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Abstract
X-ray computed tomography (CT) is commonly used in soil science to quantify
distributions of pores, water and solids within soil samples. Particularly prom-
ising for liquid visualization is dual-energy scanning of samples with added
dopant solutions. The approach uses solutions of heavy elements as a proxy for
the soil water and utilizes the abrupt increase of the mass attenuation coeffi-
cient of heavy elements when crossing an X-ray absorption edge, detectable by
dual-energy CT scanning. However, a key step in visualization of the added
liquid is image segmentation. In partially saturated soils, the X-ray CT images
consist of voxels with the presence of solid, liquid and gaseous phases in differ-
ent ratios. These ratios are generally ignored by the traditional image segmen-
tation methods, which separate image voxels into groups with either zero or
complete saturation by either prevailing phase. The objective of this study was
to develop and test a new physically based segmentation approach that
accounts for partial saturation of image voxels by liquids. We combined a theo-
retical equation for detected photon intensity with the mass conservation
equation to compute saturation of image voxels by dopant solution applied to
the soil. This approach was tested on soil micro-columns with potassium
iodide (KI) solutions. The proposed approach outperformed the traditional seg-
mentation methods, particularly at low and intermediate water contents. Tests
conducted for KI solutions in the concentration ranges from 2 to 20% revealed
deterioration of the method accuracy with decreasing dopant concentration in
the soil. Based on the results of this study we recommend 10 wt% KI solution
for quantifying spatial distribution of liquids in soils using dual-energy X-ray
microtomography.
Highlights

+ We developed a new approach to quantify soil water distribution based on

X-ray CT.

« This approach accounts for partial saturation of image voxels by liquids.

« This approach outperforms the standard image segmentation methods.

« Its application is limited to using dual energy monochromatic X-ray beams.
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1 | INTRODUCTION

Dual-energy X-ray computed tomography (CT) has been
used for decades to study the distribution of fluids in
porous media. A y-ray beam, used in earlier studies (Bar-
ataud, Stemmelen, & Moyne, 1996; Ferrand, Milly, &
Pinder, 1986; Gardner, Campbell, & Calissendorff, 1972;
Hopmans & Dane, 1986; Illangasekare, Ramsey, Jensen,
& Butts, 1995; Lenhard, Dane, Parker, &
Kaluarachchi, 1988; Nofziger & Swartzendruber, 1974;
Oostrom, Dane, Missildine, & Lenhard, 1995;
Soane, 1967), was replaced later by a synchrotron X-ray
(Dicarlo, Bauters, Steenhuis, Parlange, & Bierck, 1997;
McBride & Miller, 1994) with an increased intensity over
tube sources and a 10°-fold decrease in scanning time.
The dual-energy technique is based on differences in
mass attenuation characteristics among the soil compo-
nents (i.e., minerals, organics, liquids and air), resulting
in material-specific transmitted intensities (brightness)
measured at different energies of the X-ray beam. The dif-
ference in the transmitted intensities at two energy levels
allows for calculating volumetric contents of the soil
materials in the scanned samples (Dicarlo et al., 1997;
Rogasik et al., 1999). The dual-energy method was later
expanded by combining the use of heavy elements (dop-
ants or contrast agents) incorporated into the pore solu-
tion (Vinegar & Wellington, 1987; Wildenschild
et al., 2002) or bound to organic matter (Peth et al., 2014;
Van Loo et al., 2014), with synchrotron monochromatic
beams at energy levels immediately below and above the
photoelectric absorption edge of the dopant elements.
Algebraic subtraction of the below-edge images from
those of the above-edge visualizes the voxels with dopant
presence (Agbogun, Hussein, & Al, 2013; Costanza-Rob-
inson, Harrold, & Lieb-Lappen, 2008; Peth, 2010; Peth
et al., 2014; Wildenschild et al., 2013).

Despite the significant progress in dual-energy X-
ray CT over the past decade, its accuracy is still ham-
pered by the lack of precise image segmentation tech-
niques. Different techniques currently used for
segmentation dual-energy images obtained in dopant-
introduced porous medias were developed primarily
for a single energy X-ray CT (Baveye et al., 2010;
Iassonov, Gebrenegus, & Tuller, 2009; Sezgin &
Sankur, 2004). They are based on a binary approach
to image segmentation, which results in white/black
images representing the objects of interest and the
background. Due to the partial volume effect, the
objects smaller than the scanning resolution (i.e.,
water and air in fine pores) are typically classified as
solids. Therefore, the total visible porosity in X-ray
CT images is typically much less than the directly
measured soil porosity. This problem can be partially

solved by image enhancement followed by multivari-
ate classification (Glasbey & Horgan, 1995) or by
multiclass segmentation (Schliiter, Sheppard, Brown,
& Wildenschild, 2014). However, as Schliiter
et al. (2014) pointed out: “The problem of too much
unresolved porosity or too gradual intensity changes
is more severe and puts the entire concept of segmen-
tation into question”.

