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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel method that relies on the methane gradient in soil gas for estimating natural source
NSZD zone depletion (NSZD) rates of light non-aqueous phase liquids (LNAPL) in the subsurface. Methane generation
Natural attenuation via methanogenesis at the LNAPL source, followed by methane oxidation in the unsaturated zone, is typically the
LNAPL rate-limiting degradation pathway and can, therefore, serve as a reliable indicator for NSZD rate estimation of
Petroleum hydrocarbons s . . . . - . .
Gradient method bulk LNAPL. Considering that methanogenesis associated with natural soil respiration processes is often negli-
gible, this method can be used to directly convert methane fluxes into NSZD rates. Unlike other methods that
focus on Oy, CO2 or volatile organic compounds (VOCs), this approach is based on an analytical model that
incorporates both diffusion and advection-driven transport of methane in soil gas. The application of this model
supports the general assumption that diffusion dominates methane transport in the air-connected vadose zone,
except in scenarios with high-pressure gradients (e.g., 10 Pa/m) and high soil permeability (e.g., sandy soils),
where advection becomes significant relative to diffusion. Additionally, the analysis shows that the overall
methane velocity in the aerobic oxidation zone, in most cases, falls within the range of 0.1-1 m/d. By multiplying
this velocity by the maximum methane concentration in soil gas and the stoichiometric coefficient of the
reference hydrocarbon compound (e.g., 1.14 gcsuis/gcu4 for octane), a reliable estimate of the NSZD rate can be
derived. When applied to typical soil gas concentrations, this methane gradient method yields NSZD estimates
consistent with values reported in the literature, validating its use as a simplified screening approach.

particularly at sites where petroleum LNAPL sources contain a high
proportion of volatile hydrocarbons (Guan et al., 2024). This mechanism

1. Introduction

In recent years, significant advancements have been made in un-
derstanding the natural processes responsible for the depletion of light
non-aqueous phase liquids (LNAPL) in the subsurface. Initially, the
primary mechanism attributed to the natural attenuation of LNAPL was
the dissolution of soluble contaminants in groundwater, followed by
their biodegradation in the plume (ITRC, 2018). Later, it was shown that
methanogenic biodegradation of LNAPL within the source body, fol-
lowed by methane oxidation in the vadose zone (Pathway 1 in Fig. 1),
was the primary driver of source depletion and can account for up to
90-99 % of the overall attenuation of LNAPL in the subsurface (API,
2017; Garg et al., 2017; Lari et al., 2019). In some cases, direct vola-
tilization can also represent a significant component of source depletion,
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involves the direct volatilization of LNAPL constituents from the source
zone followed by aerobic degradation in the vadose zone (Pathway 2 in
Fig. 1). The combination of the processes occurring in both the saturated
and unsaturated zone (see Fig. 1) is referred to as natural source zone
depletion (NSZD). NSZD occurs at most sites impacted by petroleum
hydrocarbons and the measured depletion rates available in the litera-
ture range from thousands to tens of thousands of liters per hectare per
year (Garg et al., 2017; Kulkarni et al., 2022). To evaluate source zone
mass depletion in the saturated zone due to dissolution of LNAPL con-
stituents and attenuation, groundwater samples are typically collected
over time at fixed points or varying distances from the source (Newell
et al., 2002). In the vadose zone, the main methods for estimating NSZD
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rates of LNAPL in the vadose zone include CO, efflux, temperature
gradients and soil gas gradients (API, 2017; ITRC, 2018; ASTM, 2022).
These methods provide an estimate of bulk NSZD rates of LNAPL related
to both methanogenesis and direct volatilization. Initial approaches
relied on soil gas concentration gradients to infer attenuation rates (e.g.,
Lahvis and Baehr, 1996; Lahvis et al., 1999; Chaplin et al., 2002;
Johnson et al., 2006). Later, CO; efflux techniques using passive traps or
dynamic closed chambers were developed to measure surface fluxes and
convert them stoichiometrically into LNAPL degradation rates, based on
a representative hydrocarbon (e.g., Sihota et al., 2011; McCoy et al.,
2014; Sihota et al., 2018). More recently, temperature gradient methods
have been applied to estimate heat fluxes using Fourier’s Law, which are
then translated into NSZD rates using the heat of reaction from hydro-
carbon biodegradation (e.g., Sweeney and Ririe, 2014; Askarani and
Sale, 2020).

For the estimation of bulk LNAPL NSZD rates, to account for the
natural soil respiration contribution due to natural organic matter decay
that can consume oxygen and produce carbon dioxide, the Oy and COy
flux data obtained from the application of these methods should be
corrected either by radiocarbon isotopic (14C) analysis or by carrying
out measurements in background zones not impacted by LNAPL (API,
2017; ASTM, 2022).

