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Abstract. Several studies have shown that the distribution of cation adsorption sites (CASs) is patchy at a
millimetre to centimetre scale. Often, larger concentrations of CASs in biopores or aggregate coatings have been
reported in the literature. This heterogeneity has implications on the accessibility of CASs and may influence the
performance of soil system models that assume a spatially homogeneous distribution of CASs. In this study, we
present a new method to quantify the abundance and 3-D distribution of CASs in undisturbed soil that allows for
investigating CAS densities with distance to the soil macropores. We used X-ray imaging with Ba®>* as a contrast
agent. Ba>* has a high adsorption affinity to CASs and is widely used as an index cation to measure the cation
exchange capacity (CEC). Eight soil cores (approx. 10 cm?) were sampled from three locations with contrasting
texture and organic matter contents. The CASs of our samples were saturated with Ba®>* in the laboratory using
BaCl, (0.3 molL~1). Afterwards, KC1 (0.1 molL~!) was used to rinse out Ba?t jons that were not bound to
CASs. Before and after this process the samples were scanned using an industrial X-ray scanner. Ba>* bound
to CASs was then visualized in 3-D by the difference image technique. The resulting difference images were
interpreted as depicting the Ba>* bound to CASs only. The X-ray image-derived CEC correlated significantly
with results of the commonly used ammonium acetate method to determine CEC in well-mixed samples. The
CEC of organic-matter-rich samples seemed to be systematically overestimated and in the case of the clay-rich
samples with less organic matter the CEC seemed to be systematically underestimated. The results showed that
the distribution of the CASs varied spatially within most of our samples down to a millimetre scale. There was
no systematic relation between the location of CASs and the soil macropore structure. We are convinced that the
approach proposed here will strongly aid the development of more realistic soil system models.

Soil particle surfaces possess functional groups that are neg-
atively charged. These interact electrostatically with cations
and bind them reversibly (cation adsorption sites, CASs).
Typically these CASs are positively correlated with the
clay and organic matter (OM) content (Murphy, 2015). The
number of CASs per mass of soil is referred to as the
cation exchange capacity (CEC). It is commonly measured
in cmol(+) kg~! soil using Ba>* or NH;lF to replace retained
cations. The CEC determines agricultural soil fertility and

the nutrient retention capacity (Cardoso et al., 2013; Mur-
phy, 2015) Furthermore, it influences heavy metal retention
(Bhattacharyya and Gupta, 2008; Gomes et al., 2001) and the
mobility of cationic pollutants in soils (Figueroa-Diva et al.,
2010; Gevao et al., 2000; Porfiri et al., 2015).

The content and quality of clay or OM varies within soils
depending on the bedrock, soil type, pedologic history, land
use practices, vegetation cover, climate factors and biologi-
cal activity (Guo and Gifford, 2002; Horn, 1987; Leue et al.,
2010; Teferi et al., 2016). Illuvial clay mineral accumulation
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in argic horizons on aggregate surfaces and macropore walls
and the formation of clay cutans lead to a spatially hetero-
geneous distribution of clay (FAO, 2014). Horn (1987) at-
tributed a pronounced increase in fine material and CEC at
aggregate surfaces to the aggregates shrinking and swelling
activities, leading to separation of fine and coarse material.
Biopores (e.g. earthworm burrows, root channels) often cre-
ate preferential flow paths and hotspots of biological activity
with higher OM contents compared to the surrounding soil
matrix, resulting in a spatially heterogeneous distribution of
OM and CASs often in relation to the location of macro-
pores (Bundt et al., 2001a, b; Kogel-Knabner et al., 2008;
Nielsen et al., 2015). Thus, spatial variation of clay minerals
and OM content in the soil profile affects the spatial distri-
bution of CASs (Bundt et al., 2001b; Ellerbrock and Gerke,
2004; Horn, 1987). A higher density of CASs along macro-
pores can be expected, which originates from biological ac-
tivity (biopores) or is influenced by clay accumulation. The
effect of locally higher or lower CEC on soil chemical trans-
port processes is little investigated and still debated in liter-
ature (Jarvis, 2007). Considering a scenario in which solute
transport bypasses 90 % of the bulk soil volume, as found
by (Koestel and Larsbo, 2014), the location of CASs will in-
fluence the performance of mechanistic soil system models,
especially when modelling short-distance solute transport.

Three-dimensional X-ray imaging techniques bear great
potential to study and illustrate relationships and feedback
mechanisms between structural, hydrological and biochemi-
cal soil properties within undisturbed soil (Peth et al., 2014;
Thieme et al., 2003; Tracy et al., 2010). Soil pore structure
provides a spatial boundary that determines the accessibility
of water, air and nutrients as well as separating biological
processes within soils by compartmentalization (Ruamps et
al., 2011; Young et al., 2008). These influences of 3-D soil
structure on local processes can be studies using 3-D X-ray
imaging. Larsbo et al. (2014) used 3-D X-ray scanning to in-
vestigate the influence of macropore network characteristics
on preferential solute transport. They found that soils with a
well-connected and large macroporosity decrease preferen-
tial solute transport due to increased diffusion and exchange
with the soil matrix. Naveed et al. (2016) investigated the
soil structure by X-ray imaging to test prediction models of
biopore- and matrix-dominated water and air flows. Hapca et
al. (2015) used a statistical approach to map the 3-D distri-
bution of several elements in undisturbed soil by combining
3-D X-ray images with 2-D SEM-EDX data. Mairhofer et
al. (2016) visualized plant root interactions in undisturbed
soil and Ahmed et al. (2016) visualized interactions of plant
roots, phosphate fertilizers and soil structure over time in 3-D
using X-ray imaging.

A common method in X-ray computed tomography is to
visualize the objects or processes of interest by enhancing
their X-ray photon attenuation using contrast agents. Peth
et al. (2014) imaged the OM distribution in soil using os-
mium as a contrast agent, which is known to bind strongly
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to OM. Roscoat et al. (2014) proposed a method to visualize
biofilms in porous media using chloronaphthalene as a con-
trast agent. Koestel and Larsbo (2014) used iodide to increase
the X-ray photon attenuation of water when studying water
flow in an undisturbed soil column. A suitable contrast agent
should contain element(s) with a higher atomic number than
other common elements present in the soil. Furthermore, it
must have an affinity to bind to or to dissolve in the object
of interest (Van Loo et al., 2014). Such an agent increases
the electron density and the X-ray photon attenuation locally
by absorbing or scattering a proportion of the primary X-ray
beam (Wildenschild et al., 2002). Ba2" is a suitable contrast
agent in X-ray computed tomography of soils (Van Loo et
al., 2014). It has a relatively high electron density (54) and a
high affinity to replace other cations and bind to CASs. Fur-
thermore, it is present in natural soils in rather low amounts
and used in standard methods to measure the CEC. There-
fore, it is a prime candidate for labelling CASs for 3-D X-ray
imaging in undisturbed soil.

To our knowledge spatial variations in the CEC of undis-
turbed soil cores have not yet been imaged in 3-D. Therefore,
the objectives of this project are (i) to visualize the CASs
of undisturbed soil samples in 3-D using an industrial X-ray
scanner and BaZt as a contrast agent, (ii) to investigate the
spatial distribution of CASs with respect to the distance of
soil macropores and (iii) to relate the CEC as determined by
3-D image analyses of the Ba>*-subjected soil sample with
the CEC determined by a common laboratory analysis using
ammonium acetate.

