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micro-tomography
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Abstract

Surface soil samples from three experimental plots subject to three different irrigation practices have been
scanned by x-ray micro-tomography and 3D images have been reconstructed and analysed. Pore size
distribution and connectivity analysis of the samples showed that drip irrigation with no tillage practice
produced the most heterogeneous size range with the highest vertical connectivity of the pore network.
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Introduction

Soil structure at the pore scale is a key to understanding soil physical, chemical and biological processes
(Kutilek and Nielsen 2007; Aochi and Farmer 1995; Young and Ritz 2000). Since the seventies
quantification of pore geometry has been achieved by means of image analysis techniques (Jongerius et al.
1972, Ismail 1975) on 2D sections of soil blocks impregnated with resin. Walker and Trudgil (1983) have
been among the first to point out the need of a three-dimensional representation of the pore space. Such a
need has also been demonstrated comparing 2D and 3D images of both natural soil (Moreau et al. 1999) and
different inhomogeneous virtual pore media (Sevostianov et al. 2004). Recent advances in non-destructive
3D imaging systems allow to overcome most of the limitations in image resolution, sample size and time
consumption (Cousin et al. 1996, Vogel 1997, Mele et al. 1999) which for a fairly long time have braked
proliferation of 3D soil pore visualisation and quantification. X-ray micro-tomography based on synchrotron
radiation or micro-focus cone beam source has become the most applied technique to represent the soil pore
architecture at few micron scale, actually enhancing the potential to address soil processes related to real
applicative problems (Appoloni et al. 2007, Peth et al. 2008, Kribaa et al. 2001). Pagliai et al. 1983, Shiptalo
and Protz 1987, Mermut et al. 1992, Pagliai et al. 2004, Kribaa et al. 2001, are examples of studies in which
the link between soil pore geometry and agricultural practices has been investigated. In this work we focus
on the changes of soil surface structure due to three different irrigation practices under study in a vineyard
area in the basin of the Mendoza river (Argentina). 3D image analysis procedures have been used in order to
calculate size distribution and connectivity of the pore network of three samples reconstructed by micro
focus cone beam X-ray micro-tomography.

Methods

Study site, experimental plots and material

Undisturbed soil samples were collected at the experimental farm of the Instituto National de Tecnologia
Agropecuaria located in Chacras de Coria, department of Lujan de Cuyo, Mendoza, Argentina (32° 59’ S,
68°52” W, 920.82m a.s.l.). It is an alluvial area in the basin of the Mendoza river where furrow irrigation is
largely used in vineyards. Soil shows a silty-loamy texture, a very low organic matter content and is rich in
potassium and phosphorus (Romanella 1957). In the experimental vineyard (cv Syrah) three irrigation
practices were used: furrow irrigation (LT=Ilabranza traditional), drip irrigation with no tillage (LC=labranza
cero) and irrigation by submersion with grass covered surface (CV=cobertura vegetal). Soil samples were
collected by aluminium cylinders; in this study three subsurface sample volumes (about 30 cm®), taken
between rows, were examined.

Image reconstruction

The SKYSCAN 1172 desktop micro-tomograph (www.skyscan.be) has been used for the reconstruction of
the images. The system is based on a cone microfocus beam source with a tungsten X-ray tube having focal
spot of 5 microns (at 4W). Voltage can be set from 20 to 100 kV with current which meets 250 A. The
detector is an high resolution CCD camera (4000x2624 pixels) coupled with a FOS (Fiber Optic plate with
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X-ray Scintillator) which allows high X-ray sensitivity and wide acquisition area. System has copper and
aluminium filter plates which can be used if needed in order to increase the tungsten energy spectrum. Image
reconstruction software NRecon (www.skyscan.be) is based on last generation algorithms which apply both
“convolution” and “back-projection” procedures. Filtering and correction procedures for “ring artifact” and
“beam hardening” (due to the polychromatic source) are included in order to enhance accuracy of the
reconstructed images. Rotation of the sample is variously programmable and can be set specifically to avoid
artifact due to metal materials in the sample. Resolution of the reconstructed images has been set at 10
microns per voxel; this means that in the following only porosity larger than 10 microns has been considered.

