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A Linear Model to Predict the Soil-Gas Diffusion Coefficient of Undisturbed
Unsaturated Volcanic Ash Soil

Toshiko KOMATSU", Ken KAWAMOTO', Augustus RESURRECCION”, and Per MOLDRUP ™

The soil-gas diffusion coefficient, D,, is needed when analyzing the transport of volatile organic chemicals in
polluted soil sites which is mainly controlled by gas diffusion. In this report, a linear model was developed to describe
the variation of the soil-gas diffusion coefficient with soil moisture conditions. This new model was tested against 48
natural intact field soil samples, and performed superior to the nonlinear gas diffusivity model commonly applied in

numerical simulations studies.
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1. Introduction

The transport and fate of volatile organic
chemicals (VOCs) in polluted soil sites is mainly
controlled by gas diffusion in the vadose zone above the
groundwater table. To evaluate the risk due to the
migration of VOCs, for example, from leaks from
underground gasoline storage tanks nearby household
buildings, accurate description of the gas diffusivity
D,/D, (where D, is the gas diffusion coefficient in free
air) and its dependency on soil moisture conditions (in
terms of soil-air content, €) are essential.

Several prediction models for Dy(g)/D, have
been proposed and used as input parameters when
simulating the transport of VOCs. These Dy(g)/D,
models include the classical soil-type independent
models and the more conceptual nonlinear soil-water
retention based models to include effect of soil type.

In this study, we measured soil-gas diffusion
coefficients on undisturbed volcanic ash soils
(Andisols) and developed a linear gas diffusivity model
to describe the variation of D, with &. We tested this
new model against measurements on intact soil samples,
and compared its performance against the widely-used
nonlinear model and soil-water retention based models.

2. Materials and Methods

2.1 Soil-Gas Diffusivity Data Used

We considered a total of 48 undisturbed
Andisols where 12 intact samples were taken at 5-10 cm
depth from a cattle pasture site in Nishi-Tokyo, Japan,
and 36 intact samples were collected from a forest site
at Fukushima Prefecture at three depths (0 to 5-, 15 to
20-, and 55 to 60-cm; 12 samples at each depth) with a
steep organic matter gradient. Soil gas diffusion
coefficient (D,) and soil-water retention were measured
for each at soil water matric potentials of -10, -60, -100,
-1000, -12600 cm H,0, and for 19 (out of 48) samples
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at air- and oven-dry conditions. Other soil samples
collapsed during the drying process and were not
measured for D, at air- and oven-dry conditions.

2.2 Measurement Method

The soil-gas diffusion coefficient D, was
measured using the diffusion chamber (Fig. 1)
developed by Currie (1960)" and recommended by
Rolston and Moldrup (2002)”. Oxygen was used as the
experimental (tracer) gas. The increasing concentration
of oxygen inside the chamber is a result of diffusion
from the atmosphere through the soil to the chamber
initially filled with N, gas. From the measurements of
the oxygen concentration inside the diffusion chamber
at regular time intervals, the soil-gas diffusion
coefficient D, was calculated using the solution to the
combination of Fick’s law of diffusion and continuity
equations given in Rolston and Moldrup (2002) ) The
soil-gas diffusion coefficient, D,, can be derived from
the slope of the plot of the natural logarithm of the
relative concentration versus time which becomes linear
for a sufficiently large time.
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Fig. 1 Soil-gas diffusion apparatus.

3. Gas Diffusivity Models

3.1 Soil-Type Independent Models
The proposed linear gas diffusivity model was
compared to the soil-type independent models tested in

this study. These classical models include Penman
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(1940)” and Millington and Quirk (1961)" models. The
Millington and Quirk model is noteworthy since it is
almost universally applied to vadose transport studies
but has not been yet tested thoroughly against
undisturbed soils especially for volcanic ash soils.

The Penman model assumes a linear variation of
gas diffusivity with € using a constant tortuosity factor
0f 0.66, and is given as,
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where ¢ is the soil-air porosity (m’ m™), D, is the soil-
gas diffusion coefficient (m® soil air m™ soil sec™), and
D, is gas diffusion coefficient in free air (m? air sec™).

