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ABSTRACT

The paraffin-coated method is a well used approach to measure the soil bulk density
(BD). BD is a physical property of great importance for studies of soil quality and health.
Therefore, representative measurements of this property are highly valued. Resin and
paraffin wax are utilized to coat soil samples however; if these materials ingress into the
sample it could affect the representativeness of BD evaluation. The advance in three-
dimensional (3D) image analysis techniques such as X-ray microtomography (UCT)
offers a great opportunity to visualize and quantify the possible penetration of paraffin
wax into clod samples. In this paper we investigated porous system morphological
properties of soil samples coated with paraffin wax. The morphological properties of the
pores filled with paraffin wax inside the samples were also studied. We observed
gualitatively that samples with large pores close to their borders were more susceptible

to the penetration of paraffin wax. Samples with pores >10 mm? had the highest amount
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of paraffin wax into them. Triaxial shaped and complexly pores also offered less
resistance to the ingress of paraffin wax. Positive relations between the amount of
paraffin wax inside the samples and the volume of pores measured, pore tortuosity and
degree of anisotropy were found. Conversely, the soil pore connectivity was not
correlated with the penetration of paraffin wax into the samples, at least for the region of
interest (=27.3 cm®) studied. Finally, an analysis of the impact of paraffin wax ingress
inside the samples in measured BD showed increments of =0.09 and =0.11 g cm3 in this
property when the paraffin wax penetrates into the large pores.

Keywords: X-ray Computed Tomography; Soil porous system; Connectivity; Tortuosity;

Soil bulk density.

1. Introduction

Soil bulk density (BD) represents an important physical property obtained by the
ratio of mass of solids to the total sample volume. This soil property can be measured
by several different methods in wet and dry samples (Hillel, 2004). Soil bulk density is
commonly utilized as an index of soil quality and health (Gantzer and Anderson, 2002;
Hakansson and Lipiec, 2000), used to convert between weight and volume of soil, and
also for water content and soil porosity or pore volumes (Hillel, 2004), and a widely

accepted property for referring to the compactness of a soil (Lal and Shukla, 2004).

There are several methods employed to measure BD as described by Grossman
and Reinsch (2002) and Shipp and Matelski (1965). The most traditional is the core
method, which makes use of cylinders to collect the samples. Timm et al. (2005) and
Pires et al. (2011) present a discussion about nuclear and traditional methods for
measuring BD. According to these authors, each method has their own particularities
and the choice of one over the others depends on several factors, such as, for example,

site characteristics, time, laboratory or field measurements and costs.

The paraffin-coated method is another common traditional methodology for

measurement of BD (Auler et al., 2017; Grossman and Reinsch, 2002). In this method
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the volume of the samples is determined by coating them with a water-repellent
substance. Normally, paraffin wax is used due to its low cost and easiness to work with
(Holden, 1994). However, the technique is prone to error if the paraffin wax penetrates
the pores within the soil sample rather than simply coating its surface (Rossi et al., 2008;
Grossman and Reinsch, 2002). In routine measurement, the identification of the paraffin
wax penetration inside the clods is not easy and, probably, errors in the measurement of
BD through the paraffin-coated method do occur but are unquantifiable. If paraffin does
ingress into a soil sample, the impact on measurement of BD by this method could be

significant.

According to van Remortel and Shields (1993), the ingress of paraffin wax into
soil clods can reduce their measured volume and, consequently, it results in a higher BD
(Solgi et al., 2018). For very gravely soils, Hirmas and Furquim (2006) observed that
when the paraffin wax is absorbed deep into clods, problems to remove the soil and wax
coatings on the gravel tend to inflate the mass of gravel. Therefore, the mass of gravel

in clod samples is overestimated increasing BD (Rossi et al., 2008).

