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Abstract: Soil density plays an important role in regulating the migration of greenhouse gases
from terrestrial soils to the atmosphere. Soil moisture is one of the main soil physical control
determining the fate and transport of gases in soils. This study investigated the transport of me-
thane (CHy,) originating from a simulated CH, source within a variably compacted pasture soil.
Simulations were carried out for dry and variably saturated soils. Steady-state methane flow was
simulated as a density-dependant, multiphase flow considering a multicomponent mixture of CHa,
water vapour and air, under different soil moisture conditions. We used measured soil-water char-
acteristic (SWC) and gas diffusivity data at five density levels (1.1, 1.2, 1.3, 1.4, and 1.5 Mg m)
to parameterize predictive models. Permeability was estimated using an existing SWC-based sat-
urated hydraulic conductivity function. Results show a distinct effect of soil density on CH4 con-
centration profiles within the soil. Clear effects of soil moisture on CHs transport could also be
seen in differentially compacted soils. Relatively smaller CH4 concentrations were observed in
dry soils where permeability, gas diffusivity and air-filled porosity were higher. With increasing
density, the profile-accumulated concentrations > 0.3% increased up to 200 times under the dry
condition. In moist soils, on the other hand, smaller air-filled porosity and higher moisture-con-
trolled tortuosity resulted in reduced permeability and gas diffusivity, yielding high CH4 concen-
trations in the soil profile with only a maximum five-fold increase in the accumulated concentra-
tion with increasing density.
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1. Introduction

Methane (CH,) is a potent greenhouse gas with a global warming po-
tential of 28 over a 100-year time horizon, and a radiative forcing
value, from 1750 to 2011, of 0.48 == 0.05 W m2 (Myhre et al. 2013).
The atmospheric CH4 concentration has increased by 150% since 1750
to be 1803 + 2 ppb in 2011, increasing at ~ 6 ppb yr* between 2007
and 2011 (Hartmann et al. 2013). Furthermore, CH4 is a chemically
reactive molecule that plays an important role in atmospheric chemis-
try. Methane reacts with hydroxyl radicals in the atmosphere, reducing
their oxidative potential and hence the atmosphere’s ability to counter-
act anthropogenic pollutants, for example, chlorofluorocarbons
(Montzka et al., 2011).

Methane sources may be broadly classified into three categories: bio-
genic, thermogenic, and pyrogenic. Atmospheric CH4 is predomi-
nantly (70%-80%; Mer and Rogger, 2001) of biogenic origin, and
stems largely from terrestrial ecosystems with environments favoring
methanogens. Globally, it has been estimated (Ciais et al. 2013) that,
between 2000 to 2009, rice paddy agriculture (36 Tg CH,4 yr?) and
landfills (75 Tg CH4 yr?) equated to approximately 33% of all anthro-
pogenic CH4 sources (331 Tg CH, yr?). Potentially, soils act as a CH4
sink where aerobic conditions favor methanotrophy, leading to oxida-
tion of atmospheric CH4 (Gebert et al. 2011). Therefore, in order to
better understand soil emissions of CH4, and their potential mitigation,
a thorough understanding of the soil properties controlling CH4 emis-
sions under different environmental conditions is required.
Compaction-induced changes in soil structure essentially affect the
transport and retention characteristics of both soil-water and soil-gas,
and thereby affect the soil’s potential for uptake and emission of green-
house gases. Density-controlled effects on soil-water retention, gas
diffusivity (Dp/Do, where D, and D, are gas diffusion coefficients in
soil and free air, respectively) (Croney and Coleman, 1954; Gupta et
al., 1989) and hydraulic conductivity/permeability (Gent et al., 1983)
have been highlighted in the literature; however, their impacts on the
fate and transport of greenhouse gases (e.g., CH4) have not been ade-
quately studied.