2 Material and methods

2.1 Site description and sampling

Eight undisturbed, natural soil samples were taken at the end
of November 2015 with aluminium columns (height: 5 cm;
diameter: 2.2 cm) such that approximately half of the col-
umn volumes were filled with soil. Samples numbers (SNO)
1-4 were taken from an agricultural long-term field trial, the
Swedish soil fertility experiments (Kungsidngen, R3-9001;
Table 1; Kirchmann, 1991). The Kungsédngen site was estab-
lished in 1963 near Uppsala, and the soil was classified as a
Gleyic Cambisol (Holmgvist et al., 2003). SNO1 and SNO3
were sampled from a depth of 3—5 cm and SNO2 and SNO4
from a depth of 35-38 cm corresponding to the plough pan
after tillage. These samples had a high clay content (Table 1)
and showed earthworm activity. SNO5-7 originated from a
soil located in a marshy depression which was periodically
waterlogged (depth 5-8 cm). This soil is high in organic mat-
ter (OM) and classified as heavy clay (depth 5-8 cm, Ta-
bles 1 and 2). SNOS8 originates from an organic-matter-rich
soil developed in loamy sand under a pine forest (Tables 1
and 2). In addition, two artificial samples of fine sand con-
taining several clay and peat aggregates were included in the
experiments (SNO9 and SNO10) to visualize the difference
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Table 1. Location of each sampling site, organic carbon (Org. C), clay, silt and sand contents.

Site Location Org.C Clay Silt Sand
(%) (B () (%)

Kungsingen 59.836361, 17.6875 217 555 41 3.6

(35 cm depth)

Kungsédngen 59.836361, 17.6875 234 539 424 3.7

(35-38 cm depth)
Periodically waterlogged
soil (5-8 cm depth)
Forest soil

(5-8 cm depth)

59.823972, 17.6623 478 799 20 0.3

59.824194, 17.6633 4.76 89 107 80.3

Table 2. Soil texture classes, sampling site, pH, cation exchange capacity (CECyy 4+) and bulk density (BD) for each sample number (SNO).

SNO Soil texture Site pH CEC BD

(H0)  (cmolkg™!)  (gem™)
1 Silty clay Kungsingen 6.5 20.3 1.14
2 Silty clay Kungsingen 6.5 19.1 1.30
3 Silty clay Kungsingen 6.3 19.9 0.87
4 Silty clay Kungsingen 6.2 20.4 1.20
5 Heavy clay Periodically waterlogged soil 7.1 479 0.48
6 Heavy clay Periodically waterlogged soil 6.8 22.0 0.41
7 Heavy clay Periodically waterlogged soil 6.8 22.0 0.56
8 Loamy sand Forest soil 5.1 13.1 0.96
9 & 10  Fine sand 4.9 3.0 -
9 & 10 Clay aggregates 7.0 16.9 -
9 & 10  Peat aggregates 6.7 45.7 -

in Ba>* binding efficiency of clay and organic matter sep-
arately. The sand columns were filled under dry conditions
with clay and peat aggregates as such that they were sepa-
rated from each other by sand. No additional compression
was applied.

2.2 Laboratory analyses

To evaluate the precision of the CECy,2+ determined through
the method described below, the CECyy & was determined
by the ammonium acetate method (Thomas, 1982) for com-
parison. The samples were sieved (<2 mm) and air-dried and
the exchange sites were saturated with ammonium ions at
a buffered pH of 7. The CECyy,+ was determined by re-
placement of NHI by K* and measuring the NHZr contents
with a Tecator flow injection analyser (Foss A/S, Denmark).
The soil pH was determined in deionized water for all sam-
ples using a PHM 93 pH meter equipped with a Radiometer
combination electrode (Radiometer A/S, Copenhagen, Den-
mark). The particle size distribution was analysed by sed-
imentation after removal of carbonates and organic matter
by using hydrochloric acid (1 mol L~!) and hydrogen perox-
ide (30 %), respectively. The soil texture classes were deter-
mined according to FAO (2006). The total carbon contents
were analysed by the loss-on-ignition method according to
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Figure 1. (a) Contrast image of the aluminium cylinder wall, KCl
and BaCl, solution and the air. (b) The corresponding histogram
with the mean values for the aluminium cylinder wall (green), KCI
(red) and BaCl, (blue) solution and the air (yellow) indicated as
dotted lines.

SS-ISO 10694 (ISO, 1995) for each sample location (TruMac
CN, LECO Corporation, MI, USA). The bulk density was ob-
tained by gravimetry after all analyses were completed and
the samples were dried at 105 °C. The soil mass was then re-
lated to the sample volume obtained by the 3-D images. The
bulk densities were corrected for the calculated Ba>* mass
adsorbed by each sample.
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Figure 2. Setup for the KC1 or BaCl2 saturation process.

2.3 X-ray computed tomography imaging

The GE Phoenix v|tome|xm X-ray scanner installed at the
Department of Soil and Environment at the Swedish Uni-
versity of Agricultural Sciences, Uppsala was used in this
study. It is equipped with a 16 in. monitor (GE DRX250RT)
and a 240kV X-ray tube with a tungsten target. The sam-
ples where scanned at a maximum photon energy of 80kV
and an electron flow of 250 pnA. The 3-D images where ob-
tained by combining 2000 radiographs taken over a time of
46-90 min, depending on the density of the sample; thus the
exposure time per radiograph was 333—-1000 ps. The radio-
graphs were reconstructed into 3-D tomograms using the GE
software datos|x (version 2.1) and exported as 16bit 3-D
TIFF images with a voxel size of 20 pm.

2.4 Experimental setup

First we acquired a 3-D X-ray contrast image of the KCl
(0.1 mol L) and the BaCl, (0.3 mol L™!) solutions in sepa-
rate plastic vials positioned inside an empty aluminium col-
umn. This image was used to sample the grey values (Fig. 1)
corresponding to the solution and the aluminium wall. These
were used to relate grey values to densities and ultimately to
Ba?* mass. Since the soil matrix will have an effect on the
X-ray attenuation by the two solutions (see e.g. Weller et al.
2017) three additional contrast images were taken. For these
images the KCI and BaCl; solutions were placed in an alu-
minium column containing air-dried soil (silty clay and fine
sand) that was packed to different bulk densities. The addi-
tional three X-ray images were used to investigate the ef-
fect of X-ray attenuation by the soil matrix on the grey value
distribution within the two solutions (Fig. S1 in the Supple-
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ment). The soil samples were first placed on sand beds in
plastic cups and saturated in a desiccator under near vacuum
with a de-gassed KCI solution (0.1 mol L™!) to avoid air en-
trapment inside the columns. The samples were slowly sat-
urated from below. Residual ions in the soil columns were
washed out by daily removal of the supernatant and replen-
ishment of the KCI solution outside the column (Fig. 2). Fur-
thermore, the soil was given time for swelling. The electrical
conductivity (EC) of the supernatant was measured at regu-
lar intervals (device: Cond 3310, WTW GmbH, Weilheim,
Germany) and the treatment stopped after the EC in the su-
pernatant had reached the EC of the KClI solution with a de-
viation of max. 2.5 %. Each sample was scanned with the
X-ray scanner in 3-D resolution to obtain a reference images
for later processing steps. No air entrapment was found in the
reference images upon visual inspection. Figure 3 illustrates
the sequence of the individual steps undertaken to conduct
the experiment.