Methods of image analysis such as X-ray Computed Tomography (CT), which is
based on the attenuation of the radiation by materials of different densities (Pires, 2018),
can assess the internal structure of soil samples and potentially quantify the penetration
of paraffin wax. Since the development of the X-ray CT in the early seventies of the last
century (Hounsfield, 1973), many applications of this technique have been applied
across different research areas, where the aim was to study the internal structure of
porous media (Ferreira et al., 2018; Carducci et al., 2017; Cnudde and Boone, 2013;
Mooney et al., 2012; Vaz et al. 2011, Pires et al., 2010; Crestana et al., 1985). The
combination of the X-ray CT data and image analysis programs permits a detailed 3D
characterization of the soil porous system (Grayling et al., 2018; Tseng et al., 2018;

Borges et al., 2018; San José Martinez et al., 2017; Luo et al., 2010). Morphological
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measurements such as pore volume, shape, orientation, continuity, tortuosity and

macropore size distribution can be obtained from X-ray CT images.

No previous study has sought to quantify the potential ingress of paraffin wax
inside soil samples. The objective of this study was to investigate the possibility of
paraffin wax penetration inside soil samples and to study the effect of the pore
morphological properties on the amount and distribution of paraffin wax within the
samples. These objectives were achieved through 3D X-ray CT analysis of samples

coated with paraffin wax at the resolution scale of mesopores and macropores.

2. Materials and methods

2.1 Sample characteristics and preparation

Samples were collected from the experimental farm of the Agricultural Research
Institute of Parana (IAPAR) in the city of Ponta Grossa, PR, Brazil (25°06’S, 50°10'W,
875 m above sea level). The soil under investigation was an Oxisol (Rhodic Hapludox),
according to USDA soil taxonomy (Soil Survey Staff, 2013), of clay texture (17% sand,

22% silt, and 61% clay).

Three sets of samples were collected for this study: Group 1 — samples with
volumes between 50 and 100 cm?, which were utilized for BD measurement by the
paraffin-coated method (h=8 samples); Group 2 — samples with volumes between 90
and 97 cm?, which were utilized for BD measurement by the core and paraffin-coated
methods (n=14 samples); and Group 3 — samples with volumes ranging from 70 to 75
cm?, which were employed for the image analysis (n=36 samples). All the samples were
manually collected at the soil surface (0-10 cm) with the help of an Uhland sampler (core
method — stainless steel cylinders with height of 5.0 cm and internal diameter of =4.8
cm) and shovel and trowel (clod method). Samples of groups 1 and 2 were collected in
August 2018 and of group 3 in April 2017. An area of about 3.0 to 3.0 m under minimum

tillage was selected to collect the samples near the center of the experimental plot (50 x
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120 m) for groups 1 to 3. A distance of around 20 to 30 cm was kept between samples
throughout the sampling procedures, which were carried out after harvest (hormally

ryegrass — Lolium multiflorium).

The samples of group 1 were selected to measure the impact of the paraffin wax
ingress in direct measurements of BD by the paraffin-coated method, while the samples
of group 2 were chosen to show the differences in BD before and after coating with
paraffin wax. The samples of group 2 were carefully removed from the cylinders prior the
coating procedure. These samples were also analyzed to identify possible differences in
BD caused by soil spatial variability, instead by the paraffin wax penetration. The ingress
of paraffin wax into the samples of groups 1 and 2 was verified based on visual
examination after disintegrating the samples (Fig. 1d). Finally, samples of group 3, which
were also carefully extracted from cylinders, were analyzed to investigate, through image
analysis, the effect of pore morphological properties on the amount and distribution of
paraffin wax inside the soil samples. Prior to X-ray CT scanning, samples were dried at
40 °C until their mass became constant, in order to eliminate as much of the water phase

as possible from the samples (Jefferies et al., 2014).

For the impregnation of the samples, hard paraffin wax was kept in a container
and melted until air bubbles were no longer observed. The temperature was controlled
with a digital LCD thermometer (Figs. 1a,b). Carefully a piece of thread (nylon string)
was tied around the sample, leaving about 15 cm free. Holding onto the end of the free
thread, the sample was momentarily dipped in the melted paraffin wax. The excess of
paraffin wax was allowed to drain after the previous step. The next step was to wait for
the adhering paraffin wax to solidify (~10 minutes). This procedure was carried out

individually for each soil sample studied.