Another drawback of the traditional segmentation
methods is a lack of mass conservation. Essential vol-
umes of water located in soil pores smaller than the
scanned resolution are invisible on X-ray CT images. This
impedes the progress in water flow and distribution stud-
ies at the soil pore scale. Therefore, the goal of this study
was to find a physically based alternative to image seg-
mentation in dual energy scanning applications, which
would allow for estimating the volumetric content of the
liquids in image voxels based on the known information
about their total content in the studied soil. The specific
objectives are: (a) to develop a physically based approach
for quantifying saturation of image voxels by the applied
dopant; (b) to test the accuracy of the approach in the
absence of the partial volume effect of soil solids; (c) to
compare the accuracy of the new approach with that of
the traditional segmentation techniques in the presence
of the partial volume effect; and (d) to evaluate the effect
of dopant concentration on the accuracy of the new
method.

2 | MATERIALS AND METHODS

21 | Theory

Detailed descriptions of the theoretical principles
behind X-ray CT are provided by many sources (e.g.,
Als-Nielsen, 2011; Morelhao, 2016). In brief, the recon-
struction of 3D X-ray CT scans produces sequences of
greyscale images in which the brightness of image
voxels, G;, at the energy level, i, is linearly related to
the attenuation coefficients of the materials composing
these voxels and the contents of the materials within
the voxels:

Gi=wrF, (1)

where y; is the linear attenuation coefficient of the mate-
rial at energy level i (cm™), r is the voxel length in the
sample calculated as the pixel size of the Grasshopper
camera divided by the magnification of the lens used to
image the scintillator, and F is the conversion coefficient
for grey values from floating point to 16-bit integer values
on images (10°).
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For variably saturated soils, consisting of solid, gas-
eous and liquid phases, the linear attenuation coefficient
can be written as (Dicarlo et al, 1997; Nofziger &
Swartzendruber, 1974; Wildenschild et al., 2002):

pi =kipgSy +KipsSs + kipiSt, (2)

where p are the densities (g cm™), k; are the mass attenu-
ation coefficients (cm® g™'), and S are the saturations of
pore voxels (cm® cm™®) by the gases (sub- and super-
scripts g), the solids (s) and the liquids (I), respectively.
When a sample is scanned at two different X-ray
beam energies, the density and saturation of the individ-
ual soil phases occupying the specific voxels within the
sample remain constant, whereas the mass attenuation
coefficients change depending on the energy levels. For
most chemical elements the mass attenuation coefficients
decrease gradually with increasing energy, but for heavy
elements (e.g., Ba, Sr, I) they increase abruptly and nota-
bly at an energy level called K-shell edge (Figure 1). For
example, for iodine the value of k! increases from 6.55 to
35.82cm” g ' at an energy of 33.17 KeV. This effect is
commonly used to visualize spatial distribution of such
elements (dopants) applied to soil as a water solution.
Specifically, for the soil with applied dopant solution and
scanned at the two energies, one close to but below (Gp)
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FIGURE 1
coefficients and photon energy for the selected dopants and soil

Relationships between the mass attenuation

components. The energy levels at K-shell edges are shown as
dashed lines. Barretos soil data (soil solids) are taken from
Crestana, Cesareo, and Mascarenhas (1986) [Color figure can be
viewed at wileyonlinelibrary.com|

and the other above (G,) the K-shell edge, subtraction of
the two images gives:

AG=G,—Gy= rF[(kg_kﬁ)pgsg + (k=13 pySs + (kg_kg)p,s,},

(3)

where subscripts a and b denote the energy levels above
or below the dopant's K-shell edge, respectively.

Direct implementation of Equation (3) to real soil sys-
tems is impractical in the low range of photon energy
(10-50 KeV) due to the presence of a broad range of soil
components, for example, minerals, with substantially
different mass attenuation characteristics (Appoloni &
Rios, 1994; Mudahar, Modi, & Singh, 1991;
Zavel'skii, 1964). The content and spatial distribution of
these components vary greatly at a microscale level,
resulting in high variations in k and p values. However,
the significant changes in mass attenuation coefficients
when the energy increases from below to above the K-
shell edge take place only for the dopants. For all other
soil components, the differences in mass attenuation
coefficients corresponding to the dopant-specific below-
and above-K-shell-edge energies are very small and are
commonly regarded as negligible. Thus, calculating the
differences between the images below and above K-shell-
edge energies allows visualization of locations of the dop-
ant element.

In this study, we specifically focus on cases where a
dopant is added to soil as a solution, for example potas-
sium iodide (KI), and thus is representing the liquid
phase. In such a case the terms for solids and gases in
Equation (3) can be ignored, and Equation (3) can be
used in a reduced form:

AG = rF (ky— ki) p,Si- (4)

The AG greyscale images representing spatial distri-
bution of the dopant solution in the scanned soil samples
can be obtained by an algebraic subtraction of G, images
from G, images. It follows from Equation (4), that AG
within an individual voxel j, AGj, is linearly related to the
mass content of the dopant Cé within the voxel:

AG;=rFAK‘C), (5)

where Cé is the mass content of the dopant in image
voxels (g cm™), and Ak? = kg —kg (cm? g_l).

