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Abstract

The use of Hydrus-1D for modeling soil gas fluxes can be improved by introducing a parameter f
obtained by fitting the Millington–Quirk (MQ) tortuosity model to measured gas diffusion coeffi-
cients. The approach was tested for data from soil horizons of two sandy forest sites located in
Northeast-Germany. f-values ranged between 0.41 and 0.54, indicating a more tortuous pore
systems than predicted by MQ model (f = 1). The parameter optimization procedure can be car-
ried out by using the statistical software R and the enclosed R-script.
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1 Introduction

Molecular diffusion is the main transport process responsible
for gas exchange in soils (Gliński and Stępniewski, 1985)
and is controlled by the gas concentration gradient
[¶c/¶x, (mol m–4)]. This process is described by Fick’s law in
one-dimensional form as:

J ¼ Ds·¶c=¶x; (1)

with the flux, J (mol m–2 s–1), and the gas- and temperature-
dependent effective diffusion coefficient of the soil, Ds (m2 s–1).
One-chamber (Flühler, 1973) or double-chamber (Rolston and
Moldrup, 2002) experiments are typically performed to deter-
mine Ds at the soil core-scale. Eq. (1) is used to calculate Ds
under the assumption that all gas fluxes are solely caused by dif-
fusion. However, Ds is heterogeneously distributed in soils at the
micrometer-scale (Haas and Horn, 2018), the soil core-scale
(Moldrup et al., 2001; Haas et al., 2019; Mordhorst et al., 2017,
2018), and at the soil profile scale (Kühne et al., 2012; Maier
et al., 2017). The diffusion coefficient of, for example, oxygen in
air is 10,000 times higher than in water (Himmelblau, 1964;
Gliński and Stępniewski, 1985) and 1,000,000 times higher than
in solid mineral (Jost, 1960). Since soils are three-phase sys-
tems (gaseous, liquid, and solid phase), the value of Ds strongly
depends on the air-filled porosity and its continuity and connec-
tivity.

The soil structure-related flow path lengths and the connectivity
of the air-filled pore network is described by the tortuosity, t,

which can be derived from soil gas diffusivity measurements
and estimated from diffusivity models. Tortuosity has frequently
been described (Šimůnek et al., 2013) according to Millington
and Quirk (1961), tMQ, as:

tMQ ¼ q7=3
a q�2

s ; (2)

with the air-filled porosity qa (m3 m–3) and the total porosity
qs (m3 m–3). The MQ model [Eq. (2)] is expected to perform
well for sandy soils (Šimůnek et al., 2013) since it was
derived assuming randomly distributed solid particles of
equal size. However, in natural soils (e.g., agricultural or
forest soils) the MQ model may not adequately fit to meas-
ured values of Ds.

Soil gas fluxes have been calculated using the gradient meth-
od (Maier and Schack-Kirchner, 2014). The Hydrus-1D pro-
gram (Šimůnek et al., 2005) is widely used to numerically sim-
ulate the flow of water, gas, heat, and the transport of solutes
in soils using the finite element method. Regarding simula-
tions of carbon dioxide flues with Hydrus-1D, tMQ, is used to
obtain Ds as:

Ds ¼ D0·tMQ; (3)

where D0 is the molecular diffusion coefficient (i.e., which is
1.59 · 10–5 m2 s–1 for CO2 in air. Thus, tMQ equals the relative
diffusion coefficient Ds/D0, which is often used to present
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measured Ds values, because it considers the impact of the
specific measuring gas used.

We hypothesized that (1) by replacing tMQ in Eq. (3) with t�MQ,
defined as

t�MQ ¼ tMQ·f; (4)

where f is a fitting factor, Ds/D0 can better be fitted to meas-
ured values as compared to Eq. (3). We further assume (2)
that f can be derived from measured effective soil gas diffusiv-
ities determined with inert gases and (3) that f is a function of
the soil type and depths.

It is the objective of this work to obtain f-values by fitting t�MQ
to measured values of Ds for soil data from two forest-sites.
The horizon-specific f-values are qualitatively compared with
soil structural observations and used to demonstrate how
measured soil gas diffusion coefficients can be used in trans-
port models that are using the MQ tortuosity model as in
Hydrus-1D for example. The attached R-script, useable with
the statistical software R (R Development Core Team, 2020),
is constructed for a rapid determination of f-values using the
Levenberg–Marquardt algorithm. Derived f-values can be
used in Hydrus by replacing D0 as input parameter by D�0 as
derived by Eq. (5):

D�0 ¼ f·D0: (5)

