm. Results 
showed that soil-type and structure-dependent DPFs performed better than soil-type and structure-independent 
DPFs in simulating the diffusive transport of NG. Further, results showed that DPF selection does not significantly 
influence NG migration simulations under dry soil conditions during the leak period. However, when the leak is 
terminated, simulation results followed the same trend of over- and under-predictions as of Dp/Do parameteri-
zation. Further, wet soil simulations show more than a 10% CH4 composition deviation and 2.5-day time dif-
ferences among DPFs in reaching explosive limits. Unique to this work, the selection of a DPF can result in large 
differences in flux estimates in transport models, masking the effects of the gas behavior, especially in cases 
where gas diffusion to outer boundaries is of interest. The findings, therefore, support the idea that careful se-
lection of DPFs based on soil-type, structure and moisture condition is essential to predict NG plume behavior 
during a leak event and after repair.   

1. Introduction 

Natural gas (NG) pipeline safety has greatly improved in recent de-
cades, but incidents still occur, oftentimes associated with aging infra-
structure, excavation, and human error. NG emitted from pipeline leaks 
in residential and commercial areas can migrate through soil and ulti-
mately into enclosed spaces, such as drains, basements, foundations, or 
utility conduits, accumulating to explosive methane (CH4) concentra-
tions (5 – 15 % CH4 by volume (v/v), where the lower explosive limit 
(LEL) of CH4 is 5 % v/v and the upper explosive limit (UEL) is 15 % v/v) 
(Pipeline Emergency Response Guidelines, 2018). Between 2009 and 

2019, 1,199 subsurface pipeline gas leaks in the USA were reported 
which resulted in 39 deaths and 281 injuries that required in-patient 
hospitalizations (PHMSA, 2019). What is not well understood in these 
incidents, is how the soil conditions affect gas migration behavior, 
including the migration rate and extent. Better predictions of the gas 
migration behavior will support a more efficient response to leaks in 
general and ultimately allow operators and regulators to understand 
locations that are more susceptible to underground gas migration. 

Recent technological advances in CH4 detection have improved the 
accuracy and efficiency of above-ground Leak Detection and Repair 
(LDAR). However, these technological advances have not improved the 
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ability to determine the subsurface migration distance and rate from an 
NG leak due to the diffuse nature of leaked gas (Riddick et al., 2021; 
Ulrich et al., 2019). Numerical studies report CH4 migration distance 
variations from 2 to 10 m (Okamoto and Gomi, 2011; Yan et al., 2015), 
while field observations of leak incidents showed elevated CH4 readings 
between 20 and 30 m from the leak center (Heldenbrand, 2018; von 
Fischer et al., 2017). 

Leaked NG from a subsurface pipe enters the soil structure, which 
acts as the medium for the gas’s transport. Gas transport in the soil is 
primarily controlled by soil structure, texture, moisture content, tem-
perature, and gaseous properties including density, viscosity, and 
diffusivity (Felice et al., 2018; Hartge and Horn, 2016; Poulsen Tjalfe 
et al., 2003). Migration of gases through the vadose zone and subsequent 
emission to the atmosphere through the soil-air interface is controlled by 
diffusion and advection (Allaire et al., 2008; Felice et al., 2018; Penman, 
1940). Advection of gas in the soil is rate limited by pressure gradients in 
the soil, which include leak properties (i.e. pressure gradient near the 
leak point), barometric pressure variations at the soil-air interface 
(Christophersen et al., 2001; Poulsen Tjalfe et al., 2003), and gas density 
changes that occur due to temperature and gas composition differences 
(Seely et al., 1994). Advection, typically discussed in terms of soil air- 
filled permeability (ka) terms, is also dependent on air-filled porosity 
(ε) (Chamindu Deepagoda et al., 2013). Diffusion in the soil is rate 
limited by the gradient of gas concentration (Aachib et al., 2004), and is 
primarily expressed as soil-gas diffusivity Dp/Do, where Dp (m3 soil air 
m− 1 soil s− 1) and Do (m3 soil air m− 1 soil s− 1) are the soil-gas diffusion 
coefficients for a specific gas diffusing through a porous medium and 
free air, respectively (Croney and Coleman, 1954; Gupta et al., 1989). 
The value of Dp/Do is a function of soil air-filled porosity (ε), and gaseous 
phase tortuosity (Ʈ) of the functional soil gas phase and is strongly 
dependent on soil physical properties such as soil texture/type, struc-
ture, total porosity (Φ), moisture content and organic matter content 
(Deepagoda et al., 2011a; Resurreccion et al., 2008). 

Subsurface migration of leaked NG is governed by advective flow 
near the leak due to high pressure and becomes diffusion controlled as 
gas migrates farther away (beyond ~ 1.5 m from the leak) regardless of 
the leak rate and the soil moisture condition (Felice et al., 2018; Gao 
et al., 2021). Advection also plays a significant role when the vertical 
extent of the vadose zone decreases and moisture content increases 
(Chamindu Deepagoda et al., 2016; Sihota et al., 2013) as well as at the 
edge of barriers (different covers as asphalt pavements, etc.) forming 
local advective maximums (Gao et al., 2021). Upon stopping or fixing an 
NG leak, and terminating the supply of gas, the main source of advective 
transport ceases (Gao et al., 2021; Okamoto and Gomi, 2011). However, 
the diffusive transport of gas within the soil continues due to the accu-
mulated gas within the soil profile (Gao et al., 2021). As the concen-
tration gradients are especially prevalent at the leak boundary, there is 
the potential for gas to continue to move away from the leak source, 
even after repair (Gao et al., 2021, Okamoto and Gomi, 2011). There-
fore, attention is required for unresolved persistent leaks that may 
continue to spread due to diffusion, as well as situations where a leak has 
been resolved but the leak boundaries are close to facilities in leak as-
sessments. To assess this, there is a need to properly represent soil-gas 
diffusivity in modeling efforts when determining the rate and extent 
of gas migration during a leak event and after repair. An advec-
tion–diffusion-based simulation tool that incorporates the proper soil- 
gas diffusivity parameters can be used as a platform for determining 
the subsurface migration patterns of leaked NGs. Although limited 
simulations have modeled NG gas transport (Wakoh and Hirano, 1991; 
Iwata et al., 1992; Okamoto and Gomi, 2011; Chamindu Deepagoda 
et al., 2016; Praagman and Rambags, 2018), each study has limitations. 
For example, Wakoh and Hirano (1991) simulations neglected 
buoyancy-driven flow and used a constant Dp/Do throughout the 
domain, Iwata et al., (1992) adopted a single-phase model, the study by 
Okamoto and Gomi (2011) neglected the soil moisture distribution and 
unsaturated nature of the soil, and the study by Chamindu Deepagoda 

et al. (2016) limited to lab-scale domains and did not consider the 
coupled effect of free-space and porous media. To the author’s knowl-
edge, there are no previous studies that systematically investigate the 
diffusion behavior of NG under varying soil types, structures, and at-
mospheric conditions and how to properly incorporate this under-
standing in modeling efforts of field scale methane migration behavior. 