All samples were then carefully transferred into new plas-
tic cups filled with the 0.3 mol L~! BaCl, solution. The sam-
ples were slowly saturated with BaCl, from the bottom up.
In the following, the supernatant was removed on a daily ba-
sis and the BaCl, solution outside the column was replen-
ished (Fig. 2). In this fashion the resident KCI solution was
flushed out and cations on the CASs were exchanged with
Ba”*. During the Ba>* saturation process the ECs of the su-
pernatants were measured and X-ray images taken at regular
intervals in order to find the time of C1~ breakthrough and to
monitor the spatial distribution of Ba?* within the samples.
The treatment was stopped after the EC in the supernatant of
each sample had reached the EC of the BaCl, solution (max.
tolerance of 2.5 %) and the grey values in the 3-D X-ray im-
ages showed a temporally stable distribution. This was the
case after 25 days and removal of 160 mL of cumulative su-
pernatant, which corresponds to an average of 15 times the
soil column volume.

To ensure that all non-adsorbed barium ions were washed
out and potential BaSO4 precipitates were redissolved, all
samples were flushed by a 0.1 mol L~! KCI solution over a
period of 5 weeks and 150 mL of KCI solution per sample.
After the EC of the supernatant had stabilized at the EC of the
KCl solution (tolerance maximally 2.5 %), the KCl rinsing
process was stopped and the final 3-D images were taken of
all samples. When the final images were taken the majority of
the CASs were assumed to be occupied by Ba>* and that the
KT competition was of minor importance. In the following
we refer to these images as “Ba’*-subjected” images. The
average difference in the grey values of the soil solutions in
the macropores between the reference images and the Ba>*-
subjected images were within a range of 87 grey values; thus,
the soil solutions were assumed to have the same densities.

Three samples (SNO4, SNO6 and SNO10) were excluded
from further analyses. SNO6 and SNO10 had been destroyed
after the saturation process in the desiccator by a too rapid
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Figure 3. Experimental time schedule. X-ray scans were performed after KCI treatment to obtain the reference image (Scan 1) and after
removal of residual Ba2t ions to obtain the Ba2+-subjected image (Scan 2).
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Figure 4. The joint histogram of the reference and Ba2+-subjected
images. The red dotted line represents the segmentation threshold
that was used for binarization.

rise in air pressure. SNO4 had a very small hydraulic conduc-
tivity and all required experiments could not be completed.

2.5 Image processing

The software ImagelJ/FIJI (Schindelin et al., 2015) with the
plugin Soil] (Koestel, 2017) was used for image processing.
The resolution of all 3-D images was reduced by a factor
of 4 in order to decrease the image-processing time for the
subsequent steps. Thus, the analysed images had a resolution
of 80 um. The first step of the image analysis was to cor-
rect the image illumination to ensure that all objects of the
same density within individual images and across all images
exhibited the same grey values. The mean grey values ob-
tained for the aluminium wall and the KCl solution in the
contrast image (Fig. 1) were used as the target grey values
for the greyscale standardization (21 418 and 16225 respec-
tively). All other grey values were scaled accordingly by the
linear relationship between the target grey values and the
initial grey values of the corresponding image according to
Koestel and Larsbo (2014). A 3-D unsharp mask with 1 pixel
radius was applied to all images in order to increase sharp-
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ness. Both the reference image and the Ba?*-subjected image
were binarized using a threshold grey value of 16 990, which
was obtained from the joint histogram of all images (Fig. 4).
The binarized images were created to obtain the pore space
for both the reference image and the corresponding Ba’*-
subjected image.

2.6 Creating the difference images

The images where registered using the Image] plugin
“descriptor-based series registration (2-D/3-D)” by Preibisch
et al. (2010) with the transformation model affine to account
for minor changes in particle positions during the sample
treatment. Thereafter, the difference images were obtained
by subtracting the 3-D Ba”>*-subjected images from the 3-D
reference images.

2.7 Relationship between grey values and barium mass

To estimate the Ba?>* mass in the difference images as a
proxy for the CEC2B“; the 3-D contrast image of BaCl,, KCI
solutions and the aluminium wall was used as a reference
(Fig. 1). The mean grey values of the two solutions were
subtracted to obtain the maximal contrast in grey values
(ysat = 2637) corresponding to the density contrast between
the KCl and BaCl; solutions. The BaCl, mass (m; 4 in mg)
was then calculated according to Koestel and Larsbo (2014)

using Eq. (1).

Nga VSAT Vid: ®
where j is the voxel, Ng, = 56 and Ng = 18 are the atomic
numbers of barium and potassium, respectively, Vyox repre-
sents the voxels’ volume (5.12 x 1077 Cm3), CMmax the max-
imal possible increase in tracer solution (41.199 mgcm™3)
and y the corresponding grey value. In Eq. (1) we assume
that the CASs were predominantly occupied by K™ when
the reference images were taken and with Ba>* when the
Ba’T-subjected images were taken. In order to calculate an
estimate of the CECZB‘; in cmol (4) kg™! soil the sum of the
positively charged sites as occupied by Ba** was calculated
and related to the sample’s volume and bulk density.
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2.8 Spatial distribution of cation exchange capacity

To test whether the imaged Ba>* concentrations as proxies
for the CECs were elevated in macropore sheaths (400 um
distance from pore surface) as compared to the Ba®* con-
centrations in the soil matrix, the binarized 3-D images of
the pore space for the reference and the Ba>*-subjected im-
ages were combined using ImageJ’s Image Calculator. This
was done to account for any changes in pore space due to
disturbances during the saturation periods. The resulting im-
ages of the combined pore space were dilated 5 times us-
ing the ImageJ plugin Process and its function dilate 3-D.
Subsequently, this dilated binary image was subtracted from
the corresponding difference image in a way that the result-
ing image showed the grey values from the difference image
only outside the pore space and the dilation area (only the
soil matrix). After inverting the dilated binary image it was
subtracted from the difference image and resulting in a sec-
ond image that represent only the grey values in the dilation
area, thus the soil around the macropores. These images were
used to assess the difference of the imaged density of CASs
between the soil close to macropores and the soil in the ma-
trix of all natural soil samples.

2.9 Data analysis

For statistical analyses the open-source software R
(v0.98.1x) and RStudio (v3.2.5) was used (R Core Team,
2016). The relation between measured CECyy,+ and the
CEC%: obtained through image analyses was analysed by a
linear model. The CEC2]3;r distribution around the macrop-
ores of the natural soil cores was graphically compared. For

3-D visualization the open-source software drishti was used
(Limaye, 2012).

3 Results and discussion

3.1 Uncertainties and image artefacts

An increase in contrast between the KCI and BaCl, solutions
was observed with increasing density of the material used
for the three additional contrast images. The average increase
relative to the contrast image of the air-filled column did not
exceed 10 % (Table S1 in the Supplement and Figs. S2 and
S3). Considering that these packed soils exceeded the bulk
densities of the samples described in our paper this increase
in contrast is the maximum expectable increase. As we were
using the air-filled contrast image in the following calcula-
tions, our results correspond to the lower bond of possible
Ba?t mass estimations. Therefore, it would mean that our
estimates of the cation exchange capacity (CEC) are under-
estimated by a maximum of 10 %.