In this work, an alternative gradient method based on methane soil
gas profiles is introduced. The main advantage of this new method,
compared to the traditional Oy and CO, gradient methods, is that the
application of the soil gas gradient method to methane profiles allows a
direct estimate of bulk NSZD rates of LNAPL related to methanogenesis
without the need for the correction of the rates to account for natural soil
respiration. The approach proposed in this work follows a procedure
similar to that recently presented by Verginelli et al. (2024) for specific
chemicals of concern (COCs), but with a key difference in focus. While
Verginelli et al. (2024) concentrated on the direct volatilization of
LNAPL constituents and their subsequent biodegradation in the vadose
zone (Pathway 2 in Fig. 1), considering only diffusive transport, the
present study focuses on the NSZD component associated with meth-
anogenesis and subsequent methane oxidation in the vadose zone
(Pathway 1 in Fig. 1), and is based on an analytical solution that ac-
counts for both advection and diffusion. On a long-term basis, it is
recognized that diffusion dominates the transport of vapors in the sub-
surface (McHugh and McAlary, 2009; Hers et al., 2014; USEPA, 2015;
Jourabchi and Lin, 2021; Lari et al., 2024). However, in the case of high
methane concentrations in the zone within the LNAPL/capillary region,
advection could become significant relative to diffusion (Ma et al., 2012;
Yao et al., 2015; Cecconi et al., 2023; Lari et al., 2024). In such cases, a
soil gas method focused only on diffusion can lead to some underesti-
mation of the NSZD rates. It is also worth noting that the advective fluxes
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induced by barometric pumping resulting from atmospheric pressure
and temperature fluctuations may be relevant near the ground surface in
permeable soils, but their influence typically does not extend beyond a
depth of 1 m (McHugh and McAlary, 2009; Eklund, 2016; Wang et al.,
2023). Consequently, this latter process is not expected to affect soil gas
samples collected from probes installed at greater depths. After a brief
description of the method, practical tools for a screening of expected
NSZD rates based on the maximum methane concentrations detected in
the soil gas are provided. To further illustrate the method introduced in
this work, an example of application to a case study presented in a recent
study (Concawe, 2020) is reported.

2. Methods
2.1. Analytical solution for methane transport in the vadose zone

At steady-state, the reactive transport of methane through the
oxidation layer in the aerobic vadose zone can be described by a one-
dimensional (1-D) differential equation based on mass balance of
advective-diffusive transport and first-order aerobic biodegradation re-
action kinetics in a homogeneous soil (Crank, 1979; Van Genuchten and
Alves, 1982; DeVaull, 2007; Davis et al., 2009; Verginelli and Baciocchi,
2011):

d&c dc ky-6y

Dy oo —u— —
i Y& H

Cc=0 @

where D, (m?/s) is the effective diffusion coefficient of methane in the
oxidation zone, z (m) is elevation from the bottom of the oxidation zone
z=0),C (g/m3) is the concentration of methane in soil gas, u (m/s) is
the advective velocity in the vadose zone, k,, (s™Y) is the first-order
aerobic biodegradation reaction rate constant in the aqueous phase, 6,
(m®/m®) is the volumetric moisture content of the soil, and H (-) is the
dimensionless Henry’s Law constant of methane.

As shown in detail in the supplementary information, an analytical
solution of eq. (1) can be derived assuming a constant methane con-
centration, Cpax (g/m3), as the lower boundary condition at the bottom
of the oxidation zone (z = 0) and a negligible flux at the surface (dC/dz
= 0 and C = 0 at z = L). Note that the negligible surface flux boundary
condition is based on the assumption that methane is completely
oxidized within the unsaturated zone, resulting in a negligible concen-
tration gradient and concentration at the soil to atmosphere interface.
This assumption is consistent with observations commonly reported in
the literature, where vapors are rapidly biodegraded in the vadose zone
within very short vertical distances (Lahvis et al., 1999; Hers et al.,
2000; Roggemans et al., 2001; Davis et al., 2009; Lahvis et al., 2013;
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Fig. 1. Conceptual site model of LNAPL attenuation mechanisms in the subsurface.
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Hers et al., 2014). Under these assumptions, the following solution that
describes the vertical concentration profiles of methane in the aerobic
oxidation layer is obtained (see SI for derivation):

C(2) = Cyax - €Xp (%) -[cosh(A-2) — B sinh( - 2)] @
with:
_ sinh(A-L) + 55—-cosh(4-L) 3
* cosh(4-L) + 5 sinh(4-L) 3
1 u
I=1-+3p )

Lg (m) is the advective-diffusive reaction length of methane that can be
calculated as follows:

2D,

Ju? + 4De‘;‘1w‘()w —u

As shown in the supplementary information, considering the typical
values of D,, u and k,, for methane in the oxidation zone, A-L = ﬁ+

L= ()

2;‘T')Le>>1, and consequently for the properties of hyperbolic functions f ~ 1
(see Fig. S1 in the SI). In such case, eq. (2) can be simplified to:

C(2) = Crax-exp (*i) (6)
Lr

Note that an analogous solution was previously obtained by Van
Genuchten and Alves (1982).

Note that in the case of a diffusion-dominated transport (i.e. negli-
gible u), using the same boundary conditions discussed above, a solution
similar to eq. (6) can be obtained (Verginelli et al., 2024), but in this
case, the reaction length, Lg g4ifr (m), is defined as (DeVaull, 2007; ITRC,
2014; Verginelli and Baciocchi, 2021):

D.-H
Oy ks

Lr aii = )
Similarly, in the case of an advection-dominated transport eq. (6) can
still be used but using the following advective reaction length, Lg 44y (m):

u-H
LR,adv = W ®
w W

2.2. Simplified methane gradient method for estimating NSZD rates

The expression for calculating the NSZD rates related to methano-
genesis and subsequent oxidation of methane in the unsaturated zone
was derived by combining the flux of methane in the in air-connected
vadose zone with the analytical solution of the one-dimensional (1-D)
steady-state reactive transport model described in the previous section.

In this section, a six-step procedure for applying the soil gas methane
gradient method to calculate the NSZD rates is outlined.

