Soil Physics

Revealing Soil Structure and Functional Macroporosity
along a Clay Gradient Using X-ray Computed Tomography

Muhammad Naveed*
Dep. of Agroecology
Faculty of Science and Technology
Aarhus Univ.
Blichers Allé 20
Postbox 50
DK-8830 Tjele, Denmark

Per Moldrup
Dep. of Biotechnology, Chemistry and
Environmental Engineering
Aalborg Univ.
Sohngaardsholmsvej 57
DK-9000 Aalborg, Denmark

Emmanuel Arthur
Dep. of Agroecology
Faculty of Science and Technology
Aarhus Univ.
Blichers Allé 20
Postbox 50
DK-8830 Tjele, Denmark

Dorthe Wildenschild
School of Chemical, Biological and
Environmental Engineering
Oregon State Univ.
Corvallis, OR 97331

Marie Eden
Dep. of Agroecology
Faculty of Science and Technology
Aarhus Univ.
Blichers Allé 20
Postbox 50
DK-8830 Tjele, Denmark
and
INRAUMR 1091 Environment and Arable
Crops
INRA-AgroParisTech
F-78850 Thiverval-Grignon, France

Mathieu Lamandé
Dep. of Agroecology
Faculty of Science and Technology
Aarhus Univ.
Blichers Allé 20
Postbox 50
DK-8830 Tjele, Denmark

Hans-Jorg Vogel
Dep. of Soil Physics
Umweltforschungszentrum (UFZ)
Theodor-Lieser-Stralke 4
06120 Halle (Saale), Germany

Lis Wollesen de Jonge
Dep. of Agroecology
Faculty of Science and Technology
Aarhus Univ.
Blichers Allé 20
Postbox 50
DK-8830 Tjele, Denmark

The influence of clay content in soil-pore structure development and the rela-
tive importance of macroporosity in governing convective fluid flow are two
key challenges toward better understanding and quantifying soil ecosystem
functions. In this study, soil physical measurements (soil-water retention and air
permeability) and x-ray computed tomography (CT) scanning were combined
and used from two scales on intact soil columns (100 and 580 cm3). The col-
umns were sampled along a natural clay gradient at six locations (L1, L2, L3,
L4, L5 and L6 with 0.11, 0.16, 0.21, 0.32, 0.38 and 0.46 kg kg~ clay content,
respectively) at a field site in Lerbjerg, Denmark. The water-holding capacity of
soils markedly increased with increasing soil clay content, while significantly
higher air permeability was observed for the L1 to L3 soils than for the L4 to L6
soils. Higher air permeability values observed for 580- than 100-cm3 soil col-
umns implied a scale effect and relatively greater importance of macropores
in convective fluid flow at larger scale. Supporting this, x-ray CT showed that
both interaggregate pores and biopores (pores formed by earthworms and plant
roots) were present at L1 to L3 in decreasing order, whereas only interaggre-
gate pores were observed at L4 to L6. Macroporosity inferred from x-ray CT to
quantify pores >1 mm decreased from 2.9 to 0.1% from L1 to L6. A progressive
improvement was observed in the linear relationship (R? increasing 0.50-0.95)
of air permeability with total air-filled porosity, CT-inferred macroporosity, and
CT-inferred limiting macroporosity (minimum macroporosity for any quarter of
soil column). The findings of this study show the immense potential in linking
x-ray CT-derived soil-pore parameters with classical soil physical measurements
for quantifying soil architecture and functions.

Abbreviations: CT, computed tomography.

he preservation and restoration of a beneficial soil structure is important

for securing sustainable agriculture production for the future. The impor-

tance of soil structure has also been recognized for environmental and
groundwater protection because it governs how fast water, greenhouse gases, vola-
tile compounds, chemicals, and pollutants can enter and move through the soil (De
Wever et al., 2004; Horn and Smucker, 2005; Jarvis, 2007; de Jonge et al., 2009).
Soil type and land use are considered some of the main factors influencing soil struc-
ture (Gantzer and Anderson, 2002). In a given region, soil type (e.g., particle size
distribution, mineralogy, and pH) acts in the long term (>100 yr) on the whole
soil profile, while land use (cropping system and soil faunal activity) has a short-
term impact (<1 yr) on soil structure, principally in the top 30 to 40 cm (Lamandé
etal, 2011). Among other factors determining soil architecture and structure, the
amount and type of clay in a soil has prime importance. This is because the quantity

and type of clay minerals present influence soil properties (e.g., cation exchange ca-
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pacity and surface area) that are important for soil aggregation
(Bronick and Lal, 2004).