Image artefacts in the difference images can originate
from soil movement after the reference image and before the
Ba?*-subjected image were taken. These will be visible as
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bright areas if high grey values in the Ba’T-subjected im-
age (e.g. soil matrix) are subtracted from low grey values in
the reference image (e.g. soil pore), and in dark areas if the
reverse is the case. The areas in the magnified difference im-
ages of SNO2 and SNO3 (marked with an X, a circle and ar-
rows in Fig. 5) are due to such shifts. For SNO2 a shift only
occurred locally, but for SNO3 shifts were visible through-
out the soil column. In Fig. S4 in the Supplement we visual-
ized the global grey value distribution of the soil columns of
SNOI, 2 and 3. A difference between SNO1 with very few
artefacts and SNO2 and 3 with more abundant artefacts due
to particle shifts is apparent. The histograms of SNO2 and
SNO3 have two plateaus in grey value abundance at approx-
imately grey values £1500 to +4500 and grey values 1500
to £3750 respectively (red horizontal lines in Fig. S1). How-
ever, the histogram of SNO1 does not show a plateau feature.
These plateaus represent local particle shifts within the sam-
ples that occurred after the reference images were takenwere
taken, because a shift will lead to large positive grey values at
one side of the image feature and large negative values at its
opposite side. In future studies, measurements of the size of
plateaus in difference images may be investigated as means
to quantify the number of misplaced regions.

In Fig. S4 the small peak around grey value —1300 (black
vertical line) corresponds to air bubbles that had formed after
the reference images were taken.

Swelling and shrinking of the soil in between the two scan-
ning occasions could lead to artefacts similar to those de-
scribed above. In this case the most obvious artefacts would
present themselves as brighter areas around macropores if
the sample was swelling or darker areas if it was shrink-
ing. However, the occurrence of artefacts due to swelling or
shrinking was ruled out after scrutinizing the size and shape
of respective macropores and it was found that none of them
had changed (see Fig. 6 as an example).

In the difference image of SNO1 we found some brighter
spots within the soil matrix that correspond to high-density
areas in the reference image (Fig. 6, circles). We hypothe-
size that these are porous iron or manganese oxides concre-
tions that either bind Ba>* and therefore are visible as bright
spots in the difference image or represent imaging artefacts
resulting from the greyscale standardization. Since the ap-
plied greyscale standardization is only valid for imaged den-
sities in between the density of the KCl solution and the den-
sity of the aluminium wall. In case the relationship between
image grey value and material density is non-linear or chang-
ing with the introduction of a denser material (here Bah),
the resulting difference images may not represent the Ba2*
densities only. This would especially be the case when esti-
mating imaged densities larger than the aluminium wall (e.g.
iron or manganese oxides).
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g9y 1815 995, 22, Mo 2oy g,

Figure 5. Effect of aggregate movement on the difference image of SNO2 (a, b, ¢) and SNO3 (d, e, f). Reference image (a, d), difference
image (b, e) and the image of BaZ™ -treated soil (c, f). The red cross and circle indicate the identical coordinates in all three images. The
movement of one soil aggregate resulted in very high grey values (red marks) or very low grey values (blue marks) in the difference image.
Note that the reference images and the image of Ba®t-treated soil share the same grey value calibration bar.

16175 17849 19523 2[197 36> 28> 9%, /593

Figure 6. Magnification of a macropore from SNO1. Reference image (a), difference image (b) and the image of Ba2t-treated soil (¢). The
X and the circle indicate the identical coordinates in the images. Note that the reference image and image of Ba®* -treated soil share the same
grey value calibration bar.

3.2 Spatial heterogeneity of cation adsorption sites are optimized for depicting the 3-D structures and therefore
semi-quantitative. The samples from the agricultural silty
clay soil (SNO1 and SNO3) show a relatively uniform dis-
tribution of adsorbed Ba?* with some spots of high values
within the matrix and some elevated values around macrop-
ores in SNOI. The heavy clay soil (SNO7) shows a high spa-
tial heterogeneity in Ba’T densities with large areas of high
values and large areas of very low values. The loamy sand
soil (SON8) shows plenty of areas with no or little Ba>t ad-

Figure 7 shows cuboids extracted from the centre of the ref-
erence images and the Ba>*-subjected images from regions
of interest with a quadratic horizontal cross section (edge
length 14.4 mm) of SNOI (height 17.76 mm), SNO3 (height
14.8 mm), SNO7 (height 20.32mm) and SNOS (height
20 mm). The Ba>* distribution is visualized by translucent
areas (no or little Ba>*), green (medium Ba’t mass) and
blue (high Ba>* mass). Note that the colour scales in Fig. 7
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SNO1

SNO3

SNO7

SNO8

Figure 7. Cuboids with horizontal edge lengths of 14.4 mm ex-
tracted from the centre of SNO1 (height 17.76 mm), SNO3 (height
14.8 mm), SNO7 (height 20.32 mm) and SNOS (height 20 mm). The
reference images (a) and the respective Ba?™ distributions (b) are
shown. Dark grey values depict low density and bright grey values
depict high-density regions. The BaZt distribution is visualized by
translucent (no or little Ba2+), green (medium Ba2t density) and
blue (high BaZt density) colours. Note that the colour scales are
optimized for depicting the 3-D structures. They are therefore only
semi-quantitative.

sorbed and some with locally distinct higher values. Figure 8
shows cross sections of the reference images for the seven
intact soil samples and Fig. 9 shows the corresponding dif-
ference images, here the grey value scale is quantitative. In
Fig. 9 it is easy to differentiate between pores and soil ma-
trix. Thus, most of the soils possess CASs abundant enough
to be visualized by this method. The adsorbed Ba>* on CASs
and its horizontal variances in the cross sections were par-
ticularly large in the heavy clay soils SNOS5 and SNO7. In
contrast, the other four undisturbed samples (SNO1, SNO2,
SNO3 and SNO8) have lower contrasts and less Ba?t ad-
sorbed. This pronounced difference between the samples re-
flects the variation in CECyyy,+ and OM contents between
them (Tables 1 and 2). The artificial sample (SNO9) shows
the highest grey values for OM aggregates, which is easy
to differentiate from the clay aggregates and the sand. The
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SNO1 SNO2 SNO3

SNO5

SNO9

0 22 mm

Figure 8. Cross sections of the reference images of the seven intact
soil samples. Depth from the soil surface: SNO1, SNO2 and SNO3
at 8 mm; SNOS5 at 15 mm; SNO7 and SNOS8 at 9 mm; and SNO9 at
5Smm.

SNO1 SNO2 SNO3

SNOS5

SNO7 SNO8

MBa [pg vx~']
0.050
0.035
0.020
0.010

0 0.000
0 22 mm

SNO9

Figure 9. Difference images of the seven intact soil samples. The
greyscale represents the BaZt mass (MBg) in pg per voxel (vx).
Depth from the soil surface: SNO1, SNO2 and SNO3 at § mm;
SNOS5 at 15 mm; SNO7 and SNOS8 at 9 mm; and SNO9 at 5 mm.

difference in grey values of the clay aggregates and the sur-
rounding sand is less distinct than the grey value difference
of the OM aggregate and the sand. This reflects the variation
of the respective CECyy,+ (Table 2). In Fig. 10 the arith-
metic means and standard deviations of the grey values in

www.soil-journal.net/3/177/2017/
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Figure 10. Vertical profiles of the BaZt mass distributions of the
seven intact soil samples. Arithmetic mean (a) and standard devia-
tion (b).

each horizontal cross section are plotted against depth for all
soil samples. This confirms the observations made in Fig. 9
that SNO5 and SNO7 show the highest density of Ba>t ad-
sorbed to CASs and SNO7 the highest heterogeneity in a ver-
tical profile. All the soils from the agricultural field trial and
the forest soil show lower Ba2* mass adsorbed and little ver-
tical heterogeneity.