Parametric functions, henceforth called diffusivity parametric func-
tions (DPFs), are used in modeling efforts to represent the relationship 
between Dp (the gas diffusion coefficient between selected porous 
media) and Do (the gas diffusion through free air). They are typically 
determined as a function of easy-to-measure soil properties such as air- 
filled porosity (ε) and soil total porosity (Φ) (Jayarathne et al., 2020). 
Initial DPF parameterization started with the single parameter models, 
depending only on ε (Buckingham, 1904; Penman, 1940; Call, 1957). In 
the 1960 s and 70 s, soil-type dependent models were developed to 
include the soil type and structure determined by Φ (Millington and 
Quirk, 1960; 1961; Lai et al., 1976). DPFs were then modified to account 
for the soil moisture effects by adding parameter coefficients from soil 
water characteristics (Moldrup et al., 1996, 1999, 2000, 2013). These 
later DPFs have been shown to statistically outperform soil-type inde-
pendent models for a wide range of soil types, except for well-aggregated 
structural soils (Resurrection et al., 2007). The most recent DPFs 
introduce a bi-modal approach that calculates the diffusivity of 
well-aggregated (structured) soils with two distinct pore regions. These 
bi-modal approaches have also been shown to outperform early-stage 
models (Deepagoda et al., 2011a, 2011b; Jayarathne et al., 2020; Res-
urreccion et al., 2010). Aggregated soils or structured soils typically 
have two distinct pore regions: (1) inter-aggregate regions which 
include the pore spaces between the aggregates, and (2) intra-aggregate 
regions, or the pore spaces within individual soil aggregates arranged 
hierarchically (Currie, 1984; Grable and Siemer, 1968; Jayarathne et al., 
2020; Ghezzehei, 2012). Further details on aggregated soil, and 
inter-and intra-aggregate pore regions can be found in SI section 3. 
Bi-model DPFs are also capable of taking a uni-model (non-structured 
soil) approach when required or the function itself will characterize the 
soils between unimodal and bimodal. 

In models of multiphase flow and transport, the soil-type dependent 
Millington and Quirk (1961) (MQ61) DPF, is widely adopted as the 
standard DPF (Moldrup et al., 2005a, 2005b; Resurreccion et al., 2008), 
although it has not been previously tested with intact soil cores (un-
disturbed soils). The initial state parameterizations described above are 
often used in hydrological earth system models and simulation platforms 
including the HYDRUS software package (Šimůnek et al., 2013, 2006) as 
well as large-scale land surface models such as Community Land Model 
(CLM5.0) (NCAR, 2020), COMSOL Multiphysics soil simulation platform 
(COMSOL Multiphysics, 2018). Other applications of DPFs include 
modeling of contaminant sites (Abreu and Johnson, 2006) even though 
their impact on transport behavior has not been previously considered. 
Therefore, a careful selection of DPFs when applied specifically to un-
derstand the diffusion-controlled migration and/or concentration pro-
files near the plume boundary is necessary. 

Among the limited modeling efforts specifically focused on subsur-
face NG transport, Dp/Do has been determined either experimentally 
(Chamindu Deepagoda et al., 2016; Okamoto and Gomi, 2011; Wakoh 
and Hirano, 1991) or assumed based on the selection of a single DPF 
without evaluating the impact of Dp/Do selection on overall model per-
formance (Chamindu Deepagoda and Elberling, 2015). Experimental 
determination of Dp/Do during a leak event is challenging due to the 
requirement of specific instrumentation and controlled laboratory en-
vironments (Resurreccion et al., 2008). Unfortunately, many DPFs 
selected for use in advection–diffusion models (ADMs) have not been 
thoroughly validated with experimental measurements of diffusivity or 
only used a limited dataset representing certain soil types or limited 
water contents. Moldrup et al, (2000, 2013), followed by Chamindu 
Deepagoda et al. (2012a, 2012b) and Resurrection et al. (2008) were 
among the first studies to statistically validate the performance of DPFs 
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by comparing each function with a large Dp/Do lab dataset. However, the 
application of these performance comparisons for field scale scenarios is 
not discussed in the literature. Although (Chamindu Deepagoda and 
Elberling, (2015) and Delahaye and Alonso, (2002) discussed the effect 
of soil heterogeneity on the lab-scale, no study has verified DPFs with 
both lab measurements and experimental studies in the field. Therefore, 
to properly represent the gas behavior in the far field, there is an urgent 
need to evaluate the DPFs incorporated in mainstream ADMs. 

The objective of this study is to evaluate the performance of DPFs 
used in field scale models of NG leakage to represent gas migration 
extent and changes over time. Explicitly, the aims are to 1) evaluate the 
performance of DPFs to accurately predict the soil-specific diffusivities 
by comparing experimentally determined and predicted values of soil- 
gas diffusivity; 2) compare modeled CH4 migration results with field 
experimental results; and 3) better understand how DPF selection can 
affect gas migration predictions of belowground NG leakages. DPF 
performance evaluation was conducted by measuring Dp/Do of four 
selected soils (natural disturbed, natural undisturbed, clay, and sand) 
from pipeline testbeds at Colorado State University’s Methane Emission 
Technology Evaluation Center (METEC) in Fort Collins, CO, and 
comparing with predictions from six selected diffusivity parametric 
functions (Buckingham (1904), Millington (1959), Millington and Quirk 
(1961), WLR-Marshall (Moldrup et al., 2000), SWLR (Moldrup et al., 
2013), and Two Region model (Jayarathne et al., 2020)). The DPFs were 
then applied to a numerical model developed by Gao et al. (2021). Three 
field-scale proof-of-concept experiments conducted at the testbeds used 
to collect soil were used to assist the concept of simulations initially. To 
determine the impact of DPF selection on belowground NG migration 
simulations, the numerical model was repeated with each DPF individ-
ually. The simulations were conducted for both dry and wet soil con-
ditions for a time span starting from leak initiation up to 12 hrs after 
terminating the leak. The understanding from this work is widely 
applicable for the efficient determination of the area of influence during 
any below-ground NG leak incident. 

2. Methodology 

2.1. Soils selected and field testbed configurations 

Initially, the DPFs were compared for the performance in Dp/Do 
predictions for different soil types under different moisture conditions. 
The soil samples for Dp/Do measurements were obtained from the 

pipeline testbeds at Colorado State University’s Methane Emission 
Technology Evaluation Center (METEC) in Fort Collins, CO. METEC. The 
test facility consists of 7 unique underground pipeline test beds that 
facilitate the simulation of underground pipeline leaks at known leakage 
rates in varying subsurface (e.g., soil type, texture, moisture, leak depth, 
and leak direction) and surface (e.g., precipitation, temperature, wind 
speed, surface obstruction, and vegetation) conditions. The soil types in 
the test beds include both disturbed and undisturbed natural soil (Φ =
0.45 and 0.40 respectively) with a soil texture classified as sandy loam 
according to the US Department of Agriculture Soil Texture Calculator, a 
clay soil (Φ = 0.35) and a processed sand (Φ = 0.35) (Cho et al., 2020; 
Gao et al., 2021; Mitton, 2018; Ulrich et al., 2019). The basic properties 
of each soil are presented in Table 1 below. 

Three of the seven test beds were selected for field scale experiments 
to test under a range of soil types. The general features of the three 
testbeds are highlighted in Table 2. For example, the rural configuration, 
built to mimic an up or midstream pipeline leakage scenario, includes a 
0.3 m wide by 0.9 m deep backfilled trench with disturbed soil with a gas 
release point located 0.9 m BGS to simulate a typical pipeline burial 
depth (generally ranges from 0.6 to 1.2 m). The rural configuration 
testbed is then surrounded by undisturbed soil. The sand and sand/clay 
test beds are both uniformly packed with well-graded sand. This is 
selected based on the standard practice for underground construction of 
pipelines (e.g. ASTM D2321 classification II SP) which recommends 
poorly graded coarse-grained soils for filling material. The clay lenses in 
the sand/clay testbed mimic a layering scenario where oftentimes clay is 
overlaid with other soil material. Details of the testbeds can be found in 
the supporting information section (S.1). 

2.2. Laboratory measurement of soil-gas diffusivity (Dp/Do) 

For the laboratory measurement of Dp/Do, natural undisturbed soil 
was retrieved using 100 cm3 annular sampling cores by gently pushing 
into the soil and removing the surrounding soil carefully with a pallet 
knife. Disturbed natural soil, sand, and clay soils were repacked to 100 
cm3 annular cores resembling their porosity values. To achieve different 
moisture contents, soil samples were saturated for 72 h under water and 
subjected to draining. Saturated samples were drained stepwise to 
obtain the intended moisture contents (~5 g reduction of moisture per 
step). To measure Dp/Do, following the method introduced by Taylor 
(1949) and improved further by Schjønning (1985), 100 cm3 annular 
samples were then mounted on the diffusivity chamber with the top 

Table 1 
Properties of soils used for soil-gas diffusivity comparison and field-based proof of concept experiments.  