Soil physical measurements (e.g., soil water retention and air
permeability) have been used in the past as soil structural indica-
tors. Soil water retention is a measure of the water-holding capac-
ity and, indirectly, the pore size distribution of soils. An estimate
of the latter can be obtained using the well-known capillary rise
equation (Hillel, 1980). Air permeability (,) reveals preferential
pathways and hence functional soil structure because it is con-
trolled by the macropore space and its connectivity (Moldrup
et al.,, 2001; Kawamoto et al., 2006). Kirkham et al. (1958) sug-
gested that air permeability measurements at field capacity can
provide information on changes and differences in soil structure.
Arthur et al. (2012) and Schjenning et al. (1994, 2002) used soil
water retention and air permeability as soil structural indicators
to characterize soil pore structure under different treatments and
management conditions.

A step forward in the characterization of soil structure is
the development of advanced imaging techniques. X-ray CT
is a direct, nondestructive, and noninvasive technique that has
been successfully used for three-dimensional examination of soil
pore-space geometry. Due to technological advancements in x-
ray CT scanning (improved radiometric detectors and cameras
and thus spatial resolution) and in the processing of digital im-
agery (computer capacity and analytical approaches), x-ray CT
imaging offers a powerful tool for understanding the soil struc-
ture (Taina et al., 2008). Various properties of soil pores and pore
networks have been estimated using CT: porosity (Anderson et
al., 1990; Rachman et al.,, 2005; Dowuona et al., 2009), pore
size distribution (Luo et al., 2010; Vogel et al., 2010), tortuos-
ity (Peth et al.,, 2008; Luo ct al., 2010), and topology (Vogel et
al., 2010; Schliiter et al., 2011). Recently, a few studies have also
used x-ray CT to look into preferential pathways (macropores
and their connectivity) and their relations to various soil physical
processes (Mooney and Morris, 2008; Elliot et al., 2010; Luo et
al., 2010). Elliot et al. (2010) used three-dimensional pore char-
acteristics to predict the saturated hydraulic conductivity using
Darcy’s equation and a modified Poiscuille’s equation. Luo et
al. (2010) studied quantitative relationships between soil mac-
ropore characteristics and preferential flow and transport. They
found macroporosity and path number (analyzed using CT) to
be the best predictors of saturated hydraulic conductivity. Most
of these studies have focused on linking x-ray CT with preferen-
tial water flow (saturated hydraulic conductivity), whereas our
study focused on preferential air flow (air permeability). The ad-
vantage of linking air permeability with x-ray CT is that both of
these are nondestructive methods and hence are more suited to
reveal soil structure and preferential pathways. Macropores are
defined here as the pores >1 mm analyzed using x-ray CT.

The enormous importance of soil structure and its depen-
dence on soil type motivated us to attempt its characterization as
a function of soil clay content. The main objective of this study
was to quantify comprehensively the role of clay content in the

development of soil structure by coupling soil physical measure-

ments (soil water characteristic and air permeability) and x-ray
CT. This further gave us the opportunity to establish correlations
between x-ray CT derived macropore space parameters (such as

macroporosity) and preferential air flow (air permeability).