The BD measurement by the core method was made following the procedures
described in Grossman and Reinsch (2002). For the paraffin-coated method, first the

weight of the soil clod (W) was measured in air and again after coating with paraffin wax
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(W>). The weight of paraffin-wax used in coating was obtained by the difference between
W, and Wi. The total clod volume coated with paraffin wax (Vi) was measured after
weighting the clod submerged in water. The volume of paraffin wax utilized in coating
(Vpa) was determined using the weight of paraffin wax employed in coating and its density
(0.90 g cm®). Finally, the actual volume of soil (Vs) was calculated by the difference

between V: and Vp,, and, BD as the ratio of W1 and V.
2.2 X-ray Computed Tomography

Each soil sample was scanned using a GE v|tome|x m X-ray CT scanner (GE
Measurement & Control Solutions, Wunstorf, Germany) at the Hounsfield Facility (The
University of Nottingham, Sutton Bonington Campus, UK). The voltage, current and
integration time adopted for the image acquisition process were 180 kV, 160 pA and 250
ms. A 0.1 mm Cu-filter was used to minimize beam-hardening effects. A total of 2520
projections were obtained per sample with a pixel resolution of 35 um. Therefore, it was

not possible to resolve pores below this resolution.
2.3 Image reconstruction, processing and analysis

The radiographs of each scan were reconstructed in 32 bit format in order to avoid
compression of the greyscale histogram. After reconstruction the images were imported
into Volumetric Graphics (VG) StudioMAX® 2.0 and after into ImageJ 1.42 and cropped

to a cubic shape with 30.1 x 30.1 x 30.1 mm? (860 x 860 x 860 pixels).

The main objective of the image analysis was the verification of the possibility of
paraffin wax penetration into the soil samples after the coating procedure. After that,
some morphological properties of the soil porous system was measured with an aim to
evaluate the influence of them in the paraffin wax penetration into the samples. The
choice of a region of interest smaller than the whole soil sample imaged was based on
the time needed for each image analysis (several days) and the computational work. The

amount of computer system memory (64 GB RAM) allocated for the analyses allowed
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only to work with samples of size similar to the region of interest selected. The complexity
of the soil porous system and the number of parameters studied influenced the amount
of memory necessary for the measurements. However, the volume of the samples
(region of interest) analyzed were selected close to the borders of them. This was made
due to the importance of the pores next to the sample surface to the entrance of paraffin
wax. However, we believe that the use of special masks (image analysis procedures)
and powerful computers can allow the future analysis of entire and big volumes for a
better characterization of the soil porous system and it susceptibility to the paraffin wax

ingress.

A preliminary analysis revealed that 27 of the 36 samples had negligible paraffin
wax ingression. As such no further analysis was conducted on these samples. A full
morphological characterization was subsequently performed on the remaining nine
samples (25%) for the region of interest selected. So, we decided to call these samples

in the text as S1 to S9.

The original grey-level X-ray CT images were processed using ImageJ 1.42
software (Rasband, 2007). The segmentation process was based on the nonparametric
and unsupervised Otsu method of threshold (Otsu, 1979). The images were also visually
inspected to verify the quality of the segmentation procedure. This resulted in a binary
image, in which pores and soil material were respectively represented by white and black
pixels. A third peak was also observed in the image cross sections, which was related to
the paraffin wax (Fig. 2). The threshold value defined based on the Otsu method was the
same for all the cross sections of a same sample. To segment the paraffin wax only by
the Otsu method, image tools such as subtract background (radius 350 pixels), enhance
contrast (0.5%), remove outliers (radius 0.7 pixels) and median 3D filters (radius 2.0
pixels) were utilized. After this procedure a binary image of the pores filled with paraffin
wax in black and the solid phase in white pixels was obtained. In these images, pores

not filled with paraffin were disregarded.
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For the 3D structural assessment, soil pores were classified according to their
size and shape distribution. For the shape classification, geometrical parameters known
as major, intermediate and minor axes of the ellipsoids that represent each pore were
determined by using 3D measuring techniques (Schmitt et al., 2016; Bullock et al., 1985).
These parameters were measured using the Particle Analyser tool in ImageJ. Binary
images of the whole soil porous system and the pores filled only with paraffin wax were
utilized in these measurements. Isolated pores <9 voxels were removed from the porous
fraction of the images in the quantitative analyses to avoid misclassification from
unresolved voxels (Jefferies et al., 2014). The soil pores which allowed the measurement
of the three principal axes were classified according to the terminology suggested by
Zingg (1935). The relation between the ratio of the intermediate by the major (Int./Maj.)
axis and the ratio of the minor by the intermediate (Min./Int.) axis allows the classification
of pores based on shape. Therefore, the pores were classified as: Equant (EQ), Prolate
(PR), Oblate (OB), and Triaxial (TR) (Pires et al., 2017). When one of the axes of a
specific pore could not be determined, this pore was not classified (unclassified pore)
according to its shape. These pores are associated enhanced complexity of individual