2 Material and methods

Soil core samples (4.9 cm in height, 7.2 cm in diameter, 200
cm3 in volume) were excavated from two forest sites: (1) a
beech forest (Fagus sylvatica L.) site located in Beerenbusch
(Brandenburg / Germany) and (2) a pine forest (Pinus sylvest-
ris L.) site located in Kienhorst (Brandenburg / Germany).
According to WRB, the soils are classified as Brunic Arenosol
(Dystric) and Haplic Podzol at the beech and pine forest site,
respectively. See Tab. 1 for details about the soil horizons
and about the sand, silt, clay, soil organic carbon contents,
and pH. At both sampling sites, six soil cores were excavated
from the organic layers (O), five soil core samples were exca-
vated from the topsoil [A(e)h and Ahe], and 15 samples were
excavated from the subsoil horizons (Bhv and Bs). For the lat-
ter ones, sampling was carried out in increments of approxi-

mately 0.1 m (namely, L1 in 0.10–0.17 m, L2 in 0.18–0.25 m,
L3 in 0.26–0.34 m), and five soil core samples were exca-
vated from each layer.

The determination of the diffusion coefficient (Ds) of each soil
core sample was repeated four times at different soil moisture
levels, namely, (1) field fresh, (2) after a period of 24 h of air-
drying, (3) after saturation by capillary rise, and (4) air-dried,
aiming to reflect typical soil water contents (q) of around
10–40 vol.-%. The actual values of q and the air-filled porosity,
qa, were calculated from the total porosity as determined by
thermo-gravimetry after drying at 105�C for 24 h. The specific
density of the solid soil material was determined by vacuum
pycnometry (data not shown).

Ds,Ne (i.e., Ds for neon) of aggregated soil samples were
determined with a one-chamber method (Flühler, 1973) with
neon as tracer gas, which has a molecular diffusion coeffi-
cient in air of D0,Ne = 3.15 · 10–5 m2 · s–1 at T = 20�C and
P = 101.33 kPa (Fuller et al., 1966). Soil cores (equipped with
gaze at the bottom of the ring) were placed at the top of
airtight cylinders in which neon was injected (Kühne et al.,
2012). Decreasing Ne concentration in the chamber was
measured over 45 min with a micro-gas chromatograph
(CP2002P, Chrompack, Middelburg, Netherlands) and Ds
was calculated as described in Kühne et al. (2012).

The statistical software R (R Development Core Team, 2020)
and the R-implementation of the Levenberg–Marquardt algo-
rithm (LMA) (Elzhov et al., 2016) were used for data process-
ing and optimization. For details about the LMA see Lourakis
(2005). By substituting tMQ with tMQ� [Eq. (4)] in Eq. (3) (with
D0 equal to D0,Ne), the linear fitting parameter f, was derived
with the LMA from measured values of Ds, air-filled, and total
porosities by minimizing the sum of least-squares between
modeled and measured values. The relative gas diffusion
coefficient (Ds/D0) linearly decreases or increases with changing
f-values (Fig. 1). No differences in Ds/D0 were visible close to
water-saturation due to small values for Ds/D0. However, Ds/D0
is reduced by 20% (for f = 0.8) or increased by 20% (for f = 1.2)
as compared to the situation without fitting (f = 1), i.e., when the
MQ model perfectly fits the measured values.

Thus, the LMA started assuming f to equal one. The fitting
factor f can be used in Hydrus-1D simply by multiply D0,CO2
with f.
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Table 1: Soil horizons with corresponding depths, sand, silt, clay and organic carbon contents, and pH of the beech and pine forest sites.

Horizon Depth Sand Silt Clay SOC pH

(m) (g kg–1)

Beech O +0.05 191.8 4.9

A(e)h –0.07 880 91 29 37.8 5.0

Bhv –0.32 903 71 26 13.2 5.1

Pine O +0.05 257.1 3.6

Ahe –0.1 910 60 30 20.8 4.2

Bs –0.35 940 35 25 5.5 4.4
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3 Results and discussion

For the organic layer of the beech forest (Fig. 2a), Ds was
determined at evenly spread air-filled porosities values in the

range of 0.36 to 0.78. At the pine site (Fig. 2b) data is nested
(i.e., some measurement points at low and some at high air-
filled porosities). This is reasonable due to the considered
moisture levels which ranged from water-saturated over field-
fresh to air-dried. Water contents as determined for field-fresh
samples were close to water contents of air-dried samples,
reflecting the dry situation at the sampling site during the soil
sampling campaign. For the mineral topsoil (A-horizon) at the
pine site (Fig. 3b) measurement points with low air-filled
porosities are missing. This indicates problems during the
water-saturation process, which are potentially caused by
hydrophobic substances reducing the wettability of soils (e.g.,
Haas et al., 2018a) or by organic compounds that clog pores
(Hallett et al., 2003). At all other horizons [namely A-horizon
at the beech site (Fig. 3a) and both B-horizons (Fig. 4a, b)],
data are homogeneously distributed, providing a valuable da-
taset for the evaluation of f. Air-filled porosities ranged from
0.36 to 0.91 for the organic layers to 0.14 to 0.65 for the min-
eral layers (i.e., A and B horizons) (Tab. 2). Mean values of
total porosities were highest for the organic layers (beech:
0.84; pine: 0.93) and decreased with increasing depths
(Tab. 2).