2.2.1. Step 1: estimation of the dominant mechanism transport of methane
in the oxidation layer

The first step of the procedure involves identifying the dominant
transport mechanism of methane in the oxidation layer (i.e., advection-
dominated, diffusion-dominated, or a combination of both). To this end,
the Peclet Number can be used (Bear and Cheng, 2010; Bear, 2013):

_ul

Py
eDE

9

where Pe (—) is the Peclet number, D, (m2/s) is the effective diffusion

coefficient of methane in the oxidation zone, u (m/s) is the advective

velocity in the vadose zone, and L (m) is the characteristic length.
Based on the estimated Peclet Number, the dominant transport
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mechanism can be identified as follows (Bear and Cheng, 2010):

Pex1 Diffusion — dominated
Pe ~ 1 Diffusion and Advection (10)
Pex>1 Advection — dominated

The relevance of advective flux in the subsurface can be also deter-
mined based on the soil gas concentration profile of inert gases such as
Ar and N3 (Amos et al., 2005; Molins et al., 2010). High methanogenesis
(i.e., significant generation of methane and carbon dioxide in the source
zone) will displace relatively non-reactive atmospheric gases like Ar and
N from soil gas (ASTM, 2016), leading to an observed deficit of such
gases in the subsurface, with increasing concentrations towards the
ground surface and a downward gradient of Ny and Ar (see Fig. 2a).
Considering that the total flux of Ar and N» in the subsurface is zero
(except for a small amount of nitrogen fixation), the observed downward
concentration gradient of Ar and Ny must be balanced by an upward
advective flux (Thorstenson and Pollock, 1989; ASTM, 2016).

As shown by Thorstenson and Pollock (1989), for unidirectional
diffusion of CH4 and CO; in stagnant air, the solution of the
Stefan-Maxwell equation for an inert gas such as Nj can be described as:

u-L
Xsource,NZ :Xswface.NZ‘exp ( - %) (1 1)
e,N2

where Xgouree, N2 (Mmol/mol) is the molar fraction of Ny near the LNAPL
source zone, Xgyface N2 (mol/mol) is the molar fraction of Ny at the
ground surface, D 2 (m?/s) is the effective diffusion coefficient of N5 in
the subsurface, Lsoyrce (m) is the depth from ground surface where the
greatest N deficit was detected. u (m/s) is the Darcy velocity defined as
u= (R-T/P)-N (Thorstenson and Pollock, 1989), where R-T/P is the
molar volume (m3/mol), R (J/mol/K) is the universal gas constant, T (K)
is the temperature, P (Pa) is the pressure and N is the molar flux
(mol/m?/s). Note that the same expression can be used for Ar. The molar
fraction refers to the proportion of a specific gas (in this case Ny or Ar)
relative to the total number of moles of all gases present in a given
volume of air. In this context, it quantifies how much nitrogen (or Ar) is
present either at the surface or near the source zone of LNAPL in the
subsurface. For example, a Ny molar fraction of 0.78 at the surface
means that 78 % of the moles of gas are nitrogen. The molar fraction of
N3 is a useful way to track changes in gas composition due to subsurface
processes like biodegradation, as reductions in nitrogen levels can
indicate displacement by other gases such as CH4 or CO».

The argument of the exponential function in eq. (11) can also be
expressed in terms of the Peclet number, with L = Lsgyrce. In this context,
the Peclet number refers to methane transport, while the expression is
derived using Ny as a conservative tracer, whose diffusive flux is equal
and opposite to the advective flux. This leads to:

Xsou.rce,NZ = surface.NZ'e-xp(_Pe) (12)

Thus, based on the observed gradient of N, (or Ar), the Peclet
Number can be calculated from eq. (12) as follows:

Pe= —In (u) 13)
Xswface,Nz

2.2.2. Step 2: determination of the reaction length

The reaction length (Lg) of methane in the oxidation layer, can be
calculated from eq. (5) using literature values for the diffusion co-
efficients, the advective velocity and the biodegradation rate constants.
Alternatively, the reaction length can be determined from eq. (6) using
the soil gas concentrations of methane measured at two depths, Cypper
and Cjoyer, in the upper and lower control points, respectively, separated
by the vertical distance, Az (m), between the two sampling points (see
Fig. 2b):

Az

Lpy=—— 2
K In (clower / Cupper)

14
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(a) Estimation of
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(b) Estimation of the Reaction

Peclet Number (Pe) Length (Lg)
CH, N,*
.’ <D.L Xs
. <DL

X,

source °

Derived from Stefan-Maxwell equation

Pe = _ln(Xsource,N2 /Xsmface‘,Nz )

If Pe >> 1 - Advection-Dominated
If Pe << 1 - Diffusion-Dominated
* If available you can use Ar instead of N,

<2% Clower

Derived from 1-D analytical solution of reactive
CH, transport in homogenous soil

_ Az
(G Corr)

(c) Estimation of

(d) Estimation of

advective velocity NSZD rates
CH, X N, NSZD rates
® <DL s %
sz =V CH a7
@<DL
CH, velocity in the oxidation layer
gf‘ v¥=D,/L, (Pe<<1)
3 v=D,/L,+u (Pe = 1)

X

source °

Derived from Stefan-Maxwell equation

D,
e,N-
u= _ln(Xsource,Nz /Xsurface,Nz ) 2

source

Necessary if Pe = 1

vi=u (Pe>>1)

Nomenclature

* CH, max: max CH, gas concentration (g/m?)