Soil Total Porosity (Φ) Van Genuchten Parameters Permeability 
cm3cm¡3 θr 

cm3cm¡3 
α 
cm¡1 

n m2 

Undisturbed natural soila  0.40  0.021  0.55  3.58 2.60 × 10-14 

Disturbed natural soila  0.45  0.024  0.55  3.58 3.05 × 10-14 

Sandb  0.35  0.12  0.158  3.58 2.90 × 10-11 

Clayb  0.48  0.16  0.069  4.17 3.82 × 10-14  

a Data from Cho et al. (2020). 
b Data from Mitton (2018). 

Table 2 
Configurations, soil types, and features of the experimental testbeds.  

Experiment # and 
configuration 

Soil types Testbed features Depth of release 
point (m) 

1 Rural configuration Undisturbed natural soil, 
Disturbed natural soil 

A trench of 0.3 m wide and 0.9 m deep backfilled with disturbed natural soil surrounded by 
undisturbed soil. A simulated (dummy) pipeline runs through the testbed 0.91 m BGS.  

0.9 

2 Homogeneous 
configuration 

Sand A uniformly packed sand bed 5 m long, 5 m wide, and 2 m deep. 
A simulated (dummy) pipeline runs through the testbed 0.91 m BGS.  

0.9 

3 Layered configuration Sand, Clay A uniformly packed sand bed 5 m long, 5 m wide, and 2 m deep containing three clay layers 3 m 
long, 0.6 m wide, and 0.2 m deep located 0.25 m bgs. 
A simulated (dummy) pipeline runs through the testbed 0.91 m BGS.  

0.9  

J.R.R.N. Jayarathne et al.                                                                                                                                                                                                                    



Journal of Hydrology 625 (2023) 130049

4

surface covered. The chamber was then flushed with 99.99 % N2 gas to 
remove all O2 inside the chamber. The change in O2 concentration inside 
the chamber was observed using an O2 sensor until the internal O2 
content drops to zero. The cover on the sample top was then removed 
allowing the atmospheric O2 to diffuse through the sample into the 
chamber. The increase in O2 concentration was continuously monitored 
using the O2 sensor. This rate of change in O2 concentration is used for 
the calculation of Dp/Do using the method introduced by Currie (1960). 
Detailed Dp/Do measurement steps and Currie (1960) calculation 
method can be found in the SI section 4. Using this method, Dp/Do 
measurements were conducted for a wide range of air-filled porosities 
varying from 0 to 0.447 (undisturbed soil ε range of 0.049–0.393, 
disturbed soil ε range of 0.059–0.447, clay ε range of 0.007–0.446, and 
sand ε of 0–0.347) in order to determine how each DPF predicts Dp/Do 
under different moisture conditions. 

2.3. Functions used to parameterize soil-gas diffusivity 

The Dp/Do of selected soils was also predicted using six DPFs 
(Equation (1)–(8)). The DPFs were selected to represent different 
diffusivity parameterization categories (e.g., soil structure dependent, 
soil type dependent, soil structure and type dependent, etc) over time. 
Care was taken to select DPFs that are simple and easily applicable as 
well as functions that statistically outperformed over wide ranges of soil 
types and moisture variations during their development stage. The 
selected DPFs were Buckingham (1904), Millington (1959), Millington 
and Quirk (1961), WLR-Marshall (Moldrup et al., 2000), SWLR 
(Moldrup et al., 2013), and Two Region model (Jayarathne et al., 2020). 

Buckingham (1904) DPF 
The mathematical formulation to describe the gas diffusivity through 

the soil takes the form of a simple air-filled porosity (ε) based predictive 
model (Equation (1)). 

Dp

Do
= ε2 (1) 

Millington (1959) DPF 
Another ε based predictive model, which is used as one of the inbuilt 

functions to describe diffusivity in COMSOL Multiphysics software 
(Equation (2)). One major improvement made by Millington was the 
introduction of the total porosity (Φ) term to account for the effects of 
soil-type are simple empirical or mechanistically derived non-linear 
models of ε and Φ. 

Dp

Do
= ε4/3 (2) 

Millington and Quirk (1961) DPF 
The Millington and Quirk (1961) approach, or MQ61, is a soil-type 

dependent function that uses soil total porosity (Equation (3)). This 
universally accepted model is applied in vadose zone transport and fate 
models to describe both gas and solute diffusivity (Moldrup et al., 
2005a, 2005b). However, one of the drawbacks in the model is that it 
has never been validated against gas diffusivity in undisturbed soils 
representing a broad range of soil types and porosities. 

Dp

Do
=

ε10/3

∅2 (3) 

Advancing gradually with diffusivity modelling, the effect of soil 
moisture was taken into consideration via integration of soil water 

retention properties into the parametric function. 
Water-Induced Linear Reduction-Marshall (WLR-Marshall) DPF 
Dp/Do model by Moldrup et al. (2000) is an example for the group of 

DPFs to include soil moisture effects. The DPF was derived during the 
consideration of introducing soil-moisture status through the introduc-
tion of Soil Water Retention Characteristics (SWC) by means of Camp-
bell SWC parameter (b) or ε value at − 100 cm H2O matric potential and 
takes the form of, 

Dp

Do
= ε1.5(

ε
∅
) (4) 

As the name suggests, the model is a combination of Marshall (1959) 
(ε1.5) and additional terms (ε/Φ) for the gas diffusivity changes with an 
increase in water content. The ε1.5 term represents the Dp/Do in dry soil 
void of water and ε/Φ represents the additional gas diffusivity reduction 
governed by interconnected water films. In other words, ε1.5 represents 
the solid-induced tortuosity and ε/Φ represents the water-induced tor-
tuosity (Moldrup et al., 2005a). As the model demarcates between solid- 
induced tortuosity and water-induced tortuosity, this can be introduced 
as a promising model to predict Dp/Do in repacked soils (Moldrup et al., 
2005a). 

Structure-Dependent Water-Induced Linear Reduction (SWLR) 
DPF 

SWLR by Moldrup et al. (2013) This is the first model to integrate soil 
state (repacked or intact) with Dp/Do modeling. A unitless factor (Cm) 
distinguishes between intact/undisturbed soils (Cm = 2.1) and 
repacked/disturbed soils (Cm = 1) (Moldrup et al., 2013) (Equation (5)) 

Dp

Do
= ε(1+Cm∅)

( ε
∅

)
(5) 

Two Region 
The two-region model, a descriptive DPF developed by Jayarathne 

et al. (2020) and validated in (Jayarathne et al., 2019), was specifically 
selected due to its statistical (RMSE and bias) outperformance in accu-
rately parameterizing and characterizing ability of Dp/Do for a broader 
range soil textural and structural classes including bimodal soils over the 
entire range of saturation. The model can be expressed as, 

For Region-1, 

Dp

D0
=

α1

wβ1

( ε
∅

)β1
where ε ≤ w∅ (6) 

For Region-2, 

Dp

D0
= α1 +

α2

(1 − w)
β2

(ε − w∅
∅

)β2
where ε ≤ (1 − w)∅ (8) 

where w is the weighting factor that distinguishes between Region-1 
and Region-2. Numerically, w varies between 0 and 1 representing the 
fraction of inter-aggregate porosity. Here total porosity is considered 
equal to 1. α1, α2 are model scaling factors representing Region-1 and 
Region-2, respectively. The scaling factor (αi where (i = 1,2)) controls 
the line curvature of the function. β1, β2 are corresponding shape factors, 
and determine the linearity or non-linearity of the line. β = 1 represents 

a linear line and in this set of simulations, β2 was set equal to 1. Dp
D0

⃒
⃒
⃒

ε=w∅ 
is 

the predicted gas diffusivity at ε = wØ, which denotes the diffusivity 
when the inter-aggregate pores are completely dry and intra-aggregate 
pores are yet to be drained. All w, α1, α2, and β1 were estimated as 
curve-fitting parameters using the nonlinear, SOLVER tool in Microsoft 

D p/D 0 = ├ D p/D 0 ┤| (ε = w∅) + α 2/((1 − 〖w)〗 β̂2 ) ((ε − w∅)/∅)̂ β2 where ε ≤ (1 − w)∅ (7)   
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Excel (Wraith and Or, 1998). Curve-fitting steps are available in S.4. 
Despite two equations for the Region 1 (Eq. (6)) and Region 2 (Eqs. (7) 
and (8)), the optimization is performed in one-step for all fitting 
parameters. 