MATERIALS AND METHODS
Soils Studied

Two sets of intact soil columns of different sizes (100 and
580 cm?) were sampled for this study. The first set included 30
intact soil samples (60 mm in diameter and 35 mm in height,
100 cm?) sampled in five replicates at each location (L1-L6)
along a naturally occurring clay gradient from Lerbjerg, Den-
mark. In a second set, 18 large, intact soil cores (100 mm in diam-
eter and 80 mm in height, 580 cm?) were collected, three from
each location along the gradient. All soil samples were sampled
from depths below 6 cm in September 2010. After removing the
soil-filled cylinder from the field, we trimmed the end faces with
a knife and covered them with plastic caps to protect them from
mechanical disturbance and evaporation. The undisturbed soil
cores were then stored at —2°C until soil physical measurements
and x-ray CT scanning could take place. Disturbed soil samples
were also collected below the 6-cm depth at the same six loca-
tions for textural analysis. The textural analysis of the soils (<2-
mm fraction) was performed using a combination of wet-sieving
and hydrometer methods. Total organic C was determined by a
Leco C analyzer coupled to an infrared CO, detector.

Soil Physical Measurements

Soil water retention was measured on the 100-cm? soil col-
umns using tension tables (sand boxes) at matric potentials above
—10 kPa and pressure plates at matric potentials below —10 kPa.
Air permeability was also measured on these soil columns at
selected matric potentials (=3, —10, =30, and —100 kPa) using
the steady-state method described by Iversen et al. (2001). The
pressure gradient was 0.5 kPa, which ensured laminar flow dur-
ing measurements. The &, was calculated from Darcy’s equation
based on the pressure difference across the core.

In a second set of measurements on the 580-cm> soil col-
umns, x-ray CT scanning and air permeability measurements
were performed after draining them at —30 kPa matric potential.
Before measuring 4 » the soil was gently pushed to the edge of
the soil columns to minimize the risk of air escaping around the
edge of the sample and container. This was done because at lower
matric potentials the soil can shrink, leaving a gap at the edge for
air to leak through.

X-ray Computed Tomography Analysis

An industrial CT scanner, X-Tek HMX225, was used to
scan the 580-cm3 soil columns. The images were acquired at an
energy level of 180kV and 500 pA, and the resulting images had a
voxel size of 0.186 mm. Images were analyzed using ImageJ 1.46a
software (Ferreira and Rasband, 2012) to examine the changes in
macropore characteristics along the clay gradient. All the images

were first cropped to exclude the area outside the soil column.

404

Soil Science Society of America Journal



As a result, the diameter and height of each soil column were
reduced to 94 and 74 mm, respectively. After that a median filter
with a radius of 2.0, which is a commonly used image-processing
method to reduce the noise while preserving the edges (Jassogne
et al., 2007), was applied to all images to minimize noise.

The first step in image processing involves the conversion of
an image into a bimodal image (pore and solid phase), common-
ly known as image segmentation. Image segmentation is the cru-
cial step in image analysis because it determines the quality of the
final results (Peth et al., 2008). The gray-scale volumes were seg-
mented using a locally adaptive thresholding method proposed
by Sauvola and Pictikiinen (2000) and implemented in Image].
In this method, the threshold #(x,y) is computed using the mean
m(x,y) and standard deviation s(x,y) of the pixel intensities in a w
by w window centered around the pixel p(x,y):

l‘(x,y):m(x,y) 1+£4 S(xT;y)—l (1]

where R is the maximum value of the standard deviation (R =
128 for a gray-scale cight-bit image) and £ is a parameter that
takes a positive value 0.5 as proposed by Sauvola and Pietikidinen
(2000). The local mean and standard deviation adopt the value
of the threshold according to the contrast in the local neighbor-
hood of the pixels. When there is a high contrast in a region of
the image, s(x,y) ~ R, which results in #(x,y) & m(x,y). When
the contrast in the local neighborhood is quite low, the threshold
#(x,y) goes below the mean value.

After segmentation, macropore characteristics (ignoring
pores smaller than five voxels, i.c., approximately <1 mm) includ-
ing macroporosity, its distribution along the depth of the soil
columns, macropore size distribution, surface area, macropore
length density, and macropore lengths were analyzed for each
soil column using Image]J software. The Image] plug-in 3D viewer
(Schmid et al., 2010) was used to visualize the segmented pores in
three dimensions for all soil columns. The volume and surface area
of macropores in three dimensions were calculated using the Im-
ageJ plug-in Particle Analyzer (Doube et al., 2010). Surface area
was calculated by generating the surface mesh for each macropore.
Macroporosity was calculated as the ratio of the sum of the vol-
umes of all pore voxels to the volume of the soil column.