3.3 Cation adsorption sites and macropore space

The sample SNO1 shows brighter grey values around bio-
pores. A magnification of these brighter areas shows that they
surround the entire pore walls (with an approximate thick-
ness of 0.4 mm, Fig. 6). This is likely due to a locally higher
CECIZQ caused by accumulation of organic matter. Figure 6
shows a biopore in SNO1 that was created by an earthworm,
judging on its shape and size. The Ba?"™ mass distribution
calculated from the extracted grey values of the 3-D ma-
trix space and the 3-D space in the macropore sheaths of
the difference images are presented in Fig. 11. For SNO3,
SNO7 and SNOS the median Ba>* masses within the matrix
are lower than those within the sheaths. SNO2 and SNO5
show the opposite trend and no difference between the Ba2*
masses of matrix and sheath is observed for SNO1. Hence,
the observed increased Ba>* mass around the biopores de-
picted in Fig. 6b was specific to this macropore but was
not observed for other macropores in this sample. In gen-
eral, there is little difference between the Ba2t mass distri-
butions of the individual samples from the agricultural field
trial. This may be explained by the fact that the samples were
taken from the plough layer in autumn after the field had been
ploughed and biopores were very rare or freshly formed and
not yet coated with sufficient amounts of OM. With the ex-
ception of SNOS the soils from the unploughed sites (marshy
depression and forest soil) show higher Ba?>" masses ad-
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Figure 11. Comparison of the Ba2t mass distributions within the
matrix (red) and within the macropore sheaths (blue) for the six
natural soil samples.

sorbed within the macropore sheaths compared to the ma-
trix. SNO7 originate from a heavy clay soil, where biopores
formed by faunal activity or root growth are not destroyed by
ploughing and therefore the OM within them is redistributed
to a lesser extent. SNOS was sampled in a loamy sand soil;
here the difference between the Ba>* mass distributions is
likely due to the fact that the sand grains are surrounded
by OM and fine material and therefore more likely located
within the matrix. In contrast, the macropore sheaths tend to
contain higher amounts of OM and fine material. Sand grains
typically exhibit a low CEC and are seen as darker objects in
the difference image compared to OM and fine material that
usually possess a higher CEC and are able to adsorb more
Ba”*t. This can be seen in Fig. 11, where the median Ba2"
mass of the matrix is below zero and its third quartile is ex-
ceeded by the median Ba?* mass of the macropore sheaths.
Ba?T mass values below zero can be explained by a very low
Ba?* mass in general and possibly in combination with small
shifts in soil structure. In addition, the Ba?™ contrast will be
underestimated if the KCl treatment did not lead to a com-
plete exchange of cations that are heavier than K+ and were
exchanged by Ba>™ later.

3.4 Comparison with ammonium acetate method

The correlation of the CECyy,+ measured in the laboratory

with the CECZBJ,Q obtained from the difference images shows
a significant relationship (R> =0.87; p <0.01; Fig. 12). It
confirms that the applied method captured the trend in CEC
across the soil samples and strengthens the validity of our
results obtained by the difference image analysis. CECZBJQ
underestimated the low CEC levels by the silty clay soils
from the agricultural field and the loamy sand soil under for-
est (SNO1, SNO2, SNO3 and SNOS) and overestimated the
heavy clay soil that is rich in OM (SNOS5 and SNO7). An un-
derestimation of the CEC by our difference image analysis
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Figure 12. Relation between the CEC (cmol(y, kg_l) measured
with NHZ‘ and the Ba2t obtained from the difference image anal-
ysis of the natural soil samples. The blue line represents a linear

model with its 95 % confidence interval in grey (p <0.01). The dot-
ted line has a slope of 1.

can result from multiple factors. The laboratory analysis of

CECyp,+ 1s based on experiments with sieved, finely ground

soils, whereas our results of CEC%:‘r are based on undisturbed

soils. Some soil surfaces in pores not accessible to the BaCl,
solution in the undisturbed samples may not have been satu-
rated with Ba>* and did not contribute to the CEC]Z;Q. When
investigated as sieved soils these surfaces get exposed and
more easily accessible, thus participating in ion exchange.
Our method may estimate the physically accessible CASs
more accurate than the CECyy,+ method and therefore un-
derestimates the CEC of the dense clay samples compared to
the CECyp,+ method. Using the two different index cations
(Ba%t and N HI) to estimate the CEC can also lead to differ-
ent results (Ciesielski et al., 1997; Jaremko and Kalembasa,
2014). In the presence of 2 : 1 clay minerals like smectites,
NH;L'r may be trapped in the interfoliaceous cavities (Ess-
ington, 2004a; Pansu and Gautheyrou, 2006). Furthermore,
competition and displacement of Ba>* on clay mineral sur-
face adsorption sites by K™ can be rather strong due to their
similar ionic radii (Kabata-Pendias, 2010). Therefore, the
KCI rinsing process may have (i) reduced Ba>* densities lo-
cally as well as the X-ray photon attenuation on clay mineral
surfaces and (ii) underestimated CECIZJ of clay-rich samples
in contrast to organic-matter-rich samples where Ba>t can
be bound in OM complexes (Bodek et al., 1988; Bradl, 2004;
Lee et al., 2007; Pichtel et al., 2000). The low CECZB:T values
of SNOS seem to contradict this hypothesis. However, SNOS
originated from a loamy sand soil under a pine forest, and
its soil OM appeared little humified, therefore the density of
functional groups and the potential to develop a larger CEC
may not have been fully reached (Essington, 2004b). Addi-
tionally, the low pH of this sample may have led to an under-
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estimation of the CEC%;T compared to the buffered CECyy,+
(Skinner et al., 2001).

4 Conclusions

We have shown that a modern industrial X-ray scanner is
capable of providing 3-D images that can be used to map
the cation adsorption sites (CASs) in undisturbed soil cores
by difference image analyses. Furthermore, Ba>T provides
enough contrast to assess the 3-D distribution of CASs in
soil. All undisturbed soil samples showed some degree of a
spatially heterogeneous distribution of CASs most of them
down to a millimetre scale. However, no clear relationship
between the location of CASs and the macropore structure
was found. Even though our method deviated from the com-
mon ammonium acetate method to some extent, the results
correlated significantly. This deviation may be due to several
factors. The most likely are a lower accessibility of CASs in
the undisturbed soils used here compared to the ammonium
acetate method that is based on sieved soils. A competition
between K+ and Ba>* on the ion exchange sites on clay sur-
faces that may have led to a reduction in local Ba>* densities
in the clay rich samples. To further assess the discrepancy be-
tween these two methods a larger set of soil columns could
provide detailed information on systematic deviations due to
physical or chemical soil properties. It could also provide
us with further valuable information on the accessibility of
CASs and aid the development of a more realistic soil system
model. Our method proposed here could also be used to map
organic matter distribution in 3-D. For this purpose the KCl
rinsing process should be prolonged and the KCI concentra-
tion could be increased. This would make it more likely that
most of the Ba>T bound to clay surfaces and other exchange
sites is replaced by K*, whereas the Ba>* bound in com-
plexes to organic matter would stay in place. Alternatively
heavy anions could be used as contrast agents for imaging
the soil organic matter instead of Ba>* (e.g. I, Br~, WOif
or MoOi_). When used on soils from temperate climate re-
gions, anions may have the advantage that the CEC is not
biasing the results.