Image analysis

Images have been visualized using the Image ProPlus package (www.mediacy.com). Pore size distribution
guantification has been performed using the successive “Opening” algorithm based on procedures of
mathematical morphology (Serra 1982, Soille 2003) whose application to the soil porosity have been pointed
out by Horgan (1998). Pore connectivity has been measured by propagation methods on the pore network
between two opposite edges of an image after steps of opening using the approach described by Lantuejoul
and Maisonneuve (1984). These operations allow to draw the “percolation curve” which indicates the percent
of the pore space connected, at a given pore diameter, with two opposite sides of a ROI (region of interest)
till reaching the throat threshold values for the pore network. Such algorithms have been implemented by the
authors in Matlab environment (www.matlab.com).

Results

Solid and pore phase of the three soil samples are shown in Figure 1. Cubic regions of interests (ROIs)
having side of 3.5 mm have been visualised and analysed. The results of the pore size distribution and
connectivity are shown in Figure. 2 and Figure 3, respectively.
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Figure 1. Visualisation of the solid and pore phase of the three samples at 10 micron image resolution. Volumes
are cubes with side of 3.5mm.

Differences in porosity values (see the box in Figure 2) highlighted the compactness of the sample from the
furrow irrigated plot (LT). This showed also a narrow pore size distribution (Figure 2) around the modal
value of 90 microns and a porosity peak around 550 microns due to presence of not continuous cracks (see
Figure 1); no continuous paths (larger than image voxel resolution) resulted in the pore network (see LT line
in Figure 3). The CV sample (water submersion with grass covered surface) showed an higher and slightly
wider pore size distribution around the modal value of 110 microns; porosity peaks around 550 microns and
in the range between 1000 and 1300 micron were due to the presence of large tubular pores left by the roots
of the grass cover. In the LC case a multi-modal pore size distribution resulted in the range 0-500 microns,
indicating the highest heterogeneity of pores in this size range. Complexity of the pore space organisation
can be generally considered as a good indicator of soil physical quality due to, for example, the plurality of
habitats available for microbiological activity and the better effectiveness of water and air flow for the
functioning of the roots.
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Figure 2. Pore size distribution of the three samples calculated using the “opening” algorithm (Serra 1982, Soille
2003). Porosity having size lower than the image voxel resolution has not been taken into account.
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Figure 3. Horizontal and vertical pore connectivity (>10 microns) evaluated by the “percolation curve”
procedure (Lantuejoul and Maisonneuve 1984).

Percolation curves (Figure 3) indicated that the pore network of both LC and CV samples were more
connected in horizontal than vertical direction. In the LC case 35% and 20% of total porosity resulted to be
connected in horizontal and vertical direction, respectively while percolation thresholds were of 190 and 110
microns, respectively. In the CV case 60% of porosity resulted to be connected in both vertical and
horizontal direction, but the vertical percolation threshold showed a lower value of 50 microns. Therefore the
CV sample, notwithstanding its highest porosity, exhibited narrower necks in vertical direction than in the
case of the LC sample, allowing to presume a worse fluid flow in the pore network.

Conclusions

The pore size distribution of the sample of the furrow irrigated plot (LT) showed the lowest presence of
pores in the whole size range and allowed to quantify the extreme compactness in soil induced by such
irrigation practice. The CV irrigation practice produced the highest value of soil porosity, however the
resulting pore size distribution and connectivity analysis indicated a lower soil structure quality than that of
the LC case, where total porosity was better distributed in the 0-500 microns pore size range and the highest
vertical percolation threshold value was measured.

Results shown in this paper are part of a multi-approach more general investigation to evaluate convenience
in changing the traditional irrigation practice in the area of the Mendoza river (Argentina), in order to
enhance water use efficiency and crop quality. They overall demonstrate the useful contribution of the 3D
pore image analysis in understanding the consequences of the three alternative practices under study on the
subsurface soil pore architecture.
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