Then, the sum of greyscale values across all voxels
can be related to the total mass of the dopant applied to
the sample M,;:
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n n
Y AG;=rFAK'Y  Ci=1FAK'Mo/Vy,  (6)
j=1 Jj=1

where 7 is the total number of voxels containing the dop-
ant solution in the scanned sample (—) and Vi, is the voxel
volume (cm?).

Assuming that the dopant is distributed uniformly
within the pore solution (i.e., it was applied to the air-dry
soil and was not adsorbed on the surface of mineral or
organic particles), the saturation of an individual voxel
by the dopant can be calculated as:

Sj:Ci/Ca:AGj/VFAkd Z, (7)

where Cj is the concentration of the dopant in the
applied solution (gcm™).

Theoretically, Equation (6) is valid for all AG;> 0.
However, for real soils without dopant application, sub-
traction of G, images from G, images produces both posi-
tive and negative AG; due to the image noise. The noise
is commonly caused by counting statistics, image blur,
hardware constraints or suboptimal image reconstruction
(Schliiter et al., 2014). This noise is symmetrical relative
to zero AG and overlaps with the signal (positive AG
values) in voxels containing the dopant (Figure 2). The
overlapping positive part of AG, caused by the presence
of multiple phases (solid, liquid, gaseous and dopant) in
the same voxels, introduces uncertainty into voxel classi-
fication by most image segmentation methods. This
uncertainty, associated with the assumption that only a
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FIGURE 2 Histograms of frequency (black) and cumulative
(red) distributions of greyscale values for soil after application of
10% KI solution. AG* denotes the greyscale value on the cumulative
histogram at which XAG corresponds to the mass of applied iodide
in the soil [Color figure can be viewed at wileyonlinelibrary.com]
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single phase is present in each individual soil voxel, cau-
ses attribution of the entire voxel to either the solid, lig-
uid, gaseous or dopant phase by the segmentation
methods. Contrary to the currently used segmentation
methods, Equation (7) is free of such assumption,
because the term Cé accounts for the partial voxel satura-
tion by the dopant. Moreover, it allows separation of the
signal (the dopant) from the noise by summing up AG
values in voxels starting from maximum AG and finishing
at AG* (Figure 2), that is, the AG value at which Equa-
tion (6) holds true (i.e., the mass balance of the applied
dopant is preserved in the whole images).

2.2 | Experiments

Three experiments were conducted to test the correctness
of the theoretical principles described above and the
accuracy of the developed mass-based approach in the
soils with different pore size distributions and water con-
tents. The micro-tip experiment was designed to elimi-
nate the partial volume effect of the soil solids and air,
while preserving the noise from these phases in the AG
histograms. The dopant was applied to the micro-tip
inserted in the dry soil, so its mass calculated using the
AG histograms was expected to be equal to the applied
mass (Equation (6)). Unlike the micro-tip experiment, the
micro-column experiment was designed to evaluate the
performance of the developed approach in soils with dif-
ferent pore-size distributions and water contents in the
presence of the partial volume effect, and compare its
efficiency with the traditionally used segmentation
methods. In this experiment, the dopant was introduced
directly to the fine, medium and coarse soil fractions at
three application rates. Finally, the concentration experi-
ment was performed to evaluate the effect of the dopant
concentration on the accuracy of the mass-balance
approach. The same volumes of the dopant but at five dif-
ferent concentrations were applied to the three soil aggre-
gate fractions. Then the mass-balance approach was
applied to calculate AG* values and voxel saturation by
the dopant. Computed AG* were compared with the theo-
retical AG* in the three soil aggregate fractions for each
dopant concentration.

2.21 | Soil micro-columns

To test the proposed mass-balance approach for quantifi-
cation of spatial distribution of soil solution, we used
iodide (I-) as a dopant. Iodide content in natural soils is
very low and typically ranges from 0.5 to 20 mg kg™*
(Whitehead, 1984). High water solubility of potassium
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iodide (KT) makes it very attractive as a dopant for dual-
energy X-ray CT in porous media (Agbogun et al., 2013;
Wildenschild et al., 2002, 2013).

The soil for the study was collected from the Scale-up
experiment at the Marshall farm of the Great Lakes Bio-
energy Research Center, Kellogg Biological Station,
southwest Michigan, USA (85°24” W, 42°24” N). The soil
was fine loamy, mixed, mesic Typic Hapludalf (Kalama-
zoo series) developed on a glacial outwash. The soil was
collected from 0 to 10-cm depth, air-dried, mechanically
crushed and sieved with an RO-TAP test sieve shaker
(Model RX-29, W.S. Tyler, Mentor, OH, USA) for 1 min
to obtain three soil aggregate fractions with <0.05 mm,
0.10-0.50 mm and 1.00-2.00 mm size ranges, referred to
hereafter as fine, medium and coarse fractions, respec-
tively. Soil micro-columns were prepared from these frac-
tions for the three experiments as described below.