Statistical Evaluation 
The performance of each DPF was evaluated statistically by calcu-

lating root mean square error (RMSE) and Bias values (Equation (9) and 
(10)) for each parametric function. The predicted uncertainty of each 
model against measured values was evaluated using the root mean 
square error (RMSE) by taking the difference between the predicted and 
measured value (di) of Dp/Do or the CH4 concentration (%) and dividing 
by the number of measurements (n) (Equation (9)). The bias was used as 
the index to determine overprediction (positive bias) and under-
prediction (negative bias) (Equation (10)). 

RMSE =

̅̅̅
1
n

√
∑n

i=1
(di)

2 (9)  

BIAS =
1
n
∑n

i=1
(di) (10)  

2.4. Numerical model 

To determine the impact of DPF selection on belowground NG 
migration simulations, the DPFs described above were included in a 
previously validated numerical model used for simulating NG flow 
through permeable media. The model was developed by Gao et al., 
(2021). Briefly, the model simulates two-phase (liquid and water) and 
two-component (CH4 and air) transport in the vadose zone under 
isothermal conditions using the COMSOL Multiphysics simulation plat-
form. The full set of equations can be found in the SI section 5. However, 
here we are presenting the specific equations amended for substituting 
the selected DPFs into the numerical model. 

In Gao et al., (2021), the migration of leaked CH4 (NG) in the sub-
surface is described by: 

∅
∂
(
ρmwmSg

)

∂t
+∇.

(
ρmwmug

)
− ∇.[

(
Dm∇

(
ρgwm

) ]
= 0 (11)  

where Φ is the soil total porosity (cm3/cm3), ρm is the density of methane 
(kg/m3), wm is the mass fraction of CH4 (m) in the gas phase, Sg is the gas 
saturation, ug is the velocity of gas (m/s), and Dm is the effective 
diffusion coefficient (m2/s) in the vadose zone determined by Millington 
and Quirk (1961) model (Eq. (3)). 

Dm was entered into the simulation platform as a function of tortu-
osity (Ʈ) parameter and ε (Equation (10)) (COMSOL Multiphysics, 
2018). 

Dm =
ε
τDF (12)  

where DF equals to Do (m3 soil air m− 1 soil s− 1) is the diffusion coeffi-
cient of CH4 in free air. Ʈ can be found as, 

τ =
ε

(Dp/Do)
(13) 

To determine the effect of DPF selection on subsurface CH4 migration 
predictions, simulations were conducted by replacing the default Mill-
ington and Quirk (1961) DPF with the selected DPFs (Equation (1) 
through (8)) into the tortuosity (Ʈ) parameter (Equation (13)). The val-
idity of DPF substitution was initially tested by introducing the same MQ 
(1961) DPF as a tortuosity formulation. Detailed mathematical formu-
lations of two-phase (liquid and water) and two-component (CH4 and 
air) transport model can be found in the SI section 5 and in (Gao et al., 
2021). Initially, the simulations under dry soil conditions were con-
ducted for selected release periods and further extended to determine 
the subsurface CH4 migration after terminating the gas release. 

Simulations were also conducted to understand the influence of DPF 
selection under increased soil moisture. For the moist soil simulations, 
the top layer was assigned with 90 % moisture saturation and allowed 
for moisture redistribution. To compare the prediction performances 
with substituted DPFs, the following comparison criteria were used.  

1. Accumulation of CH4 around the leak point during the leak under dry 
and moist soil conditions  

2. Migration of 5 % and 15 % CH4 (v/v) contours during and after 
terminating the leak under dry and moist soil conditions  

3. Variation in CH4 concentrations at a selected point 1.5 m away from 
the leak point and 0.9 m below ground surface during and after 
terminating the leak under dry and moist soil conditions 

2.5. METEC field experiments 

To gain a conceptual understanding of the impact of diffusion on gas 
transport behavior at the field scale, three controlled release experi-
ments were conducted in the three testbeds previously outlined in 
Table 2 to provide a range of soil conditions. As we were only able to 
perform three experiments under limited soil and environmental con-
ditions, we consider these experiments as a proof of concept with the 
goal of performing a much wider array of experiments going forward to 
further demonstrate the phenomena and mechanisms. During the ex-
periments, distribution grade NG (85–87 % vol CH4) was released from 
the belowground release points at rates or 5.3, 21.0 and 21.3 slpm with 
durations of 16, 6.75 and 6.75 h for experiments 1–3 respectively. 

In each testbed, different gas sampling points are located at 0, 0.25, 
0.75, 1.5, 2.25 m away from the release point at 0.2, 0.61, 0.91, and 1.2 
m BGS. During the experiments, gas samples were collected at different 
time intervals of 0.75, 1.75, 2.25, 3.0, 3.5, 4.75, 5.75, 6.75, and 16 hrs 
from the start of the release. To determine the CH4 concentration, each 
sample was subject to gas chromatographic analysis with a GC–MS. 
Detailed description on gas chromatographic analysis can be found in 
the SI section 1. CH4 concentration data was interpolated using a 
MATLAB code to generate 2D plots as shown in the SI section 2. 

3 Results 

3.1. Soil-gas diffusivity of METEC soils 

Fig. 1 below shows the measured soil-gas diffusivity (Dp/Do) of all 
four soils, i.e., disturbed and undisturbed natural soils, sand, and clay 
plotted against the variation in soil air-filled porosity (ε). Predictions 
form selected Dp/Do parametric functions (DPFs; Equation (1) through 
(8)) are also plotted with the measured values. Diffusivity values of all 
four soils increase with air-filled porosities. Both undisturbed and 
disturbed natural soils show linear variations in Dp/Do values with the 
variation in air-filled porosity. While varying linearly, disturbed soil 
shows higher dry soil (ε > 0.2 cm2 cm− 2) Dp/Do readings than undis-
turbed soil. However, at a given air-filled porosity, the wet soil (ε < 0.2 
cm2 cm− 2) diffusivities of disturbed natural soil were lower than the 
undisturbed natural soil. 

Dp/Do of clay and sand increase non-linearly with an increase in air- 
filled porosity. Dp/Do increases considerably towards the dry end (ε >
0.3 cm3 cm− 3) of the porosity range. For lower air-filled porosities (ε <
0.1 cm3 cm− 3), sand does not exhibit any Dp/Do and drying increases the 
diffusivity of sand. Sand exhibits higher diffusivities compared to clay at 
the same air-filled porosity. 

The Dp/Do predictions from selected DPFs plotted in Fig. 1 shows that 
the two-region DPF fits well for all four soils with a slight aggregated 
(bimodal) behavior (w = 0.842) for natural undisturbed soil. DPF fitting 
parameters for all four selected soils are present in SI section 4, Table 5. 
The Buckingham (1904) and Millington (1959) models consistently 
under and over predict Dp/Do, respectively, for all soil types. MQ (1961) 
shows an underprediction for natural soil and clay, with satisfactory 
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predictions for moist sand but an overprediction for dry (ε > 0.2 cm2 

cm− 2) sand. Both WLR and SWLR underpredict natural soil diffusivities 
while giving satisfactory predictions for clay (RMSE of 0.029 with Bias 
of − 0.001 and RMSE of 0.029 with a Bias of 0.00 respectively) and slight 
overpredictions for sand (RMSE of 0.023 with Bias of 0.041 and RMSE of 
0.015 with Bias of 0.034 respectively). Similar results were observed by 
Deepagoda et al. (2011a), Jin and Jury, (1996), Kawamoto et al. (2006), 
and Resurrection et al. (2007) for the selected DPFs. 