The difference image resolution could be improved by re-
ducing the sample size. The smaller the sample the better the
resolution. Note that the maximum resolution also depends
on the hardware used (X-ray scanner and computer) and its
configuration. After some preliminary tests we found that the
scanner used in this study (GE Phoenix v|tome|xm) is capa-
ble of taking images at a resolution down to 5um at a soil
column with a diameter of 8 mm. Others have reported reso-
lution down to 1 um when using an X-ray scanner optimized
for smaller sample sizes (e.g. Tippkotter et al., 2009). By us-
ing a monochromatic X-ray source Voltolini et al. (2017) im-
aged soil micro-aggregates with a sub-micron resolution.

The difference image quality could be improved by using
the absorption edge technique and a monochromatic X-ray
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beam as is available on synchrotron facilities. This would
eliminate the negative effects on the difference image quality
by soil aggregate displacement or a possible change in the
relationship between the grey values and object densities, al-
though it would reduce the sample size.

Data availability. Data are now
https://doi.org/10.5281/zenodo.1020068.

available using
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Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. We are grateful to Nicholas Jarvis for
helpful discussions and language advice and thank Brian Huser for
material support.

Edited by: Boris Jansen
Reviewed by: two anonymous referees

References

Ahmed, S., Klassen, T. N., Keyes, S., Daly, M., Jones, D. L., Mavro-
gordato, M., Sinclair, I., and Roose, T.: Imaging the interaction
of roots and phosphate fertiliser granules using 4D X-ray tomog-
raphy, Plant Soil, 401, 125-134, https://doi.org/10.1007/s11104-
015-2425-5, 2016.

Bhattacharyya, K. G. and Gupta, S. S.: Adsorption of a few
heavy metals on natural and modified kaolinite and montmo-
rillonite: A review, Adv. Colloid Interface Sci., 140, 114-131,
https://doi.org/10.1016/j.cis.2007.12.008, 2008.

Bodek, 1., Lyman, W. J., Reehl, W. F,, and Rosenblatt, D. H. (Eds.):
Environmental inorganic chemistry: properties, processes, and
estimation methods, Pergamon Press, New York, 1988.

Bradl, H. B.: Adsorption of heavy metal ions on soils and
soils constituents, J. Colloid Interface Sci., 277, 1-18,
https://doi.org/10.1016/j.jcis.2004.04.005, 2004.

Bundt, M., Jiaggi, M., Blaser, P., Siegwolf, R., and Hagedorn, F.:
Carbon and Nitrogen Dynamics in Preferential Flow Paths and
Matrix of a Forest Soil, Soil Sci. Soc. Am. J., 65, 1529-1538,
https://doi.org/10.2136/ss52j2001.6551529x, 2001a.

Bundt, M., Widmer, F., Pesaro, M., Zeyer, J., and Blaser, P.:
Preferential flow paths: biological “hot spots” in soils, Soil
Biol. Biochem., 33, 729-738, https://doi.org/10.1016/S0038-
0717(00)00218-2, 2001b.

Cardoso, E. J. B. N., Vasconcellos, R. L. F., Bini, D., Miyauchi,
M. Y. H., Santos, C. A. dos, Alves, P. R. L., Paula, A. M.
de, Nakatani, A. S., Pereira, J. de M., and Nogueira, M. A.:
Soil health: looking for suitable indicators. What should be con-
sidered to assess the effects of use and management on soil

www.soil-journal.net/3/177/2017/

187

health?, Sci. Agric., 70, 274-2809, https://doi.org/10.1590/S0103-
90162013000400009, 2013.

Ciesielski, H., Sterckeman, T., Santerne, M., and Willery, J. P.:
A comparison between three methods for the determination of
cation exchange capacity and exchangeable cations in soils,
Agronomie, 17, 9-16, https://doi.org/10.1051/agro:19970102,
1997.

Ellerbrock, R. H. and Gerke, H. H.: Characterizing organic mat-
ter of soil aggregate coatings and biopores by Fourier trans-
form infrared spectroscopy, Eur. J. Soil Sci., 55, 219-228,
https://doi.org/10.1046/j.1365-2389.2004.00593.x, 2004.

Essington, M. E.: Cation Exchange, in Soil and Water Chemistry:
An Integrative Approach, CRC Press LLC, 399-442, 2004a.

Essington, M. E.: Organic Matter in Soil, in Soil and Water
Chemistry: An Integrative Approach, CRC Press LLC, 129-180,
2004b.

FAO: Guidelines for soil description, 4th Edn., Food and Agricul-
ture Organization of the United Nations, Rome, 2006.

FAO: World reference base for soil resources 2014 international soil
classification system for naming soils and creating legends for
soil maps, Food and Agriculture Organization of the United Na-
tions, Rome, 2014.

Figueroa-Diva, R. A., Vasudevan, D., and MacKay, A.
A.: Trends in soil sorption coefficients within com-
mon antimicrobial families, Chemosphere, 79, 786-793,
https://doi.org/10.1016/j.chemosphere.2010.03.017, 2010.

Gevao, B., Semple, K. T., and Jones, K. C.: Bound pesti-
cide residues in soils: a review, Environ. Pollut., 108, 3-14,
https://doi.org/10.1016/S0269-7491(99)00197-9, 2000.

Gomes, P. C., Fontes, M. P. F, da Silva, A. G., de S. Mendonga,
E., and Netto, A. R.: Selectivity Sequence and Competitive Ad-
sorption of Heavy Metals by Brazilian Soils, Soil Sci. Soc. Am.
J., 65, 1115-1121, https://doi.org/10.2136/ss52j2001.6541115x,
2001.

Guo, L. B. and Gifford, R. M.: Soil carbon stocks and land
use change: a meta analysis, Glob. Change Biol., 8, 345-360,
https://doi.org/10.1046/j.1354-1013.2002.00486.x, 2002.

Hapca, S., Baveye, P. C., Wilson, C., Lark, R. M., and Ot-
ten, W.: Three-Dimensional Mapping of Soil Chemical Char-
acteristics at Micrometric Scale by Combining 2D SEM-EDX
Data and 3D X-Ray CT Images, PLoS ONE, 10, e0137205,
https://doi.org/10.1371/journal.pone.0137205 2015.

Holmgvist, J., @gaard, A., Oborn, 1., Edwards, A., Mattsson, L.,
and Sverdrup, H.: Application of the PROFILE model to es-
timate potassium release from mineral weathering in North-
ern European agricultural soils, Eur. J. Agron., 20, 149-163,
https://doi.org/10.1016/S1161-0301(03)00064-9, 2003.

Horn, R.: Die Bedeutung der Aggregierung fiir die Nihrstoft-
sorption in Boden, J. Plant Nutr. Soil Sci., 150, 13-16,
https://doi.org/10.1002/jpln.19871500104, 1987.