pores, which means that a geometrical shape cannot be fitted for them.

The porosity (P) and number of pores (NP) were calculated taking into
consideration the resolvable pores. In this study the term porosity refers to the sum of
mesopores and macropores based on the size classification of Brewer (1964). The pore
size distribution (sorted by pore volume) corresponded to the total number of
disconnected pore volumes inside the sample. For P and NP size distribution analysis,
pores were classified in different volume intervals: 0.0001-0.01; 0.01-0.1; 0.1-1; 1-10;
and >10 mm3. These volume intervals were selected based on the importance of different
pore sizes in the water infiltration, redistribution, retention and root penetration, for

instance.
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The X-ray CT images were also analyzed in terms of network tortuosity (1) and
connectivity of the pores using the Osteoimage software (Roque et al., 2009). The
tortuosity, which is geometrically defined by the ratio between the geodesic distance
between two connected points and the Euclidian distance between these two points, was
calculated through the geodesic reconstruction algorithm (Roque et al., 2012a,b). The
Characteristic of Euler-Poincaré (EPC) was utilized to estimate the degree of
connectivity, which represents one of the Minkowski functions and a topological measure
used for describing the connectivity of spatial structures (Katuwal et al., 2015). EPC per
sample volume was obtained considering 859 disectors, which represent contiguous
image sections. EPC was estimated based on the algorithm discussed in Vogel and
Kretzshmar (1996) from a set of sequential 2D registered images by the use of the
dissector, which consists of two parallel sections a small distance apart. The dissector
displacement in our case studies was 0.035 mm, thus pores that lay in between the
image slices could not be considered as they did not contribute according to the
morphological operations (erosion and dilation by one pixel) implemented in the
algorithm for the stereological procedures, which eliminates pores lesser than =0.0007
mm3. Therefore, a sizeable volume of the isolated pores is not considered by this
approach. In our study the volumetric EPC (EPCy = EPC/V), i.e., by the volume of
dissectors, was determined after the images had been previously submitted to the Purify
procedure in Bone J plugin (Odgaard and Gundersen, 1993; Toriwaki and Yonekura,
2002). The EPCyv number is an indicator of how well connected is a pore: the smaller
(more negative) it is, the higher is the pore connectivity (Chappard et al., 1999; Roque

et al., 2009).

The Euler Number (EN) was also utilized to evaluate the connectivity of pores
larger than 0.2 mm?3 (ENso2) and the largest pore (ENs) found. EN was evaluated using
the Particle Analyser and Bone J plugins in ImageJ, which allowed the analysis of

connectivity of individual pores of different volumes (Doube et al., 2010). Prior the EN
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analyses, the image stacks were also submitted to the Purify procedure in Bone J plugin

as done for EPCy.

Parameters such as porosity, number of pores, and pore volume (PV) were also
obtained for pores larger than 0.2 mm3. This analysis was carried out for the whole soil
porous architecture and for the pores filled only with paraffin wax. The degree of
anisotropy (DA), which gives the preferred orientation of pores, was also determined in

3D by using the Bone J plugin.

Statistical analyses were performed with the Past program (Hammer et al., 2001).
Pearson correlations among each pair of variables were measured for the entire
set of morphological parameters. The t-test (p<0.05) was used to compare the effect of

paraffin wax ingress in BD measurements.

3. Results and discussion

3.1 Image analysis

3D images of the sample S8 are shown in Fig. 2. It is possible to observe in the
images the penetration of paraffin wax inside the sample due to the procedure of coating.
A qualitative analysis of the images also demonstrates that the largest pores at the
sample surface were filled with paraffin wax, which is expected due to the reduced
energy, solid-liquid contact angles, required to fill these pores (Jury and Horton, 2004;

Or and Wraith, 2002).