* D,: Diffusion coefficient of CH, (m%d)

* D, y: Diffusion coefficient of N, (m?/d)

* Jyszo: NSZD flux (g/m?/d)

* Lg: Reaction length (m)

* Loource: depth of source zone (m)

« Pe: Peclet number (-)

« u: advective velocity (m/d)

« v*: CH, velocity in the oxidation layer (m/d)

* Xsource: N2 molar fraction at depth (-)

* Xsurtace: N2 molar fraction at the surface (-)

« y: stoichiometric mass coefficient between
the reference hydrocarbon compound and
methane (e.g. y = 1.14)

Fig. 2. Methane gradient method proposed in this work. The meaning of the symbols used in the figure can be found in the nomenclature detailed in subfigure d.

The same criteria proposed by Verginelli et al. (2024) to estimate
COC-specific NSZD rates can be used to select the control points for
methane. In particular, the control points should be selected above the
top of the LNAPL source, preferably in the oxidation zone (i.e., where Oy

is higher than 1-2 %), with the lower control point at the bottom of the
aerobic zone. Given that the discrete vertical soil gas sampling does not
typically include this location at the bottom of the aerobic zone, as a
conservative measure, the lower control point (Cjoyer) could generally be
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set at the maximum concentration detected at the greatest depth. This
leads to a conservative estimate of the fluxes as the longer the Az, the
higher the Lg and thus the lower the estimated NSZD flux. For the upper
control point (Cypper) the minimum methane concentration above the
detection limit (DL) at the top of the reaction zone should be used. It’s
important to note that if Cypper is selected to be at or below the DL, this
could potentially lead to an underestimate of the NSZD rate.

2.2.3. Step 3: estimation of the effective diffusion coefficient

The effective diffusion coefficient (D,) depends on the chemical
characteristics of the compound of concern and on the soil type (espe-
cially the moisture saturation in the soil). D, values can be estimated
using in-situ soil vapor diffusivity testing with tracer gases as shown by
Johnson et al. (1998). When site-specific values are not available, the
effective diffusion coefficients can be estimated with the Millington and
Quirk (1961) equation:

0,193

D, :Dair'?

(15)

where Dg;r (mz/s), is the diffusion coefficient of methane in air, 6, (m3/
m3) is the porosity of the soil and 6, (mg/m3) is the air-filled porosity of
the soil. Note that in the case of a layered soil, the overall diffusion
coefficient in the vadose zone can be calculated by discretizing the
system in n layers as suggested by Johnson and Ettinger (1991):

D=t 16)

£(%)

where L (m) is the depth of the lower control point below ground sur-
face, d; (m) is the thickness of the i-th layer and D, ; (m?/s) is the asso-
ciated diffusion coefficient calculated considering the moisture content
and the porosity of this layer.

2.2.4. Step 4: determination of the soil gas velocity

In the case of relevant advection (i.e., Pe > 1), the soil gas velocity u
(m/s) due to advection can be estimated using the following equation
(Scanlon et al., 2002):

k-kr; dp
u= ~ dz a17)
where k (m?) is the effective permeability to soil gas flow, ky (—) is the
relative permeability to gas, y (kg/m/s) is the dynamic viscosity of soil
gas, and dp/dz (kg/m?/s, i.e., Pa/m) is the pressure variation.

The relative permeability to gas, kr; (—), can be calculated using the
van Genuchten (1980) model (Parker et al., 1987):

ke = S,0%-(1 — 5,1/ ™" (18)

where m (—) is the empirical van Genuchten parameter, which depends
on the type of soil, and S; (—) and Sy, (—) are the gas and liquid saturation
in the soil, respectively.

Alternatively, the soil gas velocity can be estimated from eq. (11)
using the Ny (or Ar) soil gas profiles (see Fig. 2c):

Xsuurce.NZ ) De N2
u= —In| 2= ). 22 19)
(Xxwface.N2 onurce

This latter approach avoids the need to measure small and variable
pressure gradients and eliminates the requirement for a permeability
estimate.

2.2.5. Step 5: estimation of the methane flux in the oxidation layer

The flux of methane through the oxidation layer in the vadose zone,
Jcra (g/mz/s), in the presence of both advection and diffusion, can be
calculated as follows:
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ac
dz

The concentration gradient (dC/dZ) of the methane in the oxidation
layer in the vadose zone can be obtained by differentiating eq. (6) with
respect to z:

dc Crax 4
& *K”‘"(ﬁ) @D

JCH4 = — De' +u-C (20)

At the bottom of the oxidation layer (z = 0), the concentration
gradient is equal to:

dc
dz

Crnax
=-— (22)
2=0 LR

Thus, the flux of methane through the oxidation layer, Jcuy (g/mz/s),
can be obtained by substituting eq. (22) into eq. (20):

JeHa = V#'Cmax (23)

with v* (m/s) representing the overall methane velocity that depending
on the Peclet number can be calculated as (see Fig. 2d):

D
Ve = (Pexl)
L

D,
v*:a-&-u(Pezl) @49

v¥ =u (Pex>1)

2.2.6. Step 6: estimation of NSZD rates

Based on the estimated flux of methane through the oxidation layer,
the NSZD rate of LNAPL can be estimated from the methanogenesis re-
action that for a generic reference hydrocarbon can be written as
(Verginelli and Baciocchi, 2011):

m
n-%

n m

C"H"‘+( >H20*<7 s 2's

n
5—5)C0+ (5+73 ) CHs (25)
Thus, the stoichiometric mass coefficient between the reference hydro-

carbon compound and methane can be estimated as follows:
MWCnHm

|y w— (26)

(%n + ém)MWCH4

Considering octane (CgHig, MW = 114.23 g/mol) as the reference
compound (CRC CARE, 2018; ITRC, 2018), the stoichiometric coeffi-
cient y is equal to 1.14 gcsuis/gcu4. Note that the stoichiometric coef-
ficient varies little for a wide range of hydrocarbons (see Table S1).