Considering each soil individually, the Buckingham (1904) model 
strongly underpredicts for undisturbed natural soil (Fig. 1a) throughout 
the entire porosity range, while MQ61 and SWLR underpredict the 
diffusivity during higher moisture contents (ε < 0.2) and transitions to 
overprediction during the lower moisture saturations (ε < 0.2). Mill-
ington (1959) underpredicts during higher moistures and starts to 
overpredict compared to measured values. All five DPFs show a very 
strong overprediction of Dp/Do for undisturbed natural soil in the dry 
state. Shown in Table 3 below are the RMSE and Bias values of Dp/Do 
predictions by DPFs over the measured values. Statistical comparisons 
for tortuosity (Ʈ – discussed in the appendix) values are also shown in 
the table. Statistically, the Two-region DPF parameterizes Dp/Do of un-
disturbed soil with the least RMSE value of 0.016 and a bias of − 0.001. 

The pattern of Dp/Do functions in predicting the diffusivity of disturbed 
soil follows a similar trend of underpredictions with bias values starting 
from − 0.023. Compared to undisturbed natural soil, the two-region DPF 
shows a unimodal fit for disturbed soil with the smallest RMSE of 0.011 
and zero bias. Similarly, the two-region DPF parametrizes the Dp/Do of 
clay with the lowest RMSE and bias (0.010 and − 0.001). The WLR- 
Marshall and SWLR DPFs equally show the next fit with RMSE and 
bias values (0.029 and − 0.001 respectively). The Millington (1959) DPF 
strongly overpredicts with a least fitting (RMSE of 0.065 and a Bias of 
0.05) while Buckingham (1904) DPF underpredicts during dry condi-
tions. MQ (1961) underpredicts up to ε ≤ 0.4 cm3 cm− 3 and overpredicts 
during the dry end (ε > 0.4 cm3 cm− 3) of the curve. Diffusivity pre-
dictions for sand was similar to that of clay soil, but with distinct values 
for the WLR-Marshall and SWLR DPFs with overpredictions throughout 
the entire porosity span. The two-Region DPF successfully fits the 
measured Dp/Do values with the lowest RMSE of 0.013 (bias of − 0.001). 
Overall, the two-region DPF fits best for all four selected soil types with 
lowest RMSE and bias values (≤0.0016 and ~0.00 respectively). 

Fig. 1. Measured Soil-Gas Diffusivity (Dp/Do) values (scatter points) of four METEC soils as a variation of Air-filled porosity (ε). Dp/Do predictions from Buckingham 
(1904), Millington (1959), Millington and Quirk (1961), WLR-Marshall (Moldrup et al., 2000), SWLR (Moldrup et al., 2013), and Two-region (Jayarathne et al., 
2020) models are also shown (solid lines). 
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3.2. Proof-of-concept field experiments 

Fig. 2 shows the 2D distribution of CH4 concentrations from the three 
field scale experiments. Assuming the symmetric distribution around a 

vertical line through the leak center (x = 0 m), the plots show only a half 
of the total cross-section. Regardless of the variations in leak rate and 
soil type, all three experiments show common trends. As expected, 
experimental results show an upward movement due to buoyancy and 

Table 3 
Performance of selected classical and newly developed Soil-Gas diffusivity (Dp/Do) models in accurately parameterizing the measured Dp/Do and tortuosity (Ʈ) data of 
METEC undisturbed, METEC disturbed, METEC clay, and METEC sand expressed in terms of RMSE and BIAS.  

Diffusivity (Dp/Do) Model METEC Undisturbed Soil  METEC Disturbed Soil  METEC Clay  METEC Sand 

Dp/Do ƮƮ  Dp/Do ƮƮ  Dp/Do ƮƮ  Dp/Do ƮƮ 

Buckingham (1904)
Dp

Do
= ε2 0.048 

(-0.043) 
6.373 
(4.529)  

0.051 
(-0.046) 

5.937 
(4.418)  

0.025 
(-0.010) 

31.940 
(9.234)  

0.041 
(-0.019) 

12.650 
(-2.829) 

Millington (1959)
Dp

Do
= ε4/3 0.049 

(0.025) 
0.729 
(-0.212)  

0.040 
(0.023) 

0.520 
(0.195)  

0.065 
(0.050) 

8.392 
(4.247)  

0.072 
(0.064) 

14.168 
(-5.652) 

MQ (1961)
Dp

Do
=

ε10/3

∅2 

0.057 
(0.046) 

59.482 
(27.988)  

0.073 
(-0.064) 

75.215 
(41.988)  

0.038 
(-0.008) 

4547.4 
(1239.3)  

0.028 
(0.019) 

12.206 
(-2.238) 

WLR-Marshall 
Dp

Do
= ε1.5(

ε
∅
)

0.047 
(-0.036) 

11.781 
(6.946)  

0.055 
(-0.048) 

13.576 
(9.002)  

0.029 
(-0.001) 

170.209 
(51.189)  

0.023 
(0.015) 

12.806 
(-3.809) 

SWLR 
Dp

Do
= ε(1+Cm∅)

( ε
∅

) 0.046 
(-0.060) 

47.359 
(25.500)  

0.061 
(-0.054) 

17.831 
(11.689)  

0.029 
(0.000) 

154.558 
(46.405)  

0.041 
(0.034) 

13.253 
(-4.559) 

Two Region model 
(Jayarathne et al., 2020) 
Dp

D0
=

α1

wβ1

( ε
∅

)β1
where ε ≤ w∅

Dp

D0
= α1 +

α2

(1 − w)
β2

(ε − w∅
∅

)β2
where ε ≤ (1 − w)∅ 

0.016, 
(-0.001) 

0.380 
(-0.037)  

0.011 
(0.000) 

0.348 
(0.026)  

0.010 
(-0.001) 

21.825 
(4.694)  

0.013 
(-0.001) 

13.593 
(0.725) 

Dp/Do – Soil-Gas Diffusivity. 
Ʈ – Tortuosity. 
CH4 – Methane Concentration (%). 
ε – Soil Air-filled porosity (cm3 cm− 3). 
Φ – Soil Total Porosity (cm3 cm− 3). 
Cm – media complexity factor (repacked = 1, intact = 2.1). 
α1, α2 – model scaling factors for Region 1 and 2. 
β1, β2 – model shape factors for Region 1 and 2. 
w – weighing factors that demarcates between Region 1 and 2. 
MQ – Millington and Quirk model by Millington and Quirk (1961). 
WLR – Water-Induced Linear Reduction model by Moldrup et al. (2002). 
SWLR – Structure dependent Water-Induced Linear Reduction model by Moldrup et al. (2013).  

Fig. 2. 2D distribution of measured CH4 concentrations from the proof-of-concept field scale experiments of (a)–(c) rural configuration with a 5.3 slpm leak, (d)–(f) 
homogeneous configuration with a 21 slpm leak, and (g)–(h) layered configuration with a 21.3 slpm leak during selected time frames. 
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downward/ lateral movement due to diffusion, resulting in asymmetric 
upward-bulging curves. 

All three experiments show concentric plume patterns within the 
first 0.75hrs. After ~ 2.25 hrs, a buildup of high CH4 concentration is 
seen around the leak point while low concentrations have migrated 
further from the leak point with large concentration gradients and 
varying distributions. For example, for experiment 1, concentrations 
above 75 % remained ~ 1 m from the leak point for the duration of the 
experiment. Comparatively, CH4 concentrations 40 % and lower 
continue to move outward from the leak location; the 40 % contour 
migrates from 0.5 m to 1.5 m within hours 0.75 and 1.25. Similar ob-
servations are made for experiments 2 and 3 where CH4 concentrations 
above 70 % were limited to the first 1 m while concentrations <40 % 
CH4 continued to migrate further from the leak location over time. 