Micro-tip experiment

The goal of the micro-tip experiment was to test the valid-
ity of Equation (6). Soil micro-columns for this experi-
ment were prepared so as to exclude the interference
from the partial volume effect. For that, the dopant was
separated from the soil solids. A 10-pL pipette micro-tip
(Wheaton long natural polypropylene pipette micro-tip,
DWK Life Sciences, Millville, NJ, USA) was filled with a
10% (0.6 M) KI solution and inserted into a 3-mL syringe.
Then, the inner space between the syringe walls and the
micro-tip was filled with air-dry soil from one of the
sieved aggregate fractions (i.e., fine, medium or coarse).
The inner diameter of the syringe was 8.6 mm. The inner
diameter of the micro-tip ranged from 0.57 to 1.4 mm
along the tip within the scanner field of view (Figure 3a).

Micro-column experiment
The goal of the micro-column experiment was to test the
accuracy of the mass-balance approach. The dopant was

added to the air-dry soil of the medium and coarse frac-
tions in the amounts sufficient to achieve either 0.1, 0.25
or 0.4 cm® cm™ water contents, and to the air-dry soil of
the fine fraction in the amounts to achieve 0.25 or
0.4 cm® cm™> water contents. A total of eight 3-mL syrin-
ges were used in the experiment. Each syringe was split
into two sections by a plastic insert (Figure 3b). Each sec-
tion contained 0.5 cm® of the studied soil fraction. The
soil of the top sections received 10% KI solution in the
amounts needed to achieve the studied water contents,
the soil of the bottom sections remained air-dry. The top
section was used to evaluate the accuracy of the method,
whereas the bottom section was used as a control. The
applied mass of iodide was equal to 3.82, 9.56 and
15.29 mg for the three studied water contents, respec-
tively. In order to achieve an even distribution of the KI
within the soil of the lowest water content treatment,
0.1 cm® cm™3, the iodide solution was added to the air-
dry soil of medium and coarse fraction materials in a sep-
arate container. The soil was thoroughly mixed with the
added solution and placed into the top sections of the
micro-columns. Homogeneous mixing of water with the
fine aggregate fraction was not possible; therefore, fine-
fraction micro-columns with 0.1 cm® cm™ water content
were not prepared. The iodide solution of the two higher
water content treatments, 0.25 and 0.4 cm® cm™3, was
added to the soils of the three studied fractions from the
top of the syringes with a pipette. The micro-columns
were prepared 8 hr prior to the scanning to allow the
solution to uniformly distribute within the soil. The
syringes were plugged by syringe plungers from both the
top and bottom to prevent evaporation and soil
movement.

Concentration experiment
The goal of the concentration experiment was to evaluate
the effect of the dopant concentration on the accuracy of

Top Section

Section separator
-

—

~Bottom section‘
[ i

FIGURE 3 X-ray CTs of the experimental set-ups at energy level below iodine K-shell edge for the micro-tip (a) and micro-column (b)
experiments: (a) a soil sample with a pipette micro-tip insert filled with a 10% KI solution; and (b) a syringe tube separated into two sections
filled with the medium soil fraction. KI solution was applied to the top section, whereas the bottom section remained air-dry

85U8017 SUOWWIOD BAII8.D 3(edl|dde au) Aq peusenob afe Saie YO 8sn Jo Sa|ni Joj Akeid8UIIUO AB|IM UO (SUORIPUOD-PUR-SLLLIBI WD A8 1M Afe.d 1 jBul[UO//SdNLf) SUOIPUOD Pue SIS | 8L} 88S *[5202/2T/LT] Uo Ariqiauliuo Aol ‘Ifecepa YAes X 10e11g Aq SO0ET'SSI/TTTT'0T/I0p/W0 A8 im Afeid jpulu0's euIno ssay/sdiy Wwo.j pepeojumod ‘g ‘1202 ‘685259ET



GUBER ET AL.

the mass-balance approach. In this experiment, medium
and coarse soil fractions were used with five KI concen-
trations: 0, 2, 5, 10 and 20% (i.e., 0, 0.12, 0.3, 0.6, 1.2 M).
Potassium iodide solution was added in the amount to
bring the soil to 0.30 cm® cm™ water content. The solu-
tions were applied 8 hr prior to scanning, similarly to the
micro-column experiment.

2.2.2 | Scanning and image processing
The micro-columns were scanned at the Advanced Pho-
ton Source (APS) at the Argonne National Laboratory
(GeoSoilEnviroCARS magnet beam-line 13-BM-D). We
used a monochromatic X-ray beam at two energies,
33.269 and 33. 069 keV, which are above and below the
iodine K-shell edge, respectively. We used a FLIR Grass-
hopper 3 CMOS camera (FLIR Systems, Inc., Wilsonville,
OR, USA) with 1,920 x 1,200 pixels. Each scan collected
900 projections at 4-pm resolution, which took approxi-
mately 16 min for each energy level.

The reconstructed image sequences (1,200 slices)
were processed in Imagel/Fiji software (Schindelin
et al., 2012). We first obtained AG; images by subtracting
the images scanned at the energy below from those above
the iodine K-shell edge. Then we applied a non-local
means denoise filter (Buades, Coll, & Morel, 2011;
Darbon, Cunha, Chan, Osher, & Jensen, 2008) with the
default settings (sigma = 15, smoothing factor = 1) to all
AG; image sequences to reduce the random noise of the
greyscale values.