The limiting macroporosity, given as the lowest CT-inferred
macroporosity of any quarter-length of the soil column, was es-
timated using the following procedure. Initially, the average
macroporosity of the top 20-mm segment of the soil column was
determined. After that, one slice (of 0.186-mm thickness) from
the top was removed and one slice from the bottom of that 20-
mm segment was added each time to average the macroporosity
for each successive 20-mm soil column segment. This process was
repeated until the bottom of the soil column was reached. The
minimum macroporosity found following this procedure for any
20-mm soil column segment while moving from top to bottom

was taken as the limiting macroporosity.

The distribution of macroporosity along the depth of the soil
column was calculated using the Image] Analyze Particles tool.
This tool calculates the macroporosity at each scan depth (the
mean for cach slice) as the ratio of the area of macropores divided
by the cross-sectional area of the soil column after cropping.

Soil macropores are three dimensional; therefore, skeletoni-
zation of macropores is helpful to quantify the topology and
lengths of the pore networks in three dimensions (Capowiez et
al., 1998; Peth et al., 2008). The skeleton of a macropores is its
centerline, which was generated using the Skeletonize 3D plug-
in (Doube et al., 2010) in Image]. The three-dimensional medial
surface axis thinning algorithm (Lee et al., 1994) is used in this
plug-in to find the centerlines of objects in the image. The gen-
eral idea is to erode the object’s surface iteratively until only the
skeleton remains. After skeletonization, the Analyze Skeleton
plug-in (Doube et al., 2010) in Image] was used to quantify the
macropore length density and maximum macropore length for
each soil column. Macropore length density (cm cm™2) was cal-
culated as the sum of actual lengths of all macropores (XL) in a
unit volume of soil.

All the soil samples were oven dried for 48 h at 105°C after
soil physical measurements and x-ray CT to determine the total

porosity and air-filled porosity at specific matric potentials.

Statistical Analysis

A r-test was performed to test for significant differences (P
< 0.05) in volumetric water contents retained at —10 kPa matric
potential (8;,) in the soils from the six locations. Due to devia-
tions from normality of the air permeability measurements at
~10 kPa matric potential (£,,,), the Mann-Whitney U test was
used to test for significant differences (P < 0.05) in £, for soils
from six locations. These tests, along with linear regression analy-
sis, were performed using the software Sigma Plot 11.0 (Systat

Software Inc.).

RESULTS AND DISCUSSIONS

General Description of Soils

Textural analysis indicated that organic matter remained al-
most constant, whereas the clay content increased and the sand
content decreased from L1 to L6. The clay content varied from
0.112t00.463 kg kgfl, silt content from 0.078 to 0.151 kg kgfl,
and sand content from 0.810 to 0.386 kg kg™! from L1 to L6.
Organic matter content ranged from 0.022 to 0.026 kg kg™!
along the clay gradient (Table 1).

Characterization of Soil Structure Along
the Clay Gradient

Soil Physical Measurements
Soil-Water Characteristic. The soil-water characteristic was
measured (at —1, =3, =5, =10, =30, =50, and —100 kPa matric
potentials) on 100-cm? soil columns sampled along the clay gra-
dient (average of five replicates at each location) as shown in Fig.
la. The pF value is defined here as the logarithm of the absolute
value of the soil water matric potential in hPa (Schofield, 1935).

www.soils.org/publications/sssaj
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Table 1. Soil physical properties along the clay gradient.

Location Clay Silt Sand Organic matter USDA Soil type Total porosityt Air permeabilityt
kg kg m3 m-3 pm?
L1 0.112 0.078 0.810 0.023 loamy sand 0.44 13.90 aF
L2 0.161 0.105 0.734 0.023 sandy loam 0.41 2.25b
L3 0.213 0.115 0.672 0.022 sandy clay loam 0.39 0.85 ¢
L4 0.318 0.133 0.549 0.022 sandy clay loam 0.46 0.01d
L5 0.382 0.149 0.469 0.023 sandy clay 0.39 0.19d
L6 0.463 0.151 0.386 0.023 clay 0.50 0.00d

+ Average for five 100-cm? soil samples.
# Values followed by different letters are significantly different at P < 0.05.