Fig. 3 shows simulated 2D distribution of CH4 concentrations for 
experiments 1–3 using the MQ (61) (Equation (3)) formulation. Simu-
lation results agreed with observations with RMSE = 29.15, 32.01 and 
15.89 for CH4 concentrations, and especially the development of the 
plume pattern over the experimental period. This is in agreement with 
Gao et al. (2021) who verified the model with field scale experimental 
results from various field scale experiments. Notably, simulated results 
show a concentric distribution of CH4 concentrations at the beginning of 
the leak with the nonlinear progression of concentration contours over 
time. Similar to observations, all plots show concentric concentration 
contours centered on the leak point with higher concentration contours 
close to the leak point and more defined lower concentration contours 
with distance from the leak location. In the vertical direction, contours 
show an upward building shape due to the preferential upward transport 
due to buoyancy effects and in the horizontal direction, a pronounced 
difference in expansion of high and low concentration contours. 

Specifically, after 2.25 h, all configurations show high CH4 concen-
trations around the leak point and large gradients of small concentra-
tions far from the leak point. At later times (e.g. from 2.25 hrs to 4.75 
hrs), the expansion of the high concentration contours is slow and 

almost ceases. By 6 hrs, the high concentrations (75 % CH4 (v/v) and 
above) are sparsely distributed within 0.6, 2, and 1.4 m of the leak point 
for the three experiments respectively. In contrast, the lower concen-
trations continue to expand for several hours further from the leak point 
similar to the field experiments. This expansion of the low concentration 
contours is not as apparent as the early and fast expansion of the high 
concentration contours but is captured by both the experiments and the 
model. 

3.3. Application of soil gas diffusivity parametric functions to subsurface 
methane migration simulations 

Fig. 4 shows the effect of DPF selection on the gas transport behavior 
for experiment #1 (5.3 slpm NG release within disturbed soil). Although 
not shown, results were similar for experiments 2–3 as discussed above. 
For reference, Fig. 4 shows the location of the 5 and 15 % CH4 (v/v) 
contours visibly demonstrating the variation in gas diffusion as a result 
of DPF selection. 

The Millington (1959) DPF shows the highest lateral expansion, 
followed by the two-region DPF. Both the MQ (1961) and WLR-Marshall 
DPFs simulations show moderate expansions among the six selected 
DPFs and the simulation from Buckingham (1904) and SWLR DPFs show 
the largest CH4 accumulation with the lowest expansions. For the 
simulation shown here, the 5 % and 15 % CH4 (v/v) contours migrate to 
an approximate distance of 3.5 m and 2.75 m from the leak point, when 
simulated with Millington (1959). For the two-region DPF simulations, 
the 5 % and 15 % contours are 3.3 m and 2.7 m, respectively. A 3.25 m 
migration of 5 % (v/v) contour and a 2.75 m migration of 15 % (v/v) 
contour are simulated with MQ (1961) and WLR-Marshall DPFs, and the 
simulation from Buckingham (1904) and SWLR DPFs show the largest 
CH4 accumulation with the lowest expansions of about 3 m. 

Simulations were extended to observe the response from each DPF 
after leak termination in accordance with experimental observations by 
Gao et al 2021 and as explained in the experiments presented here 

Fig. 3. Simulated CH4 plume patterns for (a)–(c) rural configuration with a 5.3 slpm leak, (d)–(f) homogeneous configuration with a 21 slpm leak, and (g)–(h) 
layered configuration with a 21.3 slpm leak during selected time frames. 
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Fig. 4. Simulated results for a belowground controlled release of 5.3slpm at 16 hrs after the leak initiation using (a) Millington and Quirk (1961)-the default model, 
(b) Buckingham (1904), (c) Millington (1959), (d), WLR (Moldrup et al., 2000), (e) SWLR (Moldrup et al., 2013), and (f) Two-region (Jayarathne et al., 2020) as the 
governing diffusivity parametric function. Shown in white contours are the location of 5% and 15% CH4 (v/v). 

Fig. 5. Simulated results for a belowground controlled release of 5.3 slpm at 12 hrs after the leak termination using (a) Millington and Quirk (1961)-the default 
model, (b) Buckingham (1904), (c) Millington (1959), (d) WLR (Moldrup et al., 2000), (e) SWLR (Moldrup et al., 2013), and (f) Two-region (Jayarathne et al., 2020) 
as the governing diffusivity parametric function. 
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within. Shown in Fig. 5 are the simulated results for the rural configu-
ration using selected DPFs to simulate the subsurface plume 12hrs after 
terminating the 5.3 slpm release. Again, the 5 % and 15 % CH4 (v/v) 
contours are shown for better comparison between each DPF. 

Compared to the simulations during the leak, the simulated plume 
patterns after leak termination show clear differences among each DPF 
substitution. Differences include variations in the CH4 concentration 
gradients near the leak point, and variations in the distances travelled by 
the 5 % CH4 (v/v) and 15 % CH4 (v/v) contours. Specifically, the 
Buckingham (1904) and SWLR DPFs show larger accumulations of CH4 
around the leak point (~70 % CH4 (v/v)) with less lateral expansion. 

Simulations from Millington (1959) and the two-region DPF show well 
diffused plumes with only 45 % and 50 % CH4 (v/v) accumulations 
respectively, around the leak point. The CH4 accumulation around the 
leak point simulated by MQ is 60 % CH4 (v/v). Next, when the migration 
of the 5 % contours is compared, the SWLR simulation shows the least 
lateral expansion distance and Millington (1959) shows the highest 
lateral expansion, which are 2 % less and 8 % more compared to the 
default MQ (1961) simulation, respectively. Further, the difference 
among each DPF substitution can be compared by the gap between the 
15 % and 5 % (v/v) contours. The Buckingham (1904) and SWLR DPF 
simulations show a ~ 1 m distance between the 5 % and 15 % CH4 (v/v) 

Fig. 6. Simulated results for a belowground controlled release of 5.3 slpm under 40% of moisture saturation (left column) at 12 hrs after the leak initiation and 
(right) 12 hrs after the leak termination using (a,b) Millington and Quirk (1961)-the default model, (c,d) Buckingham (1904), (e,f) Millington (1959), (g,h) WLR 
(Moldrup et al., 2000), (I,j) SWLR (Moldrup et al., 2013) and (k,l) Two-region (Jayarathne et al., 2020) as the governing diffusivity parametric function. 
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contours while the distance between the 5 % and 15 % CH4 (v/v) con-
tours simulated by the Buckingham (1904) and SWLR are narrow (~0.5 
m). 