The main objective of this study was to provide computational insight
into the subsurface migration of CH4originating from a simulated CHa,
source located in differentially compacted soil systems under varied
soil compaction, and moisture status. Soil physical measurements in-
cluded soil bulk density, soil-water characteristic (SWC) and gas dif-
fusivity, to estimate subsurface CH4 concentrations in the absence of



measured concentration data. We test the hypothesis that soil moisture
will considerably affect subsurface CH4 in density-controlled soil sys-
tems.

2. Mathematical Modelling

2.1 Soil-Water Characteristic (SWC)

We used the van Genuchten (1980) model to characterize soil-water
retention and parameterize the capillary suction (y)-soil moisture con-
tent () relation as follows:
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where s is the soil water content at saturation (cm® cm™3), 6 is the
residual water content (cm® cm™3), a is model scaling factor (cm™?), and
n and m are model shape factors. Although it is a common practice to
constrain the shape factors by linking them together (e.g., m = 1-1/n;
Muelem, 1986); in this study we treated both n and m as uncon-
strained/fitting parameters to obtain a better numerical fit to the meas-
ured data.

The maximum slope of the 8 (h) function (Eqg. 1) at the inflection point
(i.e., at d*0/dh?=0) can be expressed by S as follows (Aschonitis et al.,
2012);

S; = —m*"Mna (6, — 0,)(1 + m)"™m"1 ()

2.2 Hydraulic Conductivity and Permeability

In the absence of measured hydraulic conductivity (m s*) data, several
models are available in the literature to estimate hydraulic conductivity
from basic and easy-to-measure soil physical properties. Aschonitis
and Antonopoulos (2013), proposed an empirical hydraulic conductiv-
ity function based on the parameterized van Genuchten model linking
to S (Eqg. 2) which can be presented as:

K, = 1632.5|5|(3.9f) (32N 3)

f=ad,
where @ is the effective porosity (i.e., the total porosity minus the

volumetric moisture content at a suction of -33 kPa; Ahuja et al., 1984)
representing the pore space where water flow effectively occurs.



Intrinsic permeability, k, (m?) of a porous medium can be computed
from the hydraulic conductivity as follows:

Py
K.=kZZ
N n (4)

Note that the saturated hydraulic conductivity is a function of the po-
rous medium and the fluid properties which are denoted by the perme-
ability (k, m?) and fluidity (pg/m, ms?), respectively.

2.3 Soil Gas Diffusivity (Dp/Do)

Few predictive soil-gas diffusivity models account for the effect of soil den-
sity, although some models implicitly take the density effects into account
via reduction in total porosity (e.g., Millington and Quirk, 1960 & 1961).
Here we adopted a recent empirically based soil gas diffusivity model
(Chamindu Deepagoda et al., 2018) that was developed, based on a previous
predictive model, and calibrated against the same gas diffusivity data that
we use in this study.

5.2
D—’: = 0.4 <2 (%) +0.04 (%)) )

where the constant scale factors are best-fit values to the measured data.

()

2.4 Fate and Transport of Methane in Soil

For the governing equations (mass and energy balance, advective mass
flux, and diffusive mass flux) relevant to the present study, the reader is re-
ferred to Chamindu Deepagoda et al. (2016).

3. Materials and Methods

We considered measured soil water characteristic (SWC) and gas dif-
fusivity data from Balanine et al. (2016) to parameterize the models.
The soil was sampled from a pasture site at Duncan Block (43°38°0.7"’
S, 172°29°40°° N), Lincoln, New Zealand. The soil was identified as a
Templeton silt loam, Typic Immature Pallic under the New Zealand
Soil Classification system (Hewitt, 1998). The soils, sampled at a
depth of 15 cm, were air-dried and sieved (< 2 mm) prior to packing
at five bulk density (pp) levels: 1.1, 1.2, 1.3, 1.4, and 1.5 Mg m=. The
samples were subsequently drained at 11 levels of matric potential (y);
-1.0,-1.5,-2.0, -3.0, 4.0, -5.0, -6.0, 7.0, -8.0, 9.0, and —10 KPa.
Soil-gas diffusivity (Dp/D,) was measured at each matric potential



using a one-chamber diffusion apparatus (Taylor, 1949). All measure-
ments were performed in triplicate. For detailed information on soil
sampling, pre-treatments, and calculation procedures, the reader is re-
ferred to Balaine et al. (2016).