Some authors have reported that the materials (resin or paraffin wax) utilized to
coat the samples may not adequately seal the deepest pores, which can allow water
penetration into them, affecting the measurement of their volumes (Sander and Gerke,
2007). On the other hand, the complete coating of soil samples with these characteristics
could lead to the resin/paraffin penetration into them, as observed in our study. In
addition to the influence of resin/paraffin entrance into the samples in the measurement

of BD, this problem can also influence the measurement of other physical properties



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

12

such as water content and shrinkage curve measurements (Stewart et al., 2012; Schafer

and Singer, 1976).

3.2 Morphological physical properties

Sample S6 was characterized by the smallest porosity and pore volume (P:
10.9% and PV: 2976) and S8 by the highest (P: 23.7% and PV: 6452), which indicates
the relative variability (CV: 24.8% and CI: 3.0 for P; CV: 25.8% and CI: 846 for PV) of
these properties among samples (Figs. 3a,b). The terms CV and ClI stand for coefficient
of variation and confidence interval (95%), respectively. In terms of NP (Fig. 3c), the
smallest value was for S3 (50921) and the highest for S4 (68774). In general, the
samples with the highest P and PV had the largest volume of paraffin wax inside them
(Table 1) and they were characterized by the presence of larger pores (NPso2), which

had a great contribution to P (Fig. 4a and Table 2).

The volumetric Euler-Poincare Characteristic (Fig. 3d), a measurement of the
connectivity of the pores (Chappard et al., 1999), was lower for S7 (-0.0118 mm) and
higher for S6 (-0.0030 mm-3). As discussed earlier the smaller EPCy, the higher the pore
connectivity (Roque et al., 2009). The pore size distribution analysis (Fig. 4a) showed
that large pores contributed to more than 90% of P (Table 2). For example, the samples
with the largest proportion of paraffin wax inside them (S5, S8, S9) had more than 82%
of their pores >0.2 mm?filled with paraffin (Tables 3 and 4). Therefore, the Euler Number,
a measure of the degree of fragmentation of the pore networks (Schmitt et al., 2016),
was undertaken for pores >0.2 mm? (Table 2). The pore network was less connected for
S6 (-92183) and high connected for S1 (-248844). As observed for EPCy (r=0.31), there
was no significant relation between the pore connectivity results and the amount of
paraffin wax inside the samples (Table 1). The presence of main, connected pore
networks would be expected to contribute to a more effective flow path, but this was not
observed in terms of paraffin wax penetration inside the samples for the region of interest

studied (Rezanezhad et al., 2009). Differences in the chemical-physical properties of the
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paraffin wax (for example, surface tension, density, viscosity) in comparison to water and
the presence of small pores connecting parts of the main pore network might account for
this unexpected result (Lal and Shukla, 2004; Hillel, 2004; Turner et al., 1955). The
possibility of the analysis of the whole sample studied, which means to characterize the
pores in the border of the samples, could complement the results obtained and, perhaps
show some different relation between the amount of paraffin wax and connectivity.
However, it was not possible to analyze in our study the morphological properties of the

entire sample as earlier discussed.

The smallest tortuosity was measured for S6 (1.05) and the highest for S8 (1.14)
(Fig. 3e). High values of 1 are normally related to a more disconnected network
(Rezanezhad et al., 2009). Samples with the largest amount of paraffin (S5, S8, S9) were
also those with the largest 1 (Tables 1 and 3). However, the small values of 1 indicate
that there was no significant fragmentation of the mesopores and macropores, which is

in line mainly with the results of ENso2 (Katuwal et al., 2015; Pagenkemper et al., 2014).

The degree of anisotropy results indicate an isotropic soil porous system (Fig. 3f).
Small values of DA, close to 0, suggest a soil porous system that is isotropic and water
infiltration tends to be vertical. Values close to 1 suggest that the soil porous system is
anisotropic and water infiltration can occur parallel to the soil surface (Tseng et al., 2018).
The smallest DA value was in S4 (0.08) and the highest for S1 (0.27). In general, the
samples with the largest amount of paraffin wax inside them were also those with the
highest DA values (Table 1). However, the DA results should be used with caution in our
work because the soil dipped into the melted paraffin wax is subjected to flow from
different directions. The idea behind these results was try to find some relation between
the isotropy of the soil porous system and the possibility of paraffin wax ingress into the

samples.