For all horizons at both sites, f was significantly < 1 (Fig. 5)
and ranged from 0.413 to 0.451 at the beech site and from
0.399 to 0.538 at the pine site (Tab. 2). That means, without
fitting (i.e., f = 1), the MQ model significantly overestimates
Ds. Fitting factors decreased with increasing soil depth at
the pine site (Fig. 5) or were minimal at the mineral topsoil
at the beech site. The confidence intervals (Fig. 5, Tab. 2),
showed that the effective soil gas diffusivity of the organic
layer at the pine site was significantly increased as compar-
ed to the organic layer at the beech site, reflecting very dif-
ferent physico-chemical (e.g., wettability) and physical (e.g.,
geometry) properties of the litter at both sites. More details
about gas diffusion in forest humus layers can be found in
Maier and Lang (2019). However, f-values (Tab. 2) indi-
cated that the tortuosity of the pore systems at the two
sampling sites was relatively variable and varied with soil
depth (Fig. 5).
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Figure 1: Relative soil gas diffusion coefficient (Ds/D0) as a function
of the relative air-filled pore space (i.e., qa/qs) as calculated with the
Millington–Quirk (MQ) model and as influenced by defined fitting fac-
tors f (namely f = 0.8; f = 1; f = 1.2); qs = 0.4.

Figure 2: Relative diffusion coefficients (Ds/D0) of the organic layers
(O-horizons) of the beech site (A) and of the pine site (B) as a func-
tion of air-filled porosity (qa). The unfitted model is reflected by the
black line, the fitted model [Eq. (4)] is presented by the red line. The
number of considered data points, n, and the coefficient of determina-
tion, R2, were 22 and 0.699 (beech), and 19 and 0.955 (pine), respec-
tively.

Figure 3: Relative diffusion coefficients (Ds/D0) of the mineral topsoils
(A-horizons) of the beech site (A) and of the pine site (B) as a function
of air-filled porosity (qa). The unfitted model is reflected by the black
line, the fitted model [Eq. (4)] is presented by the red line. The number
of considered data points, n, and the coefficient of determination, R2,
were 20 and 0.623 (beech), and 18 and 0.433 (pine), respectively.

Figure 4: Relative diffusion coefficients (Ds/D0) of the subsoil (B-hori-
zon; L1, L2 and L3 were combined) of the beech site (A) and of the
pine site (B) as a function of air-filled porosity (qa). The unfitted model
is reflected by the black line, the fitted model [Eq. (4)] is presented by
the red line. The number of considered data points, n, and the coeffi-
cient of determination, R2, were 54 and 0.648 (beech), and 59 and
0.553 (pine), respectively.
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The f-values reflected the impact of the different pore sys-
tems, which depended on soil texture, organic carbon content
and the distribution of the pore water that could be influenced
by biological activity (e.g., Haas et al., 2018b) or hydrophobic-
ity (e.g., Haas et al., 2018a) of the soils at the two sampling
sites.

However, a more systematic investigation of the tortuosity
and of f-values for better understanding differences in gas dif-
fusion of soil pore systems was beyond the scope of the
present study.

4 Conclusions

The study was carried out to test the use of f-values that are
fitted from gas diffusion data for the application of the Milling-
ton–Quirk (MQ) tortuosity factor in numerical transport model
such as HYDRUS-1D. Results for soil data of two forest sites
suggested that the soil depths and site dependent f-values
qualitatively reflected soil structural features. Future analyses
of the f-values could be helpful for a better understanding of
the influence of soil structure on gas transport processes.

While the standard MQ model represented mainly the upper
range of observed Ds-values, the f-values that were < 1

reflected that in the soils of the two forest sites, the pore sys-
tems were more tortuous and less connected than predicted
by the MQ model. The introduction of fitted f-values allowed
the use of measured soil gas diffusion coefficients in models
with the MQ tortuosity model. The fitting routine using Leven-
berg-Marquardt algorithm was programmed in a R-script (see
appendix). The script provides a fast and reproducible proce-
dure to determine horizon-specific f-values that can be used
to manipulate input parameters for numerical simulations of,
e.g., carbon dioxide fluxes with Hydrus-1D. Further improve-
ments in the understanding of the functioning of the tortuous
pores in structured soils could be achieved by application of
the methodology to data from differently-structured soils.
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