For numerical simulations, we used the multiphase transport simula-
tor TOUGH2 (Pruess et al., 1999) together with the equation of state
module EOS7CA (Oldenburg, 2015). TOUGH2/ EOS7CA can poten-
tially simulate subsurface flow and transport of aqueous and gas
phases containing up to five components (i.e., H2O, brine, non-con-
densable gas (e.g., CH,), gas tracer, and air) under isothermal or non-
isothermal conditions.

A temperature corrected Fickian molecular diffusion coefficient was used to
model methane gas diffusion. Henry’s coefficients were estimated using the
method described by Cramer (1982) to determine dissolution of CH4 in the
aqueous phase. Since the Henry’s law approach formulated in the model is
accurate for low pressure (< ~ 1 MPa) conditions, the model is essentially
applicable to relatively shallow subsurface porous media systems (Olden-
burg, 2015) as considered in this study. See Pruess et al. (1999) and Olden-
burg (2015) for further information on the TOUGH2/EOS7CA model. In
this study, simulations were carried out for both dry (6 = 6;) and partially
saturated conditions (6 = 0.30-0.50 cm® cm). We assumed that at each den-
sity level, homogeneous and isotropic conditions, with respect to transport
parameters, prevailed across the entire domain.

Figure 1 shows the 2-D Cartesian computational domain used in the
TOUGH2/EOS7A modelling framework for simulating CH4 flow in the
subsurface. A 10 m (width) x 0.15 m (height) numerical domain was discre-
tised into 270 porous elements for simulations. The width of the domain (10
m) was selected based on the assumption that this width was large enough
not to have boundary effects on flow simulations, while the height (0.15 m)
represents the sampling depth. The left and right boundaries and the bottom
boundary were treated as having no-flow conditions (Neumann-type) for gas
flow and adiabatic conditions for heat transport, while the top boundary was
considered as an open boundary for both mass and heat flows. A diffusive
point CH,4 source was located at the mid-section of the domain 10 cm above
the bottom boundary (Fig. 1) with a production rate converted to a flux of 9
umol m2 h1, an average value presented in literature (Oertel et al., 2016).
Simulations were performed for both completely dry conditions (Fig. 1a)
and for partially saturated conditions under a pre-defined soil moisture gra-
dient (Fig. 1b). For partially saturated conditions, a pre-simulation was first
performed to obtain the gravity-capillary equilibrium within the domain be-
fore applying the CH4 flux.
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Figure 1:Discretised 2-D computational domains for methane migration
simulations in (a) completely dry soil, and (b) partially saturated soil with a
known soil moisture gradient. Location of the methane point diffusive
source is also shown. Note different scales in X and Y axes.

3. Results and Discussion

Figure 2 shows the measured soil water-characteristic (SWC) in the pasture
soil measured at five density levels. Note the systematic decline in saturated
moisture content (6s) with increasing density, due to the drop in total poros-
ity upon compaction. Compaction not only decreases the total volume of
pores, but also causes a significant shift in dominant pore regions, thereby
making an impact on pore size distribution. It is commonly accepted that
compaction causes an increase in micropore (pore dia. < 0.02 ym), and mes-
opore (0.02-30 pum) regions, but decreases macropore (> 30 um) domains
(Yahya et al., 2011; Chamindu Deepagoda et al., 2018). Increases in the
relative number of micro (or capillary) pores essentially increases the air-
entry pressure/bubbling pressure (P,) with increasing density, as also
demonstrated in Fig. 2. The van Genuchten model (Eq. 1) provided a very
good description of the measured data as shown by the solid lines. Note the
slight disparity between measured and simulated data for 1.1 and 1.2 (Mg
m-3) density levels around 10 hPa matric suction, which is likely due to the
aggregation of soil under low bulk density.
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Figure 2: Measured soil-water characteristic data for pasture soil at differ-
ent densities (in Mg m3): (a) 1.1, (b) 1.2, (c) 1.3, (d) 1.4, and (e) 1.5. Pre-
dictions from parameterized van Genuchten model (Eqg. 1) are also shown
(in solid lines). Note: 10 hPa = 1 kPa.