3.3 Pore size and shape distribution (whole porous system)
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The volume of pores and their contribution to P considering the regions of the
porous space occupied with paraffin wax are presented in Table 3. Samples S5, S8 and
S9 were characterized by the largest amount of paraffin wax inside them. More than 40%
of this subset of samples (S1 to S9) had >20% of their volumes filled with paraffin wax,
which can affect the representativeness of sample volume or bulk density evaluation
(Grossman and Reinsch, 2002; Russell and Balcerek, 1944). The presence of cracks
and macropores can contribute to the penetration of paraffin wax (Casanova et al., 2016;
Goncalves et al., 2013; Sander and Gerke, 2007; Page-Dumroese et al., 1999; Schafer

and Singer, 1976).

To further consider the influence of the soil sample structure in the penetration of
paraffin wax, 3D pore size and shape distribution measurements were undertaken (Fig.
4). Values of normalized average P, PV and NP, as a function of the shape and size of
the pores, were obtained for the nine samples (S1 to S9) studied. It was observed in
each case that a single largest pore (>10 mm?) made the highest contribution to P, which
varied from around =92% (S6) to =97% (S8) (Fig. 4a). In relation to NP, the largest
number of pores was within the range of 0.0001 to 0.01 mm3, which varied from =93%
(S6) to =97% (S1) (Fig. 4b). Similar results were also observed in similar studies for

Brazilian tropical soils (Ferreira et al., 2018; Passoni et al., 2015).

The PV and NP variation patterns (results not showed in the paper) in terms of
shape were similar among samples (S1 to S9) (Figs. 4c-f). The largest contribution to
PV was from the unclassified pores, from =54% (S1) to =66% (S4), while the smallest
was for equant (S4: =3%; S1: =6%) and oblate (S4: =5%; S7: =6%) shaped pores (Fig.
4c). The same tendency was observed for NP, which demonstrates the relation between
PV and NP (Fig. 4d). In summary, the unclassified pores contributed to =61% of PV and

=77% of NP followed by the triaxial shaped pores (PV: =21% and NP: =10%) (Figs. 4c,d).

When the unclassified pores were not considered in the analysis (Figs. 4e,f), the

largest contribution to PV was for the triaxial shaped pores from =49% (S1) to =58% (S3),
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while the smallest was for equant (S6: =8%,; S1: =13%) (Fig. 4e). The objective of
excluding unclassified pores was to ensure the evaluation was only for those pores
classified by the shape index where paraffin wax ingress had taken place. The same
tendency was observed for NP, which demonstrates the relation between PV and NP

(Fig. 4f).

It is important to note that triaxial (laminar), oblate (disk) and prolate (channel)
pores have elongated shapes while equant are spheroidal (Bullock et al., 1985). Cracks
and thin fissures are usually associated with elongated pores, whereas fauna activity
and trapped air is associated with the spherical ones (Pagliai, 1984). As described early,
a large proportion of the pore space (=77% among samples) in this study were not
classified in terms of shape due to the extent of their complexity (Tseng et al., 2018;
Pires et al, 2017). Nevertheless, we noted that the pore size and shape distribution
results cannot completely explain the differences observed in the amount of paraffin wax
in the samples (Table 3). Therefore, a further analysis of the pore size and shape
distribution was performed considering only the regions of the sample pore space filled

with paraffin wax.
3.4 Pore size and shape distribution (regions filled with paraffin)