For the micro-tip experiment, we calculated the mass
of the iodide in the micro-tips by the theoretical approach
(Equation (6)) and by the direct counting of the voxels
with KI solution. For the theoretical approach we used
the calculated values of mass attenuation coefficients
(Table 1). The direct counting of the voxels was used
instead of direct measurements of iodide mass. The
iodide mass in the X-ray CT-scanned portions of the
micro-tips was unknown because of incomplete filling of

TABLE 1
fitting equation k = a; E* + a;E* (Manjunatha, Seenappa, Sridhar,

The mass attenuation coefficients obtained by

Sowmya, & Hanumantharayappa, 2017) to the standard values of
the photon mass attenuation coefficients (Hubbell & Seltzer, 2004)

Component Molecular mass k. ky

g mol™* cm’g™! cm’g™!
H,0 18.02 0.329 0.327
K* 39.1 2.591 2.546
I 126.9 35.62 6.617

*Subscripts a and b denote energies above (33.269 KeV) and below
(33.069 KeV) the iodine K-shell edge.

~' édpi?égcmlﬁée WI LEYJﬁ

the micro-tips by KI solution, for example air bubbles
were visible on the images, and because of the irregular
shape of the micro-tips. The total numbers of voxels were
converted to the total masses of iodide in image sequences
based on voxel volumes and I - concentration in the
applied solution. The relative error of I - mass ER was cal-
culated to assess the accuracy of the theoretical approach:

ER=(M¢—Ma)/Ms, (8)

where M. and M, are calculated and the applied mass of
iodide (g).

For the micro-column experiment, the mass of the
applied iodide was known. We used AG; image sequences
to calculate the saturation of voxels by the KI solution. To
simplify ImageJ/Fiji calculations Equation (7) was used
in the reduced form:

Sj:AGj/AGI, (9)

AG; = rFAK?C% = 895

where AG,; is the theoretical value of AG for 10% KI solu-
tion calculated based on the mass attenuation coefficients
for K*, I and H,O (Table 1).

Then the total mass of iodide was calculated in the
AG images as:

n n
> Mi=V,> AG;/rFAK, (10)
Jj=1 Jj=1

where M' ‘} is the mass of iodide in j-voxel (g).
The summation in Equation (10) started at AG ., and

n
finished at AG*, where equation M‘j- =M, held true
j=1

(Figure 2). Saturation of all voxels S; with AG;<AG* was
set to zero.

Equations (9) and (10) were applied to the top (with
KI solution) and bottom (without KI solution) sections of
the soil micro-columns (Figure 3b). The top section was
used to evaluate the accuracy of the method, whereas the
bottom section was used as a control.

Standard thresholding techniques available in the
“Threshold” toolbox of the Imagel/Fiji software (Table 2)
were applied to the same images to compare the pro-
posed approach with the approaches traditionally used
for image segmentation. Thresholding AG images for the
top sections of the micro-columns produced 8-bit image
sequences with voxels filled with the KI solution. Because
the standard thresholding methods did not allow us to
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TABLE 2  Tested thresholding methods available in the ImageJ software

# Thresholding Method Reference

1 Default Variation of the IsoData

2 Huang Fuzzy thresholding Huang and Wang (1995)

3 Intermodes Local maxima Prewitt and Mendelsohn (1966)

4 IsoData Averaging background and object thresholds Ridler and Calvard (1978)

5 1J_IsoData Variation of the IsoData

6 Li Minimum cross entropy Li and Lee (1993); Li and Tam (1998)

7 MaxEntropy Maximum entropy Kapur, Sahoo, and Wong (1985)

8 Mean Mean of grey levels Glasbey (1993)

9 MinError(I) Fitting two Gaussian distributions Kittler and Illingworth (1986)

10 Moments Preserving the first three moments of the Tsai (1985)

greyscale values

11 Otsu Minimizing the intra-class variance Otsu (1979)

12 Percentile Based on 50% of foreground pixels Doyle (1962)

13 RenyiEntropy Renyi's entropy Kapur et al. (1985)

14 Shanbhag Two fuzzy sets Shanbhag (1994)

15 Triangle A triangle algorithm

16 Yen Yen's algorithm

account for the partial voxel saturation, it was
assumed that iodide concentration was the same in all
voxels and equal to the concentration in the applied
solution. The total mass of iodide in the section was
computed as a product of iodide concentration in the
applied solution and the total volume of voxels filled
with the KI solution.

For the concentration experiment, the theoretical
AG; were calculated separately for each applied solution
based on the mass attenuation coefficients and contents of
K " and I ~. Then, Equation (10) was applied in the range
from AG,q. to AG* to histograms of AG; images obtained
for the two soil fractions and the four concentrations of KI
solution. The AG* values obtained from the histograms
were compared with the theoretical AG; to assess the accu-
racy of the voxel saturation calculations by Equation (8).