The best-fit van Genuchten model parameters, together with the basic soil
properties, are given in Table 1.

Table 1: Basic soil physical properties and parameterization

Bulk Total Soil-Gas | Permeabil- Soil-water characteristics Eq. (1)
density | porosity | Diffusivity ity"

Mg m*® m3m-3 (drysoil) | (x10%2m?) Or a n m
1.1 0.58 0.069 19.54 0 0.07 3 0.15
1.2 0.55 0.060 11.68 0 0.05 25 0.16
1.3 0.51 0.036 6.84 0 0.038 19 0.21
14 0.47 0.023 2.81 0 0.012 1.65 0.3
15 0.43 0.016 1.30 0 0.005 0.94 0.48

TEstimated from K assuming a fluidity of 9.81 x 10® m? st at 20°C.



Another notable change in the SWC with the density is the change in slope
of the curve at the inflection point, S (Eq. 2). A very good linear relationship
(r> = 0.95) could be observed between the soil density and S (Fig. 3a), im-
plying the applicability of S as a good indicator of the degree of soil densi-
fication/compaction, as evidenced also by previous studies (e.g., Aschonitis
et al., 2012). Dexter (2004) also calculated the slope of the SWC at the in-
flection point (but expressed in a different form) and noted a linear decrease
of slope (in non-aggregated soils) with increasing density. Dexter (2004)
hypothesised the slope as a measure of microstructure that can be used as an
index of soil physical quality. Figure 3(b) illustrates the variation of two
dominant gas transport parameters with density: intrinsic permeability, k
(m?) (Eq. 3 & 4), and the soil-gas diffusion coefficient, Ds (m?%s) (Eq. 5).
Importantly, within the range of measured density, k varied over three or-
ders-of-magnitude whereas the variation of Ds occurred within a single or-
der-of-magnitude, while both parameters showing a decrease with increas-
ing density. Since compaction causes the rearrangement of particles, and
thereby changes the soil structure, the parameters which are predominantly
soil structure controlled become mostly affected due to compaction. Also,
air permeability, which characterizes the advective flow of gases in porous
systems, is highly soil-structure-controlled, since advective gas flow occurs
preferentially in macropore-dominant pore regions. As described earlier,
compaction can cause a marked decrease in macropore density, yielding a
remarkable drop in air permeability with increasing compaction. The soil-
gas diffusion coefficient, on the other hand, is not predominantly controlled
by the soil structure particularly under completely dry conditions, since dif-
fusive gas flow occurs in all gas- accessible pore domains. However, due to
the compaction-induced decrease in total porosity and increase in (solid-in-
duced) tortuosity, a decrease in Ds can also be observed with increasing
compaction.

It is worth mentioning that the soil gas transport properties need not neces-
sarily be of equal importance across the entire soil system of interest. For
example, if a gas is originating from a point source with a high pressure
within the subsurface, the gas movement is more advective near the source
and hence is controlled primarily by the air permeability. As the gas moves
away from the source, the pressure decreases and therefore the flow be-
comes more diffusion-controlled, making gas diffusivity the controlling pa-
rameter. When the gas reaches the soil-atmosphere interface, the wind-in-
duced near-surface pressure fluctuations may potentially make an advective
gradient, thus making again the air permeability the controlling parameter.
Further, the characteristics of the gas may also decide whether the dominant
flow is advective or diffusive. For example, a low-density gas such as CHs
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Figure 3:(a) Derived slope (Eg. 2) at the inflection point of the soil-water
characteristic as a function of soil density. The best-fit linear regression line
is also shown (in solid line). (b) Intrinsic permeability (k, Eqg. 2) and soil gas
diffusion coefficient (Ds, Eq 5). against soil density.

may preferentially move upward by advection (buoyancy) which is facili-
tated predominantly by the air permeability, with diffusion playing a minor
role. Lateral CHs movement, however, occurs primarily by diffusion, and
hence is controlled by gas diffusivity. In that respect, the anisotropy of the
porous system with respect to the above transport properties is also of key
concern in characterizing the gas flow in porous media.