The Millington and Quirk model, derived
assuming random cut and join of capillary tubes, is
related to the soil-type through the soil total porosity (P,
m’ m? ), and is given as,
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3.2 Soil-Water Retention Based Models

Moldrup et al. (1999, 2000%, and 2003") found
that soil-water-characteristic (SWC) based models using
the Campbell (1974)" pore-size distribution (PSD)
index b better predicted gas diffusivities for a variety of
soils over a wide range of soil-water matric potentials,
v, as compared to the soil-type independent models (Eq.
[1] and [2]). The SWC-based models included the
simple power-law  Buckingham—Burdine—Campbell
model (Moldrup et al., 1999”), and the macroporosity
(taken as the soil-air content at ¢ = -100 cm H,O, &9¢)
dependent model (Moldrup et al., 2000). Recently
developed models include the Penman-Call model,
based on Call (1957”), that takes into account of the
effect of inactive pore spaces (Moldrup et al., 2005 10y,

The Campbell (1974) soil-water characteristic
(SWC) model ¥, fitted to the soil-water retention data
and used in the SWC-based D,/D, models, is given by,
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where vy is the soil-water matric potential (cm H,0), .
is the air-entry potential (cm H,0), 0 is the soil-water
content (m3 m'3), 0, is the soil-water content at
saturation, and b is the Campbell pore-size distribution
parameter (b>0) which corresponds to the slope of the
SWC curve in a log(-y) versus log(0) plot.

The Buckingham-Burdine-Campbell (BBC)
power-law model (Moldrup et al., 19995)) used the
matching point reference value at air-filled saturation.
The BBC model is given as,

D 2+é
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where the expression, @, is the Buckingham (1904) gas
diffusivity at completely dry conditions'”. Eq. [4]
represents an analogue to the Burdine (1953)"
capillary tube tortuosity model for unsaturated
hydraulic conductivity.

Moldrup et al. (2000)” found a high correlation
between the volumetric content of larger pores
(macroporosity) taken as € at y = -100 cm H,O (g0,
pore diameter > 30 um) and the soil-gas diffusivity at y
=-100 cm HZO, Dp,lOO/DOa which is

Dy 100

= 281003 +0.04€4 [5]
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Using y = -100 cm H,O as the matching point
potential and using Eq. [5] to replace the Buckingham
expression in the BBC model (CI)2 in Eq. [4]), the €190~
dependent gas diffusivity model becomes,
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The recently developed Penman-Call linear
D,(e)/D, model, modified from Penman (1940)” and
Call (1957)” D,/D, models, considers the effect of
inactive pore spaces (threshold soil-air content, &g)
below which soil-gas diffusivity becomes negligible.
The general Penman-Call linear Dy(e)/D, model
proposed by Moldrup et al. (2005)'” is,

D
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where C is the slope of the linear model and gy, is the

threshold soil-air content. Call (1957)9) used C = 0.66

(Penman slope) with &g equal to 0.1 m® m™.

3.3 Proposed Linear Model

In order to use the Penman-Call model as a
predictive model, expressions for the parameters of
Penman-Call model (model slope C and threshold soil-
air content, £y) were developed linking Dy/D, to the soil
total porosity and soil-water retention. The threshold
soil-air content, &y, is estimated as 20 percent of the
total pore space in soil (total porosity, ®) following
Dracos (1991)"?,

eq =020 [8]
The slope C of the Penman-Call model can be

defined from the gas diffusivity at maximum air-filled
porosity, Dy(e = ®)/D,, by,

1 Dyle=o)
(q)_gth) D,

C:
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Two equations were suggested to estimate D,(e
= ®)/D, in Eq. [9]. Following a general power-law
D,(g)/D, model for completely dry conditions, the gas
diffusivity is given as,

[10]

where X is the tortuosity-connectivity factor for the
soil-air phase at ¢ = ®. We assumed X = 3.8 based on
the data for repacked Andisol (Osozawa, 1998'"). The
slope C is derived combining Eq. [8], [9], and [10] with
X =348,

C=1250>3 [11]