The water-holding capacity of soils at both saturation (pF = 0)
and different matric potentials increased with increasing clay con-
tent of the soils (from L1 to L6). Total porosity varied from 0.39
to 0.50 in the clay gradient (Table 1), with maximum porosity
at L6 (0.463 kg kg1 clay content), whereas minimum porosity
was found at L3 (0.213 kg kg ™! clay content). This indicates that
the soil consisting of balanced proportions of clay, silt, and sand
particles (in this case L3) had lower total porosity and higher
bulk density. The lower total porosity (higher bulk density) at
LS was might be due to local compaction at the sampling point.
A significant difference (P < 0.05) was determined in volumet-
ric water contents retained at —10 kPa matric potential (around
field capacity) for all six locations (L1-L6) using the #-test. The P
value was found to be <0.05 for all locations except L2 and L3,
indicating that all locations were significantly different from cach
other in their water-holding capacities except for L2 and L3 soils
(as also marked with lecters in Fig. 1a).

The soil-water characteristic has been also used as a tradi-
tional measure of the pore size distributions of soils. Figure 1b
shows the pore size distributions derived from the soil-water
characteristic using the well-known capillary rise equation (Hil-
lel, 1980) for soils along the clay gradient (a £0.01 error in air-
filled porosity can be expected). The widest pore size distribu-
tion (having both micro- and macropores) was observed for the
L1 soil, and the distribution narrowed as the clay content of
the soil increased from L1 to L6. A similar effect of texture on
pore size distribution has been reported by Nimmo (2004), who

3.50
(@
3.00 -
250 4
5
= 2.00 - a
g
T 150 | —e—LI
<3 —A—L2
= 1.00 1 —=-L3
—o—L4
0.50 | —&—Ls5
-m— 16
0.00 ; :
0.15 0.25 0.35 0.45
0 (cm’ cm™)

Air-filled porosity (cm® cm™)

0.55

observed a wider pore size distribution for loamy soils than for
sandy or clayey soils.

Air Permeability. The gaseous transport parameter (air
permeability) has been used in various past studies to characterize
the functional soil structure, particularly preferential flow path-
ways under different treatments (Arthur et al,, 2012; Schjenning
et al,, 1994, 2002). Air permeability (k,) measured on 100-cm3
soil samples at —3, —10, —30, and —100 kPa matric potentials
was plotted as a function of air-filled porosity (Fig. 2a). The &,
generally increased with increasing air-filled pore space of the
soils. Lower air permeability values were observed for soils with
increasing clay contents from L1 to Lé. Specifically, the low air
permeability values (<1 um?) observed for the L4 to L6 soils in-
dicates an absence of macropores in these soils. The large scatter
in data for the L1 and L2 soils implies the presence of preferential
flow pathways in some, but not in all, of the soil columns sampled
from the same location. The Mann-Whitney U test was per-
formed to test for significant differences (P < 0.05) in k, values
at —10 kPa matric potential (around field capacity) for the L1 to
L6 soils. The mean values (for five samples) of air permeability
for the L1 to L6 soils are shown in Table 1; the letters indicate
their significant differences. This shows that the L1, L2, and L3
soils were significantly different from each other and also from
the other soils (L4-L6). The P values found, which were >0.05
for the L4 to L6 soils, implies that they were not significantly dif-
ferent from each other.

0.30

(b)
0.25 -

0.20
0.15

0.10

0.05

0.00 S) i
1 10 100

Pore size (um)

1000

Fig. 1. (a) Measured soil-water characteristic (average of five 100-cm3 soil samples), where different letters at pF 2.0 denote a significant difference
at P = 0.05, and corresponding (b) pore size distributions derived from the soil-water characteristic using the capillary-rise equation, where open

circles show the comparison for the 580-cm3 columns.
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Fig. 2. (a) Air permeability (k,) measured at -3, =10, —30, and —100 kPa matric potentials plotted as a function of air-filled porosity for 100-cm3
soil columns; (b) comparison between k, measured at -30 kPa matric potential for 100- and 580-cm3 soil columns sampled along a clay gradient.