Figure 4 shows the steady-state CH4 concentration profiles for the five den-
sity levels for dry soils. The low density of CH, with respect to air causes
density-driven advective flow which preferentially occurs upwards, leading
to an upward-bulging CH. profile as can be seen at all density levels. The
lateral and downward movements are only diffusion controlled. Note that
due to the assumed isotropic conditions of soil regardless of compaction,
diffusive movement is virtually the same in all directions at a given density.
However, with increasing compaction, due to the marked decrease in total
porosity, the diffusion coefficient and permeability (see Fig. 2b), the out-
ward movement of CHy is constrained, increasing the mean residence time
of methane in the soil profile, causing an increase in the CH4 concentration
and potential oxidation within the profile.

Simulated steady-state CH4 concentration profiles for partially saturated
conditions are shown in Fig. 5. The saturation contours, after simulations,
are also shown (white colour). Methane concentration contours are distinctly
different from those in dry soil systems (Fig. 4), demonstrating the clear
effect of soil moisture on subsurface CH. dynamics. Note that the effect of
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Figure 4: Simulated steady-state methane concentration maps for five soil
density (pb) levels for dry soils. Colours denote the mass fraction of gaseous
methane.
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Figure 5: Simulated steady-state methane concentration maps for five soil
density (py) levels for partially saturated soils with a predefined soil moisture
gradient. Colours denote the mass fraction of gaseous methane. Soil mois-
ture contours, after methane flow is applied, are denoted in white colour.



soil moisture on CH4 concentration profiles is more evident at lower soil
density (e.g., pp = 1.1 Mg m™®) than high-density soil (e.g., pp = 1.5 Mg m3).
Although the low-density soil has a larger air-filled pore space than the
denser soils under the same moisture gradient, water held dominantly in mi-
cropores largely constrains movement of CH, through the gaseous phase,
yielding a marked change in CH4 concentration profiles in low density soil.
In fact, the diffusion-controlled lateral movement of CH4 varies more mark-
edly, across density levels, under partially statured condition (Fig. 5) as
compared to buoyancy (advection)-dependant vertical movement, suggest-
ing a clear effect of soil moisture on diffusive movement of CH, in the soil
subsurface. Notably, the saturation contours are slightly distorted near the
source in the higher- density soil (p» = 1.5 Mg m™®) due to the inlet velocity
allowing for a gaseous phase in otherwise fully saturated soil layers.
Greatest variation of CH4 accumulation is shown by dry conditions (see Fig.
4) with an approximate 200-fold accumulated area at the highest density (1.5
Mg m3) as compared to the lowest (1.1 Mg m%), with a systematic increase
with increasing density. Accumulation CH, variation of under partially sat-
urated condition, however, showed only a five-fold difference between the
highest and the lowest densities. It is, therefore, clear that CHsaccumulation
within the profile is largely soil structure-controlled in the absence of soil
moisture.

4. Conclusions

Based on measured soil-water characteristic (SWC), measured soil gas dif-
fusivity, and derived permeability characteristics, we simulated CH,
transport in five differently-compacted soils (1.1 — 1.5 Mg m=) and deter-
mined the effects of soil moisture. Results showed a pronounced effect of
soil density on subsurface CH4 concentration profiles with enhanced con-
centrations in denser soils both for dry and partially saturated conditions.
With increasing density (from 1.1 to 1.5 Mg m~), CH. concentration (above
0.3%) increased 200 times for dry soils, but only 5 times for partially satu-
rated soils. The effect of soil moisture was observed to be more pronounced
in less dense soils than in highly dense soils. Other environmental effects
such as temperature, wind-induced atmospheric dynamics, porous media an-
isotropy, and CH, oxidation need to be considered in future simulation stud-
ies.
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