In terms of pore size distribution, the largest contribution to P was found for the
single, largest pore (>10 mm3), similar to the results of the whole soil porous system (Fig.
4a). Exceptions were S3 and S4 (results not showed in the paper), which had
contributions of =27% and =20% for these pore sizes (Fig. 4a). The samples with the
highest contributions were S5 (=83%), S8 (=96%), and S9 (=95%). In general, the
samples with the largest contribution of large pores to P were also those with the highest
amount of paraffin wax inside them (r=0.68, p<0.05) (Tables 1 and 3). Sample S7 was
an exception (results not showed in the paper), as it was characterized by the highest
NP (=93%) in the region of sizes of 0.1 to 1.0 mm? (Fig. 4b). As observed for the

contribution of large pores to P, in general, samples with the highest NP for pore sizes
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>1 mm? (S5: =19%; S8: =24%; S9: ~22%) were also those with the largest amount of
paraffin wax inside them (Figs. 4a,b). Large pores are very important and their key
function in the soil porous system is to facilitate the movement of air and drainage of
solutes (Lal and Shukla, 2004). Therefore, less energy is required to fill these pores with

paraffin wax (Kutilek and Nielsen, 1994).

For pore shape, the largest and the smallest contribution to PV and NP was again
observed for pores unclassified in terms of shape (PV: =86% and NP: =74%) (Figs. 4c,d).
This was expected because the largest amount of paraffin wax ingressed inside the soil
samples was found in the largest pores, which are characterized by their complexity (Fig.

2).

When pores not classified in terms of their shape were excluded, the largest and
the smallest contribution to PV was observed for triaxial (S3: =55%; S4: =93%) and
equant (S1: =0%; S6: =3%) shaped pores (Fig. 4e). The same tendency was verified for
NP (S3: =65%; S4: =87% for triaxial and S1: =0%; S8: =4% for equant) (Fig. 4f).
However, as observed in Fig. 4c, the largest proportion of pore volumes (=86%) filled
with paraffin wax was verified for the unclassified pores in terms of shape. A strong
positive correlation (r=0.72, p<0.05) was measured between the volume of paraffin wax
inside the samples and the percentage of unclassified pores. This means that the paraffin
wax tends to penetrate in the largest pores, which are also more complex. Similar to the
results for the whole soil porous system, there was a clear relationship between PV and
NP for the pores classified in terms of shape. This suggests pores of triaxial shape offer
less resistance to be filled with paraffin wax than the other shapes. Normally, this pore
shape is associated with fissures in the samples. In general, the samples with the largest
proportion of paraffin wax (S5, S6, S8) were also characterized by the most abundant
proportion of oblate and triaxial pore shapes (unclassified pores not included) in terms
of PV (r=0.56, p=0.15, S9 not included) (Fig. 4e). An exception was observed for S9,

which presented =31% of PV due to prolate shaped pores (results not showed in the
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paper). For NP (Fig. 4f), S4 followed by S9, S8 and S5 presented the largest proportions
of the contribution of triaxial shaped pores to NP (S4: =87%; S9: =77%; S8: =72%; S5:
=~71%). However, there was no a clear relation between the amount of paraffin wax inside

the samples and NP (r=-0.04).
3.5 Soil bulk density measurement

To evaluate the effect of the paraffin wax into the soil samples in BD
measurements we selected two groups of samples. The first (group 1) were clods
collected to evaluate the influence of the paraffin wax ingress when the paraffin-coated
method is used. The results show that the entrance of paraffin wax into the samples of
group 1 presented significant (p<0.05) changes in BD (Table 5). An increase of around
0.11 g cm™® was measured in BD after the entrance of paraffin wax. Different from
samples from group 3, the paraffin wax ingress into the soil samples from groups 1 and

2 were verified based on the visual examination and not by image analysis.

In order to verify that the BD increase was not influenced by the soil spatial
variability, we also carried out measurements of BD by the core method (samples of
group 2). These samples were later carefully removed from the stainless cylinders for
coating with paraffin wax. A reduction of around 25 cm? in the volume of the samples
analyzed was verified after their removal from the cylinders, which significantly increased
(p<0.05) their BD (Table 5). However, when the same set of samples (group 2) was
analyzed by the core method before coating, no significant (p<0.05) differences were
observed in the average BD (1.04 g cm™ — samples with no paraffin wax ingress and
1.03 g cm® — samples with paraffin wax ingress after coating), which means that the
differences were caused by the ingress of paraffin wax inside the soil samples (Figs. 1d
and 2) and not by their spatial variability. According to van Remortel and Shields (1993),
the ingress of paraffin wax into soil clods can reduce their measured volume, and,