Figure 2b shows the comparison between £, values measured
on 100- and 580-cm? soil columns at —30 kPa matric potential.
The air-filled porosities for both soil column sizes were almost the
same (corresponding to 10-um pore size drained) for the L1 to
L6 soils, as shown in Fig. 1b. Considerably higher £, values were
observed for the 580-cm? soil columns than for the 100-cm3 soil
columns, particularly for the L1 and L2 soils. No scale effect was
observed in £ . values for the L3 to L6 soils, might be due to the
absence of macropores in these soils. The scale effect in £, for the
L1 and L2 soils reflects the higher probability of the presence
of macropores in large soil columns, which were susceptible to
preferential air flow, than in small columns. With this in mind,
xray CT scanning was performed on the 580-cm? soil columns
to reveal macropore pathways along the clay gradient and their

potential relation with convective air flow (i.e., air permeability).

X-ray Computed Tomography
Macropores
Macropore Networks. Three-dimensional visualizations of

Visualization of and
macropores in soil columns (three soil columns from each loca-
tion, L1-L6) are shown in Fig. 3. The macropores formed by
carthworms and roots (biopores) were highly continuous, rela-
tively large, and tubular in shape, whereas the smaller and isolat-
ed macropores (vughs and planes) were probably interaggregate
macropores such as those formed by freezing—thawing or wet-
ting—drying cycles (Luo et al., 2010). All types of macropores,
including biopores and interaggregate macropores, were present
in soil columns from L1 to L3 in decreasing order, whereas main-
ly interaggregate macropores were present in L4 to L6 soils. This
suggests that biological (earthworm) activity was present only
in the sufficiently acrated soils such as the L1 to L3 soils in this
study, while in the L4 to L6 soils only interaggregate macropores
formed by freezing—thawing and wetting—drying phenomena
were present.

The macropore characteristics (for pores of sizes larger than
five voxels, approximately 1 mm) analyzed using x-ray CT for all
soil columns including their mean values and standard devia-

tions at each location from L1 to L6 are listed in Table 2.

| L6 (A,B,C) |

Fig. 3. Three-dimensional visualization (using x-ray computed tomog-
raphy) of soil macropores in replicates (A, B, and C) of 580-cm3 soil
columns sampled along an increasing clay gradient from L1 to L6.

Macropore Size Distribution and Largest Macro-
pore Size. Wider macropore size distributions were observed

www.soils.org/publications/sssaj
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Table 2. Macropore characteristics determined from x-ray CT analysis (for pores having size larger than 5 voxels, 1 mm) and air

permeability values for respective soil columns (580-cm?3).

Location and Replicate ~ Macroporosity  Total surface area Largest Macropore Maximum Air permeability
soil type macropore size length density  macropore length
m3 m~3 mm? mm?> cm cm™3 mm pm?
L1 A 0.023 5829 5209 2.07 38.81 61.87
Loamy sand B 0.012 3477 1690 0.81 19.89 22.85
C 0.011 5047 1096 0.64 23.76 11.46
Mean 0.015 (0.007)t 4784 (1197) 2665 (2223) 1.18 (0.78) 27.49 (10.00) 32.06 (26.44)

L2 A 0.008 2207 1169 0.59 33.03 28.83
Sandy loam B 0.006 1399 562 0.26 18.47 22.50
C 0.006 1465 609 0.38 19.24 17.58

Mean 0.007 (0.001) 1690 (449) 780 (338) 0.42 (0.17) 23.58 (8.19) 22.97 (5.64)
L3 A 0.002 663 180 0.15 33.03 2.16
Sandy clay B 0.004 763 415 0.25 18.14 0.55
loam C 0.003 852 365 0.17 15.75 0.42

Mean 0.003 (0.001) 759 (95) 320 (124) 0.19 (0.06) 22.31(9.36) 1.04 (0.97)
L4 A 0.003 813 490 0.13 25.93 0.08
Sandy clay B 0.001 348 220 0.10 20.52 0.05
loam C 0.001 390 55 0.09 10.46 0.02