3 | RESULTS AND DISCUSSION

3.1 | The micro-tip experiment

The AG histograms for the micro-tip experiment are
shown in Figure 4. The histograms for soil fractions
without I - (dashed lines) have almost symmetrical
shapes with AG of —4.0 +19.8, —4.8 +21.6 and
—6.4 +19.9 (mean + SD) for the fine, medium and
coarse soil fractions, respectively. Theoretically, at a

Zack, Rogers, and Latt (1977)

Yen, Chang, and Chang (1995); Sezgin and
Sankur (2004)
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FIGURE 4 The greyscale histograms of KI solution (solid
lines) and air-dry soil aggregate fractions (dashed lines) for the
micro-tip experiment [Color figure can be viewed at
wileyonlinelibrary.com]

very small energy deviation from the K-shell edge,
the AG values should be close to zero for all soil com-
ponents except for I -. The observed deviations from
zero are predominantly caused by noises, which are
introduced during image acquisition and subsequent
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reconstruction and are only partially removed by
image processing, for example by denoising filters.

Contrary to the soil histograms, the shape of KI histo-
grams was asymmetrical, with clear peaks at AG of 853,
912 and 919 (Figure 4, solid lines) for the three studied soil
aggregate fractions (ie. fine, medium or coarse). The
peaks were very close to the theoretical AG, (895) calcu-
lated for the 10% KI solution using Equation (4), thus indi-
cating that the implemented theoretical approach correctly
estimated the iodine content. The histogram for the fine
soil fraction shifted towards smaller AG values as com-
pared to those for the medium and coarse fractions. The
origin of this shift was not clear, but the shift led to under-
estimation of the mass of the applied iodide by Equa-
tion (6). Indeed, although the calculated mass errors were
0.4 and —0.8% for the medium and coarse fractions, the
error was equal to 7.4% for the fine fraction. The errors
were in an acceptable range considering an overall small
iodide content (from 0.120 to 0.284 mg) in the micro-tips.

An important result of this experiment was the low
relative number of overlapping voxels on soil and iodide
histograms. The number of overlapping voxels for iodide
ranged from 0.1% in the medium fraction to 2.3% in the
coarse soil fraction (Figure 4). Moreover, AG values were
rather small for the overlapping voxels, indicating that it
is likely that a very small mass of iodide could be mis-
classified as a soil solid phase.

In summary, the results of the micro-tip experiment
showed high accuracy in calculating total iodide mass in
entirely saturated voxels, and there was only minor over-
lap in iodide and soil solid histograms. It remains to be

seen whether the same accuracy could be achieved in
voxels partly saturated by the iodide.

3.2 | The micro-column experiment
The shapes of iodide histograms differed among the three
soil fractions and water contents. The iodide histograms
were unimodal in the fine fraction soil at both studied
water contents (Figure 5a) and in the medium and coarse
fractions at 0.10 cm® cm™> water content (Figure 5b,c). Two
peaks were clearly defined in the histograms of the medium
and coarse fractions at water contents of 0.25 and
0.40 cm® cm™ (Figure 5b,c). The first peak, located at
AG =~ 0, corresponded to zero iodide content and was cau-
sed by the image noise, whereas the second peak, around
180 < AG < 300 range, corresponded to the highest iodide
content. The area under the second peak and AG value of
the peak increased with an increase in water content, as a
result of increasing mass of the iodide in the soil. Interest-
ingly, there was a third peak at water content of
0.40 cm® cm ™ in the coarse soil fraction (Figure 5c). This is
likely to have reflected an association of the iodide with
two pore-size groups present within the large aggregates of
the coarse fraction, that is, intra- and inter-aggregate pores.
The unimodal distributions of AG at low water content
(ie, 01cm® cm™) resulted in a considerable over-
estimation of the numbers of iodide voxels and the iodide
mass by all standard thresholding methods, except the
Intermodes method, for the coarse soil fraction (Figure 6a).
The relative errors of iodide mass estimation (ER) were
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close to 3 for most tested methods (Figure 7). The standard
thresholding worked slightly better for the intermediate
water content (0.25 cm® cm™) (Figure 6b) and reasonably
well for the high water content (0.4 cm? cm™), particularly
in the coarse soil fraction (Figure 6c), where ER was close
to zero for 9 out of 16 methods (Figure 7). More accurate
prediction of iodide mass in the coarse than in the medium
fraction was likely to be associated not with the histogram
shapes, which were similar in the two fractions, but with
the histograms’ shifts towards higher AG values in the
coarse fraction, where the assumption of full voxel satura-
tion by the iodide was more valid.

There was no consistency in the performance of the
standard thresholding methods for the three levels of

water content. The methods that performed relatively
well for the low water content (e.g., Intermodes and Max
Entropy) failed for the intermediate and high water con-
tents (Figures 6 and 7).