To examine the effect of DPF selection on gas migration in moist soil 
environments, simulations were performed mimicking experiment 1 
under 40 % moisture saturation conditions. Here, 40 % moisture satu-
ration represents an air-filled porosity value of 0.16 cm3 cm− 3 for the 
undisturbed natural soil and an air-filled porosity of 0.18 cm3cm− 3 for 
the disturbed natural soil. Shown in Fig. 6 are the simulated results of 
the CH4 plumes 12 hrs after starting and 12 hrs after terminating the 

leak. Results show that the two-region and Millington (1959) DPF pre-
dictions coincide with measured scatter points (Fig. 1a, b) while the 
other four DPF functions strongly underpredict measured diffusivity 
values. Consequently, the CH4 plume patterns simulated using the two- 
region and the Millington (1959) functions showed similar patterns 
while the simulations from the remaining four DPFs showed higher CH4 
accumulations near the leak point during the leak and after leak 
termination. For example, during the leak period, an 80 % CH4 (v/v) 
composition can be seen up to 1 m distance from the leak point in the 
simulations using the Buckingham (104), Millington and Quirk (1961), 

Fig. 7. Variation in methane (CH4) composition at a point 1.5 m away from leak − 0.9 m BGS under (a) dry soil, (b) wet soil conditions for a leak of 5.3 slpm under 
rural configuration, (c) dry soil, (d) wet soil conditions for a leak of 21 slpm under homogeneous configuration, (e) dry and (f) wet soil conditions for a leak of 21.3 
slpm when simulated using six-selected diffusivity parametric functions (DPFs). 
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WLR, and SWLR (Fig. 4a,c,g,i) DPSs while the 80 % CH4 (v/v) distri-
bution by the two-region and Millington (1959) was limited to first 0.5 
m of the leak location. This is a difference 15 % as of the plume width. 
After the leak termination, similar to the dry soil condition, the two- 
region and Millington (1959) DPF plume results simulated only a 50 
% CH4 (v/v) composition around the leak while the rest of the functions 
simulated up to 70 % CH4 (v/v) compositions near the leak. The 5 % and 
15 % CH4 (v/v) contours in the outer edge by Millington (1959) reaches 
4 m limit, the two-region, WLR-Marshall, and MQ (61) has the 5 % CH4 
(v/v) contour at 3.75 m limit and SWLR has the 5 % CH4 (v/v) contour at 
3.5 m from the leak point. Therefore, the observation shows that there is 
a comparable difference between plume patterns when the soil struc-
tural complexity increased with an increase in the soil moisture. 

After observing the influence of DPF selection on NG plume patterns 
and migration extents, results were further used to identify how each 
DPF impacts the prediction of the explosive limit duration in the soil. A 
location 0.9 m belowground and 1.5 m from the leak location was 
selected to examine the CH4 concentration during gas leakage and after 
leak termination. The point was specifically selected based on the 
findings of Gao et al. (2021), which showed a transition from advective 
dominated to diffusive dominated flux at approximately 1.5 m from the 
leak location for similar conditions. Fig. 7 shows the variation in CH4 
concentration over time for dry and wet soil conditions at 1.5 m from the 
leak location. Results are shown for the 6 selected DPFs and three 
experimental configurations (experiments 1–3). 

Overall, variations in CH4 concentration are observed for experi-
ments 1 and 3 (disturbed & undisturbed natural soil and sand with clay 
layers) while experiment 2 (sand) shows approximately equal CH4 
variations for all DPF simulations. In the experiment 1, the CH4 curves 
show that an increase in concentration during the leak period did not 
show any significant difference among DPFs up to 30 % of CH4 (v/v) 
under both dry and wet soil conditions. The percentage differences are 
distinguishable only after 30 % of CH4 (v/v). As observed in Figs. 4 
through 6, Buckingham (1904) simulated the highest CH4 percentage 
while the two-region and Millington (1959) DPFs showed lower CH4 
percentages with time. Under the dry soil conditions, all six DPFs 
simulate approximately equal times to reach steady state, defined here 
as a constant concentration for a period of ~ 0.25 days after the leak 
termination (Fig. 7a). However, the removal of gas from soil and 
reaching combustible concentrations (5–15 % CH4 (v/v)) show distinct 
patterns among DPFs. The two-region and Millington (1959) DPFs result 
in the fastest CH4 transport times under dry soil conditions and therefore 
the quickest to simulate combustible conditions. The SWLR, WLR- 
Marshall, MQ (1961) entering 15 % CH4 (v/v) 0.5-days after the two- 
region and Buckingham simulation entering the 15 % CH4 (v/v) re-
gion with a lag of ~ 1 days. For wet soil, on the other hand, the two- 
region and Millington (1959) models entered the explosive region ~ 
1.25 days after terminating the leak. SWLR/WLR-Marshall entering with 
a > 1.5 days lag and the lagging increased up to 2.5 days for simulations 
from Buckingham (1904). When connecting the response patterns 
shown by each DPF, it is clear that the functions that overpredicted the 
measured Dp/Do exhibited faster CH4 changes and the functions that 
underpredicted the Dp/Do simulated slower CH4 changes with a time 
delay of 1-day or greater. 

For experiment 2 under both dry and wet soil conditions, a narrow 
range of CH4 concentrations (~2% CH4 (v/v)) is simulated for the leak 
period. Once the leak was terminated, under the dry soil conditions, 
simulations from all DPFs reached 15 % CH4 (v/v) on day 2 with no time 
difference. Under the wet soil conditions, DPFs simulate a time differ-
ence of 0.2 days for reaching the 15 % CH4 (v/v) limit. 

Experiment 3 shows a narrow range of CH4 concentrations during the 
leak period under both dry and wet soil conditions. However, after leak 
termination, the differences among DPFs increase leading to time gaps 
>2 days to reach the 15 % CH4 (v/v) limit. Under dry conditions, the 
Millington (1959) simulation is the fastest to reach 15 % CH4 (v/v) at 
2.6 days while the Buckingham (1904) simulation reaches 15 % CH4 (v/ 

v) at 4.5 days. Similarly, under wet conditions, the Millington (1959) 
and Buckingham (1904) simulations reach the 15 % limit at 2.9 days and 
5 days respectively. 

4. Discussion 

4.1. Parameterization of soil-gas diffusivity 

Based on the measured Dp/Do values, the observed higher diffusiv-
ities shown by the disturbed natural soil compared to the undisturbed 
natural soil (Fig. 1) is a result of solid induced tortuosity. The higher 
porosity of the dry disturbed natural soil (0.45 cm3cm− 3) compared to 
the dry undisturbed natural soil (0.40 cm3cm− 3) and the smaller volume 
of solids per unit volume, decreases the solid induced tortuosity 
(Moldrup et al., 2005a). This decrease in solid induced tortuosity can 
increase the diffusivity of the disturbed natural soil compared to the 
undisturbed soil. Then, when the soil is moist, the disturbed soil with its 
larger pore volume than the undisturbed soil, has a higher moisture 
content per unit volume. Therefore, an incremental increase in volu-
metric water content results in a higher water induced tortuosity than an 
incremental increase in volumetric solids content (Moldrup et al., 
2005a). Further, the interconnected water films formed around solid soil 
particles block air-filled pore spaces, reducing the interconnected pore 
space thereby reducing the Dp/Do (Hamamoto et al., 2009a; Moldrup 
et al., 2005a). 

The results show that the Dp/Do for clay and sand increase non- 
linearly with drainage. For clay, this non-linear increase in Dp/Do is 
due to the pore network complexity arising from anisotropy effects, and 
consequential high water retention resulting from the clay laminar 
structure (Hartge and Horn, 2016; Moldrup et al., 2005a). For sand, an 
increase in moisture content induces marked water blockage effects by 
formation of water bridges resulting in increased moisture induced 
tortuosity but translates to a non-linearly Dp/Do due to the non-uniform 
water blockage (Hamamoto et al., 2009b). 

Performance of the six DPFs: Buckingham (1904), Millington (1959), 
Millington and Quirk (1961), WLR-Marshall (Moldrup et al., 2000), 
SWLR (Moldrup et al., 2013), and Two-region (Jayarathne et al., 2020) 
is a reflection of the parameterization of each formulation. As a 
descriptive DPF (a DPF w, the good predictions demonstrated by the 
two-region model for all four soils tested (undisturbed and disturbed 
natural soils, clay, and sand with RMSE of 0.016, 0.011, 0.010, and 
0.013 respectively) and bias values (~0.00) results from its specific 
features, namely the function scaling factors (α1, α2) and function shape 
factors (β1, β2). The second-best prediction for disturbed soil from 
Millington (1959) can be attributed to its capability of capturing the soil- 
type effect with the ε/Φ term. The second-best prediction from the WLR- 
Marshall DPF for the sand can be credited to the specific terms in the 
DPF for capturing solid induced tortuosity (ε1.5) and water induced 
tortuosity (ε/Φ). Comparatively, the models that lack provisions to 
capture the soil type, structure and moisture variations resulted in 
biased predictions, such as the complete underprediction by the Buck-
ingham (1904) DPF. 