Mean 0.002 (0.001) 517 (257) 255 (220) 0.11 (0.02) 18.97 (7.85) 0.05 (0.03)
L5 A 0.002 636 169 0.16 11.55 1.01
Sandy clay B 0.004 569 117 0.15 13.32 0.28
C 0.001 433 257 0.09 12.68 0.03

Mean 0.002 (0.002) 546 (103) 181 (71) 0.13 (0.04) 12.52 (0.90) 0.44 (0.51)
L6 A 0.001 346 30 0.13 4.74 0.12
Clay B 0.002 693 143 0.20 8.26 0.09
C 0.001 741 150 0.15 10.65 0.01

Mean 0.001 (0.001) 593 (216) 108 (67) 0.16 (0.04) 7.88 (2.97) 0.07 (0.06)

t Standard deviations in parentheses.

for soil columns sampled from L1, and this narrowed moving
from L1 to L6 (Fig. 4). The macroporosity of the soil columns
was mainly dominated by macropores >100 mm?. These larger
macropores were probably biopores. The proportion of mac-

3 varied from

roporosity consisting of macropores >100 mm
0.017m3m3atL1t00.00m3m~3at L6 The largest macropore

measured 5209 mm?3 at L1 and 30 mm?3 ac LG, as given in Table 2.

Macropore Length Density. Macropore length density
was calculated from the skeletons of macropores and varied from
2.068 cm cm™3 at L1 to 0.125 cm cm™3 at L6 (Table 2). The
maximum macropore length in the soil columns varied from
38.81 mm at L1 to 4.74 mm at L6 (Table 2). This indicates that
no macropore crossed the soil column from top to bottom in any

of the soil columns at this x-ray CT resolution.

_ 150 ° 1.50
S oLl (A) (a) ®L4 (A) (b)
> J 4
£ 1207 400 ad 1.20 1 ar4(0)
2 012 (A) ° OL5(A)
5 090 | mL2(B) os 0.90 - WL5(B)
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Volumetric macropore size (mm”)

Fig. 4. Cumulative volumetric macropore size distributions for soil column replicates at (a) L1, L2, and L3, and (b) L4, L5, and L6 along an

increasing clay gradient.
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Macroporosity . The general pat-

Macroporosity (cm® cm™)

tern of macroporosity distribution along 0.00 002 004 006 000 001 002 003 000 001 002  0.03
. 0 A . - : :
the depth of soil columns for L1to L6 was L1 3
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This means that the greater the macropo-
rosity, the greater the chance of macro-
pores being interconnected and forming

largcr macropores.

Relationship between X-ray Computed
Tomography Derived Macroporosity and
Air Permeability

Figure 7a shows macroporosity analyzed using x-ray CT
plotted as a function of air-filled porosity at =30 kPa matric
potential (the matric potential at which the soil columns were
scanned). A linear relation among them indicates that x-ray CT
detected about 8% (slope of linear regression) of air-filled pores
at —30 kPa matric potential. The large scatter of data reflects a
large variability in the presence of macropores in the soil col-
umns, irrespective of their air-filled porosities. Air permeabil-
ity (k,) is plotted as a function of air-filled porosity in Fig. 7b.
Again, a large scatter of data was found; this may be because £, is
mainly controlled by the macropores present in the soil columns
rather than the total air-filled pores (Kawamoto et al., 2006).
Figures 7c and 7d were plotted showing £, as a function of mac-
roporosity and limiting macroporosity, respectively. Air perme-
ability showed strong correlations with both macroporosity (R
= 0.88) and limiting macroporosity (R = 0.95). A relatively im-
proved relationship between air permeability and limiting mac-
roporosity was found because macroporosity was not constant
along the depth of soil columns (Fig. 5) and hence the column-
average macroporosity was not the direct controlling parameter
for convective air flow. Linear regressions shown in Fig. 7 were
performed only for the L1, L2, and L3 soils while ignoring the

Fig. 5. Macroporosity distribution (analyzed using x-ray computed tomography) along the depth of
soil column replicates (A, B, and C) for L1 to L6 along an increasing clay gradient.

L4 to L6 soils because they were not functional, showing zero
air-filled porosity and air permeability values.