Appling the stoichiometric coefficient, to the expression derived for
the flux of methane through the oxidation layer (eq. (23)), the NSZD
rates for LNAPL due to methanogenesis, Jyszp (g/rnz/s), can be calcu-
lated as follows:

Jnszp =V -Crax'? 27)

Assuming octane as the reference hydrocarbon compound (y = 1.14
gCgH13/gCHy), a subsurface temperature of 15 °C and LNAPL density of
0.78 kg/L, the NSZD rates can be easily estimated with the following
equations:

= [T
sz {mf_ —7.7-CH,[%]v b] (28)
nszo [gial} —3,872- CH, %]V’ [T] (29)
acre-year d
Jnsz | 2| = 36,170 - CHa[%] [T] (30)
NSzD hayear| > 4|%]-v Fi

Note that, except from environments with high organic loads such as
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compost piles, peatlands, or municipal landfills, methanogenesis pro-
cesses are generally negligible in areas not impacted by LNAPL, with
methane concentrations typically undetectable in soil gas (Garg et al.,
2017; API, 2017; CRC CARE, 2018; Karimi Askarani et al., 2023).
Therefore, the equations presented above are directly applicable to
zones affected by LNAPL. In cases where significant methane concen-
trations are also detected in areas not impacted by LNAPL, it becomes
necessary to correct the measured methane values by subtracting the
background level, as done in the traditional gradient method (ITRC,
2018).

3. Results and discussion
3.1. Peclet number in the oxidation layer

Fig. 3 shows the Peclet number (Pe) in the oxidation layer, calculated
using eq. (9), as a function of the pressure gradient (dp/dz) for three
types of soil (sand, silt and clay), considering dry (Fig. 3a) or wet con-
ditions (Fig. 3b). The parameters (porosity, soil permeability and Van
Genuchten empirical parameter) for the three types of soils were taken
from USEPA (2004). For the dry conditions, a soil water saturation (S,)
of 0.2 was considered, while for the wet conditions, which can be
considered representative of the behavior in the capillary fringe, a water
saturation of 0.8 was assumed. Considering these water contents, the
effective diffusion coefficient (D,) was determined using eq. (15) while
the relative permeability was calculated with eq. (18). The first-order
biodegradation rate constant of methane in the water phase (k,) was
assumed to be 88 h™!, which corresponds to the median value of the
constants obtained by DeVaull et al. (1997) and reported in the ITRC
(2014) Petroleum Vapor Intrusion (PVI) guidance. The other input pa-
rameters are listed in Table 1. Note that the pressure gradient in the
oxidation layer was considered up to a maximum value of 10 Pa/m, as
higher values are typically only expected near the LNAPL source zone
within the capillary fringe. As shown by Lari et al. (2024), at distances of
10-20 cm from the source, the pressure gradient values in the unsatu-
rated soil quickly drop below 10 Pa/m. For example, in a crude oil spill
site near Bemidji, Molins et al. (2010) detected maximum pressure
gradients in the unsaturated zone of 0.07 Pa/m. In the case study pre-
sented in the API NSZD guidance (API, 2017), which was characterized
by high methane concentrations, the pressure gradients reached up to
10-20 Pa/m (0.1-0.3 inches of water at a depth of 11 feet).

100 -

Peclet Number in the oxidation zone, Pe (-)

0.01 4 N\
] )
0.001 5
1 (a) Dry conditions (S, = 0.2)
0.0001 —— —_—
0.1 1 10

Pressure Gradient, dp/dz (Pa/m)
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Table 1
Input Parameters (unless otherwise noted in figures).
Parameter Symbol  Units Value Notes
Soil porosity 0, m3/ 0.375 Sand (USEPA, 2004)

m3 0.489 Silt (USEPA, 2004)
0.459 Clay (USEPA, 2004)

Soil permeability k m? 9.900107'2  Sand (USEPA, 2004)
6.79¢1071%  Silt (USEPA, 2004)
2.300107'3  Clay (USEPA, 2004)
Empirical Van m - 0.31 Sand (USEPA, 2004)
Genuchten 0.60 Silt (USEPA, 2004)
parameter 0.80 Clay (USEPA, 2004)
Soil water saturation Sw - 0.2 Dry conditions
0.8 Wet conditions
Relative permeability k,g — 0.89 Sand (see eq. (18))
(dry conditions) 0.82 Silt (see eq. (18))
0.71 Clay (see eq. (18))
Relative permeability krg - 0.29 Sand (see eq. (18))
(wet conditions) 0.11 Silt (see eq. (18))
0.05 Clay (see eq. (18))
Pressure gradient dp/dz Pa/m 0.01-10 Typical values
expected in the
subsurface
Dynamic viscosity of u kg/ 1.8x107° -
soil gas m/s
Air diffusion coefficient  Dgir m%h  0.07 API (2012)
of CHy
Dimensionless Henry H — 29 API (2012)

Constant of CHy4
Biodegradation rate Kk h?! 88
constant of CHy

Median value
reported in ITRC
(2014)
Stoichiometric HC to v g/g 1.14 See eq. (26)