4.2. Application of diffusivity parametric functions to subsurface methane 
migration simulations 

As the DPFs are incorporated into the numerical model, the plume 
patterns in terms of CH4 accumulations and the maximum distance 
travelled by 5 % and 15 % CH4 (v/v) contours are a result of Dp/Do 
prediction ability of each DPF, specifically the major soil type at the 
testbed. For the rural configuration, accumulated CH4 around the leak 
point and sparsely distributed contours simulated by the two-region DPF 
are reflections best fitting Dp/Do capability. For the rural configuration, 
the large accumulation of CH4 around the leak point with the Buck-
ingham (1904) and the SWLR are the reflections of large under-
prediction in Dp/Do by the two DPFs. The highly dispersed plume 
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patterns simulated by Millington (1959) incorporated in the model is a 
reflection of overpredicted Dp/Do. 

After terminating the leak, advection close to the source ceases, 
resulting in diffusion dominated transport. This results in clearly visible 
differences in Dp/Do predictions by selected DPFs after terminating the 
leak. CH4 plume patterns simulated by the two-region and Millington 
(1959) DPFs (Fig. 5c, f), can correlate to the Dp/Do predictions by each 
function with the best fit by the two region DPF and the over prediction 
by the Millington (1959). In other words, the two-region model does not 
simulate highly dispersed plumes or high CH4 accumulations around the 
leak point, demonstrating the significant role of Dp/Do function in sub-
surface NG gas simulations. This is also important as it could then in-
fluence the time required for a particular soil to return to background 
CH4 concentrations during and post repair. 

The explanation is further evident with the CH4 concentration 
changes at the selected point 0.9 m deep, 1.5 m away from the leak 
center shown in Fig. 5. The fast increase in CH4 concentrations in high 
magnitudes during the leak period and the slow dropping down of 
concentrations after leak termination follow the respective pattern of 
Dp/Do predicting capability. As shown by the CH4 concentration curves 
for the rural configuration, high CH4 accumulations and slow dropdown 
rates are from Buckingham (1904), MQ (1961), moderate CH4 accu-
mulations and rates by WLR, SWLR, small accumulations and fast rates 
by Two region and Millington (1959) DPF. Compared in between the 
statistically outperformed two-region DPF and the widely used Mill-
ington and Quirk (1961) DPF, the delay by MQ (1961) to reach the 
explosive region compared to Two-region in the rural configuration can 
be attributed to its strong underprediction in Dp/Do values by Millington 
and Quirk (1961). The fast drop in CH4 concentrations to reach 15 % 
mainly by Millington and Quirk (1961) compared to the two-region DPF 
in the layered configuration is due to the over prediction of diffusivities 
by Millington and Quirk (1961). Further, the increase in the time dif-
ference between the two-region simulation to reach 15 % CH4 (v/v) and 
the MQ (61) to reach 15 % CH4 (v/v) is resulting from decreased Dp/Do 
predictions by MQ (61). 

Therefore, after correlating the plume patterns simulated by each 
DPF during all the considered stages, (1) CH4 plume patterns during and 
after terminating the leak under both dry and wet soil conditions, (2) 
CH4 concentration variation at a selected point over time during and 
after terminating the leak under dry and wet soil conditions, with the 
patterns of Dp/Do predictions, it is clear that the soil type/structure and 
soil moisture dependent DPFs, specifically the two-region function, can 
be picked as the DPF to apply for diverse soil types and structures. 

4.3. Implications for first responder operations and leak detection surveys 

Simulation tools, such as the one presented here can be used by 
operators in a variety of decision-making capacities including: (1) 
improving the existing classifications by integrating leak, belowground, 
and atmospheric conditions that are responsible for belowground 
transport of leaked NG; (2) determining how fast a non-hazardous leak 
can change in to a hazardous leak due to slow migration to far distances, 
change in surface condition or change in subsurface conditions; (3) 
estimating the leak location and size during the situations where leaks 
are near or under surface covers, ground elevations, extreme environ-
mental conditions, where instrument deployments are challenging. 

Unique to this work, when determining the subsurface migration 
extent and rate for leaked NG, understandings of this study show that 
use of a Dp/Do parametric function that can properly characterize dif-
fusivities based on soil conditions can avoid under and overpredictions 
of subsurface NG spreading and the approximate concentrations at each 
location. This will avoid misjudgments on leaks, especially when the 
distance is considered as a grouping criterion. 

Results presented here were for limited soil types (sandy loam, sand, 
and clay), moisture conditions (~0.125 cm3 cm− 3), and medium cate-
gory leak rates (5–21.3lpm). Therefore, further work is needed in 

variable leak rates (small 0–2.2 slpm, medium 2.2-35slpm, and large >
35slpm), variable moisture saturations, and soil types with continuous 
measurements to extend these results and arrive at general conclusions 
on belowground NG migration patterns. 

5. Conclusions 

This study presents the importance of considering soil type/structure 
and moisture variations in large-scale gas migration simulations. A se-
ries of numerical simulations supported by laboratory and selected field 
scale experiments were conducted to understand the subsurface migra-
tion of leaked NG during and after terminating the leak. The analysis 
consisted of determining the performance of each DPF in predicting the 
Dp/Do of each soil, applying the DPFs to a numerical model, comparing 
to belowground CH4 plume patterns, CH4 accumulations, and migration 
of the ~ 5 % of CH4 (v/v) and ~ 15 % of CH4 (v/v) contours, and 
comparing belowground CH4 concentration changes at a selection point 
over time. 

Laboratory-based measurement of soil-gas diffusivity and pre-
dictions from selected diffusivity parametric functions (DPFs – Buck-
ingham (1904), Millington (1959), Millington and Quirk (1961), WLR 
(Moldrup et al., 2000), SLWR (Moldrup et al., 2013), Two region 
(Jayarathne et al., 2020)) were conducted on undisturbed natural soil, 
disturbed natural soil, sand and clay soils, sampled from the METEC 
testbeds. The recently developed two-region model performed well in 
predicting diffusivities for all soil types with lowest RMSE values and 
bias values while the widely used Millington and Quirk (1961) DPF 
strongly underpredicted and overpredicted CH4 concentrations for wet 
and dry soil, respectively. Buckingham (1904), WLR, SWLR DPFs 
underpredicted while Millington (1959) strongly overpredicted diffu-
sivities for selected soils. Therefore, it can be concluded that the two- 
region DPF is a function that can be applied to predict Dp/Do of wide 
variety of soil types over dry and wet conditions. 

Belowground CH4 plume pattern simulations show that selection of a 
DPF plays a significant role  

1) when the soil structural complexities arise from soil disturbance and 
moisture variations  

2) after terminating the leak, where advection effect diminishes, and 
diffusion dominates  

3) when defining the edge of the plume where diffusion dominates the 
far field migration and slow migration of gasses 

and, the selection of DPF is insignificant during the leak period due to 
the domination of the advective transport and under dry soil conditions. 

Wrongful application of DPFs can lead to CH4 concentration de-
viations by about 10 % over 24hrs under dry soil conditions. Under wet 
soil conditions, over and under predictions from basic soil-type or 
structure dependent DPFs can mask the belowground extent and speed 
of the plume resulting in CH4 concentration deviations by about 10 % 
over 2.5-days. Therefore, the selection of a DPF for numerical simula-
tions should be done after considering the soil type and moisture con-
dition. Based on the correlation observed between Dp/Dp and 
belowground plume patterns, it can be concluded that recently devel-
oped soil-type and structure dependent two-region DPF is applicable for 
the simulations and experiments conducted here. 

These findings can be used to enhance the accuracy of simulated gas 
migration events in diverse environmental conditions, contributing to 
improvements in operator and first responder protocols. Understanding 
can further be used in follow on efforts to model hydrological earth 
systems, land-surface models, as well as contaminant site models. 
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