Although there was a difference of scales, because x-ray CT
could see only the macropores >1 mm in this study (after remov-
ing pores smaller than five voxels) while air permeability can “see”
(be influenced by) all the air-filled pores down to 10 pum (accord-
ing to the capillary rise equation at —30 kPa matric potential), a
strong relationship was found between the limiting macroporos-
ity derived from x-ray CT and the air permeability. This is because
air permeability is mainly controlled by the macropores present
in the soil, and therefore macropores analyzed from x-ray CT at

0.030

[ ]
—_ @®Macroporosity
""E 0.025 A L .
5 OLimiting Macroporosity
"2 0.020 -
N
20,015 - o ®
e °
2. 0.010 - °
2
& , ° A
£ 0005 - 8 g . ®
0.000 x x 8 8 8
0.00 0.10 0.20 0.30 0.40 0.50

Clay content (kg kg'")

Fig. 6. Macroporosity and limiting macroporosity analyzed using x-ray
computed tomography for soil columns plotted along a clay gradient.

www.soils.org/publications/sssaj

409



0.030

_ oLl AL2 mL3 * (@)
£ 0025 Tor4 aLs mLe
"2 0.020 -
L2
2 0015
2
% 0.010
2 A
= 0.005 A y-0082x
R? =0.52, p value =0.026
0.000 : : : : :
0.00 0.05 0.10 0.15 020 0.25 0.30
Air-filled Porosity, & (cm’ cm™)
70
o | ®L1 al2 mL3 ©e
eL4 L5 mL6
50 -
N§- 40 i
= 30 -
&
20 -
10 ® \=2000x
0 R* =0.88, p value < 0.001
0.00 0.01 0.02 0.03

Macroporosity (cm’ cm™)

70
oLl AL2 mL3 (b)
60 - i
elL4 AL5 mL6
50 -
&40 A
g
= 30
=
20 -
10 - y=164x @
0 R* =0.50, p value = 0.034
0.00 0.05 0.10 0.15 020 0.25 0.30
Air-filled Porosity, & (cm’ cm™)
70
60 oLl AL2 mL3 (d
el4 AL5 mLo6
50 -+
&40 -
g
= 30 4
o~
20 -
10 y = 4428x
0 R? =0.95, p value < 0.001

0.000 0.005 0.010 0.015

Limiting macroporosity (cm’cm™)

Fig. 7. (a) Macroporosity and (b) air permeability (k,) plotted as a function of air-filled porosity at ~30 kPa matric potential, (c) air permeability
plotted as a function of macroporosity, and (d) air permeability plotted as a function of limiting macroporosity for soil columns sampled along

an increasing clay gradient from L1 to L6.

this coarse resolution represent all air-filled macropore networks

of the soil samples in governing convective fluid transport.

CONCLUSIONS

Soil-pore structural development and functional macropore
networks responsible for convective fluid transport were studied
by coupling soil physical measurements and x-ray CT on intact
soil columns sampled along a naturally occurring clay gradient.
The water-holding capacity of the soils increased significantly
with the increase in soil clay content from L1 to L6. Significantly
higher air permeability values were observed for the L1, L2, and
L3 soils than for the L4 to L6 soils. X-ray CT visualization fur-
ther supported this as large macropores formed by earthworms
and plant roots (biopores) were mainly found in soils with clay
contents <0.213 kg kg™! (L1-L3). For the soils with higher clay
contents (L4-L6), only small and isolated macropores (vughs
and planes) formed by freezing—thawing and wetting—drying
were observed. Although we could see only 8% of the air-filled
pores at —30 kPa matric potential using x-ray CT, macroporos-
ity and limiting macroporosity (macroporosity for any quarter-
length of a soil column) were found to be good predictors of

air permeability. This is because air permeability is mainly con-

trolled by the macropores present in the soil, and therefore mac-
ropore networks found from x-ray CT are representative of the
soil samples in governing convective fluid transport. The find-
ings of this study confirmed the huge importance of clay content
in soil-pore structure development and further showed a great
potential in linking x-ray CT derived soil-pore parameters with
soil physical measurements toward revealing and quantifying soil
functional structure.
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