As expected, the errors of the mass balance-based
approach were close to zero for all water contents in
the three soil fractions (Figure 7). Small deviations of
the calculated iodide mass from that applied were
caused by limited accuracy of the Imagel/Fiji soft-
ware in splitting the histograms into multiple classes.
Too many AG classes (Bins) considerably increased
the time of image processing and calculations,
whereas too few Bins increased the error. In this
study the parameter Bins was set to 512, the value
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FIGURE 7 Relative errors of iodide mass for 16 thresholding
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that balanced reasonably low error values with man-
ageable computation time.

Spatial distributions of liquid within the soil samples
calculated using Equation (9) and represented as voxel
saturation by KI solution for the three soil fractions are
shown in Figure 8. Visually, it appears that the solution
occupies much greater area than could be expected based
on soil water content levels. The reason for that is only
partial saturation of voxels by the KI solution. In the fine
soil fraction the majority of voxels were below
0.3 cm® cm ™ saturation (Figure 8 top line), whereas full
saturation on these fine pores could be expected from a
theoretical perspective. The reason for this seeming con-
tradiction was the partial volume effect, resulting in the
presence of all soil phases in each voxel. Therefore, each
soil phase occupied only a fraction of voxel volume.

The partial volume effect persisted, although to a lower
extent, in the medium and coarse soil fractions at all water
contents. One reason for that was fine intra-aggregate poros-
ity, for which the partial volume effect was similar to that in
the fine soil fraction. Another source of the partial volume
effect was thin water menisci around soil aggregates, with
meniscus thickness less than the scanning resolution. As a
result, the inter-aggregate voxels were partly occupied by the
liquid and partly by air. The partial saturation was observed
in the medium and coarse fractions at both intermediate and
high water contents. Only a small number of voxels in the
coarse soil were almost entirely saturated by the liquid (Fig-
ure 8 right bottom). These observations are indicative of the
presence of the liquid in the studied medium and coarse soil

e WILEY-L =

fractions mostly in a form of menisci, consistent with the
angular pore model of Tuller et al. (1999) .

Application of Equation (9) to the air-dry soil in the
bottom sections of the micro-columns showed that iodide
contents varied randomly from 0.34 to 56.7 pg in the 0.5-
cm? soil columns, indicating acceptable accuracy of the
theoretical method.

Despite much more accurate representation of the lig-
uid-phase distribution in soils, the mass-based approach is
still limited by the scanning resolution. It is anticipated
that for pore sizes larger than the scanning resolution, that
is, when only one pore or its part is present in a given
image voxel, the method provides accurate estimates of the
pore saturation. However, for the pores smaller than the
scanning resolution it is impossible to estimate the satura-
tion of individual pores located in the same image voxel.
Therefore, the method provides only an average saturation
of voxels, which, nevertheless, can be useful for studies of
soil pore heterogeneity at scales ranging from a few micro-
metres to a few centimetres. Smaller scale (i.e., finer) reso-
lution of the X-ray CT is limited by the exposure time,
which is increasing exponentially with an increase in the
resolution, whereas the larger scale (i.e., coarse) resolution
is limited by the photon energy required for the beam to
penetrate the sample (Wildenschild et al., 2002).

It is worth mentioning that the saturation calculated
using the theoretical AG; in Equation (9) may exceed
100%. This can potentially occur in voxels entirely satu-
rated by the dopant and also affected by the image noise.
It can be seen in the micro-tip histograms that there were
groups of voxels with AG values greater than the theoret-
ical AG; = 895 for the 10% KI solution (Figure 4). One
way to resolve an oversaturation issue, while preserving
the mass balance, is redistribution of the excess dopant
mass among partly saturated voxels with the weights pro-
portional to the voxel undersaturation:

AS; =S Y ASF/> O ASE, (11)

where S, is the saturation of k voxel, AS} is over-
saturation of j voxel, and AS, is additive to saturation of
k voxel. Superscripts (—) and (+) identify under- and
over-saturation of voxels, respectively. Equation (10) is
valid for > AST <> AS; ; therefore, the mass excess
> AS; — > AS; contributes the error of the mass-bal-
ance approach.

In summary, the developed approach provided a
high-resolution distribution of the liquids in the studied
soil fractions based on the physical principles of mass
attenuation by heavy elements. Obtained distributions
are aligned with the modern theoretical concept of water
allocation in soil pores.
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FIGURE 8 Spatial distribution of the KT in the three soil fractions at three soil water content levels as determined using equation (9).

Colour bar indicates pore saturation by 10% KI solution; white colour shows soil volumes filled with air; black colour shows soil solids. Air
and solids were segmented using adaptive-window indicator kriging (Houston, Otten, Baveye, & Hapca, 2013) after subtracting KI from the
below K-shell edge images [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | The effect of dopant concentration
on the accuracy of the method

The shape of AG histograms for DI water (control) was
symmetrical with a slightly negative mean value (Fig-
ure 9). The deviation from zero was likely to be caused by
a general decrease in the mass attenuation coefficients
with increasing energy level for all soil components (Fig-
ure 1). As KI concentration in the applied solution

increased, the histogram means shifted toward positive
AG values and right limbs of histograms enlarged in both
medium and coarse fractions (Figure 9), indicating an
overall increase in the total number of voxels with high
mass attenuation coefficients.