CH,4 mass ratio

From Fig. 3a it can be observed that for dry soil conditions (S,, = 0.2),
for pressure gradients less than 1 Pa/m, Pe < 1 for all types of soil
indicating a diffusion-dominated transport. For pressure gradients
higher than 1 Pa/m, in the case of sandy soils, Pe > 1 indicating the
establishment of an advection-dominated transport. For silt and clay the
Peclet number is always less than 1 even at relatively high-pressure
gradients (i.e., 10 Pa/m), suggesting that the assumption of a
diffusion-dominated transport can be considered always valid. A similar
behavior is expected under wet conditions (S,, = 0.8) although in this
case the establishment of an advection-dominated transport for sandy

100

0.01 3

0.001 1

Peclet Number in the oxidation zone, Pe (-)

1 (b) Wet conditions (S, = 0.8)
0.0001 —— —_—
0.1 1 10

Pressure Gradient, dp/dz (Pa/m)

Fig. 3. Peclet Number (Pe) in the oxidation layer calculated as a function of the pressure gradient (dp/dz) in the oxidation layer for three types of soil (sand, silt and

clay) under (a) dry conditions (S,, = 0.2) or (b) wet conditions (S,, = 0.8).
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soils can be expected at slightly lower pressure gradients (see Fig. 3b)
compared to dry soils (see Fig. 3a). These findings align with Lari et al.
(2024), who used a sophisticated numerical model to conclude that
advection is significant only in a thin zone close to the LNAPL source.

3.2. Reaction length of methane in the case of advection and diffusion

Fig. 4 shows the reaction length of methane (Lg), calculated using eq.
(5), as a function of the Peclet Number considering dry (Fig. 4a) or wet
conditions (Fig. 4b). The input parameters used for these estimates are
the same as those discussed in the previous section (see Table 1).

For dry conditions (S,, = 0.2), from Fig. 4a it can be observed that for
Pe < 1, the reaction length is almost constant at approximately 0.2 m.
This value corresponds to the reaction length calculated with eq. (7)
assuming a diffusion-dominated transport and is consistent with the
values reported for methane in the ITRC (2014) guidance. For Pe > 1,
the reaction length can reach values up to almost 1 m. This suggests that
in such cases if the LNAPL source is shallow (e.g., <3 m) the oxidation of
methane can be not completed with consequent methane emissions into
the atmosphere. A similar behavior is expected under wet conditions (S,,
= 0.8). However, in this case, the reaction length is expected to remain
in the order of a few centimeters (see Fig. 4b), as the vapors move very
slowly due to the high-water content, ensuring an attenuation of
methane concentration within very short vertical distances.

3.3. Velocity of methane in the subsurface in the presence of advection
and diffusion

Fig. 5 shows the expected velocity of methane in soil gas within the
oxidation layer (v*), calculated with eq. (24b) as a function of the Peclet
number under (a) dry or (b) wet conditions. Each figure also illustrates
the contribution to the overall methane velocity (represented by
continuous lines) from both diffusion and advection (represented by
dotted lines). The input parameters used for these estimates are the same
as those discussed in the previous sections (see Table 1).

From these figures, it can be observed that for Pe < 1 (i.e., diffusion-
dominated transport), the methane velocity in the subsurface is almost
constant at approximately 1 m/d for dry conditions and 0.2 m/d for wet
conditions. As shown in the figures, these velocities are almost entirely
attributed to diffusion (see red dotted lines). For Pe > 1, in the case of
dry conditions velocities higher than 5 m/d can be expected. This

1
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5 0.7:
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S 04
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increase in velocity is attributed to the advective component (see green
dotted lines), while the diffusion velocity for high-pressure gradients
decreases due to the increase in the reaction length (see Fig. 4), leading
to areduction in the (D./Lg) ratio. Also for wet soils a slightly increase in
the methane velocity is expected for Pe > 1 although the overall velocity
values are always expected to keep below 1 m/d.

Based on these results, two important aspects can be highlighted.
First, as already discussed in previous section, in nearly all cases, the
contribution of advection to the migration of methane in the oxidation
zone is negligible. Second, for screening purposes, a methane velocity in
the subsurface in the range of 0.1-1 m/d could be used as reasonable
values that cover a wide range of scenarios.

3.4. Screening of NSZD rates

Fig. 6 presents the NSZD rates calculated using the developed
method (see eq. (27)) as a function of the maximum methane concen-
trations detected in soil gas (expressed in percentage) and the overall
methane velocity in the subsurface considering both advection and
diffusion (v* = u + D./Lg) that according to previous estimates was
varied between 0.1 and 10 m/d. Note that to convert the concentration
of methane expressed in percentage to g/m®, a reference temperature of
15 °C and a pressure of 1 atm were considered. The conversion of
methane fluxes to LNAPL NSZD rates was carried out assuming octane
(CgHig) as a reference compound with a stoichiometric coefficient of
1.14 gcsui1s/gcu4 (see section 2.2.6). Also note that in the figure, the
NSZD rates were calculated up to a maximum methane concentration of
10 %. For higher concentrations the model is still applicable but tends to
be less accurate, as the use of Fick’s Law can introduce increasing bias.
For example, as reported in the ASTM (2016) standard guidance, for
methane mole fraction concentrations around 0.20, the application of
Fick’s Law can result in an error of approximately 25 %, which is likely
within the spatio-temporal variability of NSZD rates typically encoun-
tered at petroleum release sites. To achieve more reliable estimates at
higher concentrations, more complex models than Fick’s Law (e.g.,
Stefan-Maxwell) may be preferred (Thorstenson and Pollock, 1989;
Amos and Mayer, 2006).