International Organization of Standardization (ISO): Determination
of Organic and Total Carbon After Dry Combustion (Elementary
Analysis) ISO 10694, 1995.

Jaremko, D. and Kalembasa, D.: A Comparison of Meth-
ods for the Determination of Cation Exchange Capacity of
Soils/Poréwnanie Metod Oznaczania Pojemnosci Wymiany Ka-
tionéw I Sumy Kationéw Wymiennych W Glebach, Ecol. Chem.
Eng. S, 21, 487-498, https://doi.org/10.2478/eces-2014-0036,
2014.

SOIL, 3, 177-189, 2017



https://doi.org/10.5281/zenodo.1020068
https://doi.org/10.5194/soil-3-177-2017-supplement
https://doi.org/10.1007/s11104-015-2425-5
https://doi.org/10.1007/s11104-015-2425-5
https://doi.org/10.1016/j.cis.2007.12.008
https://doi.org/10.1016/j.jcis.2004.04.005
https://doi.org/10.2136/sssaj2001.6551529x
https://doi.org/10.1016/S0038-0717(00)00218-2
https://doi.org/10.1016/S0038-0717(00)00218-2
https://doi.org/10.1590/S0103-90162013000400009
https://doi.org/10.1590/S0103-90162013000400009
https://doi.org/10.1051/agro:19970102
https://doi.org/10.1046/j.1365-2389.2004.00593.x
https://doi.org/10.1016/j.chemosphere.2010.03.017
https://doi.org/10.1016/S0269-7491(99)00197-9
https://doi.org/10.2136/sssaj2001.6541115x
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1371/journal.pone.0137205
https://doi.org/10.1016/S1161-0301(03)00064-9
https://doi.org/10.1002/jpln.19871500104
https://doi.org/10.2478/eces-2014-0036

188

Jarvis, N. J.: A review of non-equilibrium water flow and solute
transport in soil macropores: principles, controlling factors and
consequences for water quality, Eur. J. Soil Sci., 58, 523-546,
https://doi.org/10.1111/j.1365-2389.2007.00915 .x, 2007.

Kabata-Pendias, A.: Trace elements in soils and plants, 4th Edn.,
CRC Press, Boca Raton, 2010.

Keck, H., Strobel, B. W., Gustafsson, J. P., and Koestel, J.: Data
of: Quantitative imaging of the 3-D distribution of cation adsorp-
tion sites in undisturbed soil [Data set], Zenodo, http://doi.org/
10.5281/zenodo.1020068, 2017.

Kirchmann, H.: Properties and Classification of Soils of
the Swedish Long-term Fertility Experiments: I. Sites at
Fors and Kungsidngen, Acta Agr. Scand., 41, 227-242,
https://doi.org/10.1080/00015129109439905, 1991.

Koestel, J.: SoilJ An ImageJ Plugin for the Semiautomatic Process-
ing of Three-Dimensional X-ray Images of Soils, Vadose Zone
J., 10.2136/vzj2017.03.0062, 2017.

Koestel, J. and Larsbo, M.: Imaging and quantification of preferen-
tial solute transport in soil macropores, Water Resour. Res., 50,
43574378, https://doi.org/10.1002/2014WR015351, 2014.

Kogel-Knabner, 1., Guggenberger, G., Kleber, M., Kandeler, E.,
Kalbitz, K., Scheu, S., Eusterhues, K., and Leinweber, P.:
Organo-mineral associations in temperate soils: Integrating biol-
ogy, mineralogy, and organic matter chemistry, J. Plant Nutr. Soil
Sci., 171, 61-82, https://doi.org/10.1002/jpIn.200700048, 2008.

Larsbo, M., Koestel, J., and Jarvis, N.: Relations between macro-
pore network characteristics and the degree of preferential
solute transport, Hydrol. Earth Syst. Sci., 18, 5255-5269,
https://doi.org/10.5194/hess-18-5255-2014, 2014.

Lee, S. S., Nagy, K. L., and Fenter, P.: Distribution of barium
and fulvic acid at the mica—solution interface using in-situ X-
ray reflectivity, Geochim. Cosmochim. Ac., 71, 5763-5781,
https://doi.org/10.1016/j.gca.2007.05.031, 2007.

Leue, M., Ellerbrock, R. H., and Gerke, H. H.. DRIFT
Mapping of Organic Matter Composition at Intact
Soil Aggregate Surfaces, Vadose Zone J., 9, 317-324,
https://doi.org/10.2136/vzj2009.0101, 2010.

Limaye, A.: Drishti: a volume exploration and presentation tool,
Developments in X-Ray Tomography VIII, 85060X, 2012.

Mairhofer, S., Johnson, J., Sturrock, C. J., Bennett, M. J., Mooney,
S. J., and Pridmore, T. P.: Visual tracking for the recovery of
multiple interacting plant root systems from X-ray pCT images,
Mach. Vis. Appl., 27, 721-734, https://doi.org/10.1007/s00138-
015-0733-7, 2016.

Murphy, B. W.: Impact of soil organic matter on soil properties —
a review with emphasis on Australian soils, Soil Res., 53, 605,
https://doi.org/10.1071/SR14246, 2015.

Naveed, M., Moldrup, P., Schaap, M. G., Tuller, M., Kulkarni, R.,
Vogel, H.-J., and Wollesen de Jonge, L.: Prediction of biopore-
and matrix-dominated flow from X-ray CT-derived macropore
network characteristics, Hydrol. Earth Syst. Sci., 20, 4017—4030,
https://doi.org/10.5194/hess-20-4017-2016, 2016.

Nielsen, M. H., Petersen, C. T., and Hansen, S.: Identifica-
tion of efficient transport pathways from the soil surface
to field drains by smoke injection: Efficient transport path-
ways from surface to drains, Eur. J. Soil Sci., 66, 516-524,
https://doi.org/10.1111/ejss.12235, 2015.

SOIL, 3, 177-189, 2017

H. Keck et al.: Quantitative imaging of the 3-D distribution

Pansu, M. and Gautheyrou, J.: Handbook of soil analysis: miner-
alogical, organic and inorganic methods, Springer, Berlin, Hei-
delberg, 2006.

Peth, S., Chenu, C., Leblond, N., Mordhorst, A., Garnier, P,
Nunan, N., Pot, V., Ogurreck, M., and Beckmann, F.: Localiza-
tion of soil organic matter in soil aggregates using synchrotron-
based X-ray microtomography, Soil Biol. Biochem., 78, 189—
194, https://doi.org/10.1016/j.s0ilbio.2014.07.024, 2014.

Pichtel, J., Kuroiwa, K., and Sawyerr, H. .: Distribution of Pb,
Cd and Ba in soils and plants of two contaminated sites,
Environ. Pollut., 110, 171-178, https://doi.org/10.1016/S0269-
7491(99)00272-9, 2000.

Porfiri, C., Montoya, J. C., Koskinen, W. C., and Azcarate, M. P.:
Adsorption and transport of imazapyr through intact soil columns
taken from two soils under two tillage systems, Geoderma,
251/252, 1-9, https://doi.org/10.1016/j.geoderma.2015.03.016,
2015.

Preibisch, S., Saalfeld, S., Schindelin, J., and Tomancak, P.:
Software for bead-based registration of selective plane il-
lumination microscopy data, Nat. Methods, 7, 418-419,
https://doi.org/10.1038/nmeth0610-418, 2010.