Another expression for the model slope C was
derived using the classical Buckingham (1904) D,/D,
model'"” assuming independent contributions on gas
diffusivity from the inter-aggregate and intra-aggregate
pore space regions. Applying the Buckingham model at
each region yields,

D,(e=®)

b [12]

= (‘Sint er )2 + (Eintra )2
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where giyer and gy, are the inter- and intra-aggregate
porosity, respectively. The separation between inter-
and intra-aggregate pores takes place at v = -1000 cm
H,0, as shown for an Andisol by Kawamoto et al.
(2004)'¥. Combining Eq. [8], [9], and [12] and setting
Einter = €1000 AN Einera = D - €1900 yields for C,

1.25

C= —((81000 ) +(® —21000)° )

> [13]

4, Results and Discussion

The D,/D, data for the intact samples from
Nishi-Tokyo and Fukushima as shown in Fig. 2
suggested a linear increase in gas diffusivity with soil-
air content. It is apparent that the widely-used
Millington and Quirk (1961) model? underestimated
the D,/D, data for pF < 4.1 (where pF = log(-y, cm
H,0)), and overestimated measurements at air-and
oven-dry conditions.

The BBC model slightly underestimate D,/D,
between pF 2 and pF 4.1 for all soils, as illustrated in
Fig. 2 for three soil samples. The slight
underestimation of the BBC model is likely due to the
less tortuosity in the well-developed aggregated
structure of Andisols as compared to normal mineral
soils (Moldrup et al., 2003") that would give slightly
higher measured D,/D, than predicted by the BBC
model. However at pF > 3, the soil aggregates start to
dry out and the tortuous pathways through the soil
aggregates will reduce soil-gas diffusivity. The
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Dp/Do predicted

enhanced tortuosity inside the relatively stable soil
aggregates likely counter-balanced the low inter-
aggregate tortuousity causing much lower gas
diffusivities at air-dry and oven-dry conditions than
predicted by the BBC model. This would explain the
apparent linear behavior of the measured D,/D, up to
the oven-dry conditions.
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Fig. 2 The variation of the gas diffusivity with soil-air
content of four intact samples. The widely used
Millington and Quirk (1961) and the BBC model, and
the proposed Penman-Call linear gas diffusivity model
are also shown.
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Fig. 3 Scatterplot comparison between measured and
predicted gas diffusivity values.

The soil-type independent Penman (1940)”,
Eq. [1], and MQ (1961)", Eq. [2], models performed
poorly in predicting D,/D, (Fig. 3a and 3b). The
widely-used MQ model has already been reported to
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perform poorly on volcanic ash soils (Moldrup et al.,
20037)) and on other mineral soils (Moldrup et al.,
1999, 2000”; Kawamoto et al., 2006'?). Both the
BBC model (Eq. [4]) and the &9-dependent model
(Eq. [6]) underestimated D,/D, between pF 2 and 4.1
and largely overestimated D,/D, at dry conditions (Fig.
3c).

The Penman-Call model (Eq [7]) using the
developed expressions for &4, (Eq. [8]) and C (Eq.
[11]) significantly reduced the prediction error at very
high soil-air content, and performed well on the total
range of soil-air contents. However, when Eq. [13] for
the slope C was used, the Penman-Call model gave a
far superior performance as compared to the other
models, especially at dry conditions (Fig. 3). This
shows that the Dy(g)/D, behavior of volcanic ash soils
can be described as the sum of the D,/D, in the inter-
and intra-aggregate porosities. When only the soil total
porosity is known, Eq. [11] can be used instead of Eq.
[13] to predict C. In perspective, additional data for
volcanic ash soils are needed to test the Penman-Call
model together using the developed expressions for the
model slope C and &y especially when data for
Andisols from outside Japan become available.

5. Conclusions

In this study, the linear Penman-Call type
D,(e)/D, model (Moldrup et al., 2005'”) to predict the
variation of gas diffusivity with soil-air content was
proposed. The performance of this new linear model
was compared to the existing traditional nonlinear
models. This linear Penman-Call type D,(¢)/D, model,
with the model slope C and threshold air content g,
related to soil-water contents at saturation and pF 3
better predicted gas diffusivity across soil moisture
conditions, as compared to frequently used non-linear
models.
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