Based on the analysis reported in the previous section, under dry
conditions a velocity of 1 m/d can be used for screening purposes (e.g.,
see Fig. 5a). Using this velocity in Fig. 6, it can be observed that the
range of NSZD rates expected for methane concentrations varying from

0.1
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8 0.08 |
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Fig. 4. Reaction length of methane (Lg) calculated with eq. (5) as a function of the Peclet number (Pe) considering (a) dry conditions (S,, = 0.2) or (b) wet conditions

(Sw = 0.8).
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Fig. 5. Velocity of methane expected in the oxidation layer in the unsaturated zone (v*) as a function of the Peclet number (Pe) under (a) dry conditions (S,, = 0.2) or
(b) wet conditions (S,, = 0.8). The dotted lines represent the contribution to the overall methane velocity ascribed to diffusion and advection.
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Fig. 6. NSZD rates calculated as a function of methane vapor concentration and
overall methane velocity (v* = D,/Lg + v). Note that 1 g/m?/d = 501 gal/acre/
yr assuming a LNAPL density of 0.78 kg/L. For methane, 1 % ~ 6.78 g/m* (@
15 °C and 1 atm).

0.1 % to 10 % is approximately 400 to 40,000 gallons per acre per year.
This range aligns with the typical NSZD rates observed in the field. For
instance, Garg et al. (2017) and Kulkarni et al. (2022), who reviewed
NSZD rates measured at various sites, reported ranges of 300 to 7700
gallons per acre per year and 300 to 2720 gallons per acre per year,
respectively. This qualitative example confirms the validity of the pro-
posed method and suggests that methanogenesis is one of the dominant
attenuation processes contributing to the overall NSZD rates. Thus, for
screening purposes, the maximum methane concentration detected in
soil gas probes or monitoring wells can be used to estimate the expected
NSZD rates.

It is important to highlight that, as reported by Guan et al. (2024),
when methane concentrations are low (e.g., CH4 < 0.1 %), the volatil-
ization of individual LNAPL constituents from the source zone, followed
by their biodegradation in the subsurface, becomes a significant
contributor to overall source depletion. In such scenarios, NSZD rates for

a range of hydrocarbons resulting from the direct volatilization of VOCs
and subsequent aerobic biodegradation can be estimated using the
methodology proposed by Verginelli et al. (2024).

3.5. Example of application of the screening method

The screening gradient method illustrated in the previous section
was applied to a case study presented in a recent report by Concawe
(2020) and Smith et al. (2021). This case study refers to a dismissed site
formerly occupied by a retail fueling station. The site was characterized
by the presence of shallow residual LNAPL near former underground
storage tanks and dispensers. At this site, three methods were applied to
estimate NSZD rates: the soil gas concentration gradient method based
on the O3 and CO;, vertical profiles detected in monitoring wells and soil
gas probes, the biogenic heat method and the CO3 efflux method using
passive traps. For additional details on the site and the methods applied,
readers are directed to the report of Concawe (2020).

Based on the maximum methane concentration detected in the soil
gas probes and monitoring wells, the simplified screening method pre-
sented in the previous section was applied (see eq. (30)). This method
was applied to the area of the site characterized by gasoline contami-
nation, considering only the monitoring points with a concentration of
methane of at least 0.1 %. For the application of the method, a methane
velocity of 1 m/d was considered. The methane fluxes were converted to
NSZD rates considering a stoichiometric mass coefficient of 1.14 g/g and
a LNAPL density of 0.78 kg/L. The outcome of this analysis is reported in
Table 2. The estimated NSZD rates in the different points were in the
range of 3255 to 39,787 L/ha/yr, with a mean value of 17,087 L/ha/yr.

Table 3 presents a comparison of the NSZD rates calculated using this
method with those reported in Concawe (2020), which utilized the O,
and CO; gradient method and CO; traps. It can be observed that the
simplified approach presented in this work yields data close to the range
observed with CO» passive traps, while the O2/CO, gradient method
significantly underestimates the attenuation rates (on average by a
factor of 50).

As indicated by the authors (Concawe, 2020), the underestimation of
NSZD rates resulting from the traditional O,/CO; gradient method can
be attributed to the limited vertical resolution of the probes, which were
unable to capture soil gas composition changes near the base of the
vadose zone, where vertical soil gas concentration gradients are highest.
Additionally, another possible reason for this underestimation is the
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Table 2
Estimation of NSZD rates based on maximum methane concentrations. The data
refer to the case study presented by Smith et al. (2021) and Concawe (2020).