As expected, the iodide histograms overlapped with
the histograms of the image noise from the soil solids. In
general, the overlapping decreased with the increasing KI
concentration in the applied solution. However, the
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shape of most histograms remained unimodal (Figure 9),
which made implementation of the standard
thresholding methods impractical, as was previously
demonstrated in Section 3.2. Application of the theoreti-
cal Equation (9) to the iodide histograms converged the
mass balance of the applied solution in all soil samples,
although at different AG* values. The AG* values were
the smallest for the 10% KI solution, equal to 372 and 309
for the medium and coarse fractions, respectively, and
the largest for the 20% KI solution, equal to 778 and 998
in the medium and coarse fractions. The AG* values cal-
culated for these concentrations were reasonable,
because the theoretical AG, were 895 and 1,651, respec-
tively. However, the AG* values calculated for 2 and 5%
KI solutions by far exceeded the theoretical AG, As a
result, saturation of individual voxels by 2 and 5% KI
solutions was >100%, that contradicts to the physical
sense and can be attributed solely to dominance of the
image noise over signal from the dopant in those voxels.

Results of the concentration experiment demonstrated
high sensitivity of the mass-balance approach to the dop-
ant concentration in the applied solution. The most real-
istic results were obtained for 10 and 20% KI solutions.
However, high concentrations can potentially affect the
stability of soil structure (S. Peth, personal communica-
tion, November 25, 2019).

3.4 | Remarks on the method limitation

The mass-based approach developed to quantify spatial
distribution of liquids in soil microsamples has been tested
in solutions with the range of 2 to 20% KI concentrations,

and it appeared to be accurate for 10 to 20% KI solutions.
The method relies on the low ambient content of the dop-
ant in the soil and uses a monochromatic photon beam
with energy levels precisely adjusted to the K-shell edge of
the dopant. It is assumed that the dopant concentration in
the pore solution is the same for all image voxels, which
requires a certain procedure for dopant application to soils,
particularly to undisturbed soil samples. The application
procedure can include, for example, soil drainage at high
pressure in tempe cells (Soilmoisture Equipment Corp.,
Santa Barbara, CA, USA) to empty most soil pores, with
subsequent gradual adding of the dopant solution to soil at
low pressure levels. It takes time for the water pressure to
equilibrate in the whole soil sample and stop water move-
ment, which can introduce errors into image reconstruc-
tion. The equilibration time must be short enough to
prevent an interaction between the dopant and the soil
mineral and organic phases, which can result in prefer-
ential allocation of the dopant to certain image voxels,
and make the assumption of a uniform dopant distribu-
tion in the pore solution invalid. This time depends on
the hydraulic properties and initial soil water content
and can be reduced considerably by applying suction at
the bottom of the soil sample during dopant application.
Note that for the ~4-pm scanning resolution and
1,920 x 1,200 pixels image size (FLIR Grasshopper 3
CMOS camera), the sample height does not exceed
5 mm, thus the equilibration time for the water contents
used in this study was likely to be much shorter than
8 hr. For any particular soil and experimental condition
this time can be estimated empirically or by modelling
(e.g., open source software HYDRUS 1-D) (Simtnek,
Sejna, Saito, Sakai, & van Genuchten, 2009).
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So far, the method has been tested on the mini-col-
umns (0.5 cm® volume) filled with three soil fractions
with applied 2 to 20% solutions of KI and BaCl, (results
not shown). It is anticipated that the mass balance of the
dopant will be preserved for a coarser scanning resolu-
tion, although with less detailed information on liquid
distribution.

In summary, the implementation of the new method
is limited by:

i the concentration of the dopant in the applied solu-
tion, which must preclude alteration of the soil
microstructure by changing the chemical composi-
tion in the pore solution;

ii the monochromatic X-ray beam, which is less com-
mon in X-ray CT applications, as compared to the
polychromatic beams used in most laboratory and
medical X-ray scanners;

iii few chemical elements that do not interact with soil
solids and organics and can potentially be used as
dopants to quantify water distribution in soils; and

iv the size of the sample, which should be scanned
within a reasonable time at two energy levels.

4 | CONCLUSIONS

A new physically based approach was developed as an
alternative to the standard segmentation methods to
quantify the spatial distribution of liquids in soil micro-
columns. The method combines the computation of dop-
ant mass in image voxels based on the mass attenuation
coefficients, with the mass conservation equation for the
dopant applied to the soil. It provides more accurate
information on spatial distribution of liquids in soil as
compared to the standard segmentation methods. Multi-
ple tests of the proposed method for soil aggregate frac-
tions of different sizes and for different soil water content
levels conducted in this study showed that the new
approach:

i accurately conserves the mass balance of the applied
dopant;

ii accounts for partial saturation of image voxels by the
liquid phase, and thus depicts more realistic spatial
distributions of liquids in soil as compared to the
standard segmentation methods;

iii demonstrates high sensitivity to the dopant concen-
tration in the applied solution, with most reliable
results obtained for 10 and 20% KI concentration.
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