R Core Team: A Language and Environment for Statistical Com-
puting, R Foundation for Statistical Computing, Vienna, Aus-
tria, available from: https://www.R-project.org/ (last access: 16
March 2017), 2016.

Roscoat, S. R. du, Martins, J. M. F,, Séchet, P., Vince, E., Latil, P.,
and Geindreau, C.: Application of synchrotron X-ray microto-
mography for visualizing bacterial biofilms 3D microstructure in
porous media: uCT of bacterial biofilm in porous media, Biotech-
nol. Bioeng., 111, 1265-1271, https://doi.org/10.1002/bit.25168,
2014.

Ruamps, L. S., Nunan, N., and Chenu, C.: Microbial biogeogra-
phy at the soil pore scale, Soil Biol. Biochem., 43, 280-286,
https://doi.org/10.1016/j.s0ilbi0.2010.10.010, 2011.

Schindelin, J., Rueden, C. T., Hiner, M. C., and Eliceiri,
K. W.: The Image] ecosystem: An open platform for
biomedical image analysis, Mol. Reprod. Dev., 82, 518-529,
https://doi.org/10.1002/mrd.22489, 2015.

Skinner, M. F., Zabowski, D., Harrison, R., Lowe, A., and
Xue, D.: Measuring the cation exchange capacity of for-
est soils, Commun. Soil Sci. Plant Anal., 32, 1751-1764,
https://doi.org/10.1081/CSS-120000247, 2001.

Teferi, E., Bewket, W., and Simane, B.: Effects of land use and land
cover on selected soil quality indicators in the headwater area of
the Blue Nile basin of Ethiopia, Environ. Monit. Assess., 188,
83, https://doi.org/10.1007/s10661-015-5086-1, 2016.

Thieme, J., Schneider, G., and Knochel, C.: X-ray tomography of a
microhabitat of bacteria and other soil colloids with sub-100 nm
resolution, Micron, 34, 339-344, https://doi.org/10.1016/S0968-
4328(03)00061-1, 2003.

Thomas, G. W.: Exchangeable cations, in: Methods of Soil Analy-
sis, Part 2. Chemical and Microbiological Properties, Madison,
USA, 154-157, 1982

Tippkotter, R., Eickhorst, T., Taubner, H., Gredner, B., and
Rademaker, G.: Detection of soil water in macropores
of undisturbed soil using microfocus X-ray tube comput-
erized tomography (UCT), Soil Tillage Res., 105, 12-20,
https://doi.org/10.1016/j.stil1.2009.05.001, 2009.

www.soil-journal.net/3/177/2017/


https://doi.org/10.1111/j.1365-2389.2007.00915.x
http://doi.org/10.5281/zenodo.1020068
http://doi.org/10.5281/zenodo.1020068
https://doi.org/10.1080/00015129109439905
10.2136/vzj2017.03.0062
https://doi.org/10.1002/2014WR015351
https://doi.org/10.1002/jpln.200700048
https://doi.org/10.5194/hess-18-5255-2014
https://doi.org/10.1016/j.gca.2007.05.031
https://doi.org/10.2136/vzj2009.0101
https://doi.org/10.1007/s00138-015-0733-7
https://doi.org/10.1007/s00138-015-0733-7
https://doi.org/10.1071/SR14246
https://doi.org/10.5194/hess-20-4017-2016
https://doi.org/10.1111/ejss.12235
https://doi.org/10.1016/j.soilbio.2014.07.024
https://doi.org/10.1016/S0269-7491(99)00272-9
https://doi.org/10.1016/S0269-7491(99)00272-9
https://doi.org/10.1016/j.geoderma.2015.03.016
https://doi.org/10.1038/nmeth0610-418
https://www.R-project.org/
https://doi.org/10.1002/bit.25168
https://doi.org/10.1016/j.soilbio.2010.10.010
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1081/CSS-120000247
https://doi.org/10.1007/s10661-015-5086-1
https://doi.org/10.1016/S0968-4328(03)00061-1
https://doi.org/10.1016/S0968-4328(03)00061-1
https://doi.org/10.1016/j.still.2009.05.001

H. Keck et al.: Quantitative imaging of the 3-D distribution

Tracy, S. R., Roberts, J. A., Black, C. R., McNeill, A., Davidson,
R., and Mooney, S. J.: The X-factor: visualizing undisturbed root
architecture in soils using X-ray computed tomography, J. Exp.
Bot., 61, 311-313, https://doi.org/10.1093/jxb/erp386, 2010.

Van Loo, D., Bouckaert, L., Leroux, O., Pauwels, E., Di-
erick, M., Van Hoorebeke, L., Cnudde, V., De Neve,
S., and Sleutel, S.: Contrast agents for soil investigation
with X-ray computed tomography, Geoderma, 213, 485-491,
https://doi.org/10.1016/j.geoderma.2013.08.036, 2014.

Voltolini, M., Tas, N., Wang, S., Brodie, E. L., and Ajo-
Franklin, J. B.: Quantitative characterization of soil micro-
aggregates: New opportunities from sub-micron resolution syn-
chrotron X-ray microtomography, Geoderma, 305, 382-393,
https://doi.org/10.1016/j.geoderma.2017.06.005, 2017

Weller, U., Leuther, F., Schliiter, S., and Vogel, H.-J.: Quantitative
analysis of water infiltration in soil cores using x-ray, Vadose
Zone J., https://dl.sciencesocieties.org/publications/vzj/first-look
(last access: 22 August 2017), 2017.

www.soil-journal.net/3/177/2017/

189

Wildenschild, D., Hopmans, J. W., Vaz, C. M., Rivers, M. L.,
Rikard, D., and Christensen, B. S. B.: Using X-ray computed
tomography in hydrology: systems, resolutions, and limita-
tions, J. Hydrol., 267, 285-297, https://doi.org/10.1016/S0022-
1694(02)00157-9, 2002.

Young, I. M., Crawford, J. W., Nunan, N., Otten, W., and Spiers,
A.: Microbial Distribution in Soils: Physics and Scaling, in
Advances in Agronomy, edited by: Sparks, D. L., Academic
Press, Burlington, available from: http://linkinghub.elsevier.com/
retrieve/pii/S0065211308006044 (last access: 23 June 2016),
Vol. 100, 81-121, 2008.

SOIL, 3, 177-189, 2017



https://doi.org/10.1093/jxb/erp386
https://doi.org/10.1016/j.geoderma.2013.08.036
https://doi.org/10.1016/j.geoderma.2017.06.005
https://dl.sciencesocieties.org/publications/vzj/first-look
https://doi.org/10.1016/S0022-1694(02)00157-9
https://doi.org/10.1016/S0022-1694(02)00157-9
http://linkinghub.elsevier.com/retrieve/pii/S0065211308006044
http://linkinghub.elsevier.com/retrieve/pii/S0065211308006044

	Abstract
	Introduction
	Material and methods
	Site description and sampling
	Laboratory analyses
	X-ray computed tomography imaging
	Experimental setup
	Image processing
	Creating the difference images
	Relationship between grey values and barium mass
	Spatial distribution of cation exchange capacity
	Data analysis

	Results and discussion
	Uncertainties and image artefacts
	Spatial heterogeneity of cation adsorption sites
	Cation adsorption sites and macropore space
	Comparison with ammonium acetate method

	Conclusions
	Data availability
	Competing interests
	Acknowledgements
	References