ID Point (Date) Monitoring CH4 max NSZD rate — CH4 method
point (%) (L/ha/yr)
SV3 (Jan 2018) SGS probe 0.5 18,085
SV4 (Jan 2018) SGS probe 0.45 16,277
S-5(June 2017) GW well 0.4 14,468
S-6 (June 2017) GW well 0.3 10,851
S-10 (June 2017) GW well 0.3 10,851
S-16 (June 2017) GW well 0.6 21,702
S-17 (June 2017) GW well 0.3 10,851
S-6 (Oct 2017) GW well 0.3 10,851
S-10 (Oct 2017) GW well 0.4 14,468
S-15 (Oct 2017) GW well 0.2 7234
S-16 (Oct 2017) GW well 0.5 18,085
S-17 (Oct 2017) GW well 0.4 14,468
S-5 (Jan 2018) GW well 1.1 39,787
S-6 (Jan 2018) GW well 0.7 25,319
$-10 (Jan 2018) GW well 1 36,170
S-15 (Jan 2018) GW well 0.7 25,319
S-16 (Jan 2018) GW well 0.7 25,319
S-17 (Jan 2018) GW well 0.8 28,936
S-5 (Apr 2018) GW well 0.13 4702
S-6 (Apr 2018) GW well 0.11 3979
S-10 (Apr 2018) GW well 0.09 3255
S-15 (Apr 2018) GW well 0.13 4702
S-16 (Apr 2018) GW well 0.7 25,319
S-17 (Apr 2018) GW well 0.8 28,936
S-16 (Jul 2018) GW well 0.2 7234
Arithmetic Mean 0.1 17,087
Min 1.1 3255
Max 0.47 39,787
5th percentile 0.11 4123
25th percentile 0.3 10,851
50th percentile 0.4 14,468
(Median)
75th percentile 0.7 25,319
95th percentile 0.96 34,723
Table 3

Comparison of estimated NSZD rates based on the methane gradient method
with the other methods applied in Concawe (2020).

Method Range: Min-Max (L/ Mean (L/ Reference
ha/yr) ha/yr)
0,/CO,, gradient method 85-490 260 Concawe
(vapor probes) (2020)
0,/CO,, gradient method 52 - 2700 1100 Concawe
(monitoring wells) (2020)
CO,, passive traps 17,000-130,000 54,000 Concawe
(2020)
CH,4 gradient method 3255-39,787 17,087 This Work

approximation of Oz and CO, gradients to linear profiles, which, as
shown by Verginelli and Baciocchi (2021), can lead to an underesti-
mation of NSZD rates.

This underestimation is significantly reduced when using the
methane gradient method, although the NSZD rates are still lower (on
average by a factor of 3) than those obtained using the CO, efflux
method. These underestimations can be partly attributed to the input
parameters used in the method (e.g., the methane velocity in the
oxidation layer) as well as to the limited vertical resolution, which may
hinder the identification of the maximum methane concentration.
Additionally, part of the underestimation may result from the contri-
bution of direct volatilization of individual LNAPL constituents from the
source zone, followed by their subsequent biodegradation in the sub-
surface (Guan et al., 2024; Verginelli et al., 2024).

This illustrative example however further confirms that the method
presented in this work can help to easily identify the expected NSZD
rates, providing conservative results (i.e., lower NSZD rates) compared
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to the actual rates.
4. Conclusions

The method presented in this study offers a practical way to estimate
NSZD rates at hydrocarbon-contaminated sites with significant subsur-
face methane concentrations (>0.1 %). Specifically, the NSZD rates can
be calculated based on the methane velocities in the subsurface and the
maximum methane concentrations detected in soil gas probes or the
headspace of piezometers. As shown in the study, methane velocities of
0.1-1 m/d in the oxidation zone can be assumed for a broad range of
conditions where diffusion is the main transport process. Indeed, except
for high-pressure gradients (i.e., 10 Pa/m) and highly permeable soils (i.
e., sand), advection can be considered negligible compared to diffusion.
Based on this evidence, simple relationships have been proposed to es-
timate NSZD rates solely from the expected methane velocity and the
maximum methane concentrations detected in the subsurface.

When compared with literature values, these estimates are well-
aligned, confirming the reliability of this method. Additionally,
applying this method to a case study (Concawe, 2020) has shown that it
could refine estimates compared to the traditional gradient method
based on O3 and CO; profiles, which could have underestimated NSZD
rates due to the limited vertical resolution of soil gas probes or the
assumption of linear concentration gradients.

When applying the model, its limitations related to the simplifying
assumptions must be considered. Firstly, the model assumes the exis-
tence of an aerobic zone and a complete oxidation of methane in the air-
connected soil above the LNAPL source. Although this is typically
observed at sites, it needs to be verified on a case-by-case basis, espe-
cially in the case of paved surfaces, shallow LNAPL sources or large
buildings that can limit the replenishment of oxygen in the subsurface
(Knight and Davis, 2013; Verginelli and Baciocchi, 2014; Verginelli
et al., 2016). Furthermore, the presented method assumes that meth-
anogenesis is the dominant attenuation process. In cases where methane
concentrations are below 0.1 % and VOC concentrations exceed 100
ppm, this assumption may no longer be valid, as volatilization of LNAPL
constituents and their biodegradation in the unsaturated zone can
contribute significantly to overall NSZD rates, as shown by Verginelli
et al. (2024) and Guan et al. (2024).

Another aspect to consider is the application of the diffusive model
based on Fick’s law, which could lead to approximations of fluxes for
methane concentrations above 10-20 %. In such cases, more complex
models may be preferred (Thorstenson and Pollock, 1989; Amos and
Mayer, 2006). Finally, it should be noted that the developed model can
be used to describe methane behavior in the aerobic vadose zone with
air-connected pores. In the saturated zone and at the soil to groundwater
interface, during methanogenesis processes, groundwater can become
supersaturated, and gas bubble formation (i.e., ebullition) may occur
episodically (Amos and Mayer, 2006; Sihota et al., 2013; Soucy and
Mumford, 2017). In these areas, diffusion is significantly reduced
(approaching values typical of diffusion in water), and advection be-
comes the dominant transport mechanism.

Bearing in mind these aspects, the developed method can serve as an
effective and simple additional line of evidence compared to those
typically gathered in NSZD studies.
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