consequently it results in a higher BD as observed in our results (Solgi et al., 2018).
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The differences observed in BD from samples from groups 1 and 2 (Table 5) are
because clod samples normally overestimates BD from 0.07 to 0.22 g cm™ in relation to
core samples, as has been previously shown in the literature (Solgi et al., 2018;
Casanova et al., 2016; Goncalves et al., 2013; Timm et al., 2005; van Remortel and
Shields, 1993; Blake and Hartge, 1986). This is based on the tendency of clods collected
to exclude pores between structural units. However, our results show that this
overestimation could be greater if paraffin wax penetrates into the samples during
coating as observed for samples of group 2 (Table 5). This result certainly depends on
the characteristics of the soil studied, however, similar findings were observed by Auler

et al. (2017) working with another Brazilian Oxisol.

An analysis of the image cross-sections revealed the samples with the largest
amount of ingressed paraffin wax had a considerable number of large pores close to
their borders (Fig. 2). This analysis was mainly based on visual analysis of the X-ray CT
images. This result means that samples with these characteristics are more susceptible
to paraffin wax penetration. To avoid this problem one suggestion might be to check the
quality of the aggregates before coating. Aggregates with a strong grade structure (well-
formed and durable) certainly have the smaller probability of paraffin wax be absorbed
deep into them than poorly formed and nondurable ones (Hirmas and Furquim, 2006;
Hillel, 2004). However, another possibility would be to increase the number of replicates
to minimize the influence of this problem. For instance, in this study we used a great
number of samples (n=36) and 75% of the coated samples did not present significant

ingress of paraffin wax deep into them.

Conclusions

The use of X-ray CT allowed us to verify the influence of different soil
morphological parameters (shape of pores, pore size distribution, porosity, number of
pores, connectivity, tortuosity and degree of anisotropy) in the amount of paraffin wax

ingress inside soil samples. We found positive correlations between the amount of



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

19

paraffin wax into the samples and their pore volume, tortuosity and degree of anisotropy
for the region of interest analyzed. Contrary to our expectation, no relation was found
between the volume of paraffin wax inside the samples and the porous system
connectivity, which can be associated with the volume studied by image analysis. Our
results showed that the samples with the largest contribution of large pores to porosity
were also those with the highest amount of paraffin wax inside them. The analysis of the
pores classified in terms of shape suggested that those with moderately to very flat and
moderately to very elongate shapes (triaxial shaped pores) had the greatest influence in
the ingress of paraffin wax into the samples. However, the largest pores, which were not
classified in terms of shape, had the great influence in the penetration of paraffin wax
inside the samples. For the soil samples analyzed, the soil bulk density was increased,
when the paraffin wax penetration into the samples was observed. This result is
associated to the lowering of the actual volume of the soil due to the ingress of paraffin
wax in the clod method used in this work. Thus, we have shown the paraffin-coated
method is prone to problems in measurements of soil bulk density due to the paraffin
wax penetration, though it does not apply to all soils and with careful selection of samples

and increased replication the impact could be minimized.
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Figure Captions

Figure 1. (a,b) Pictures of the sample coating with paraffin wax; (c) Picture of soil

samples submitted to coating; (d) Paraffin wax inside one of the soil samples.

Figure 2. 3D images of one of the samples (S8) impregnated with paraffin wax. The
three images on top represent the volume of pores, paraffin and solids, respectively. The
graph presents the grey level histogram for one of the cross-sections analyzed. Arrows

1 to 4 indicate large and connected macropores close to the border of the sample.

Figure 3. Micromorphological characteristics of the soil samples. (a) Porosity (P); (b)
Pore volume (PV); (¢) Number of pores (NP); (d) Volumetric Euler-Poincare

characteristic (EPCv); (e) Tortuosity (1); (f) Degree of anisotropy (DA).

Figure 4. (a) Normalized distributions of the mean porosity (Pn) in terms of different pore
sizes; (b) Normalized distributions of the mean number of pores (NPy) in terms of
different pore sizes; (c) Normalized distributions of mean pore volume (PVy) in terms of
the shape of pores; (d) Normalized distributions of the mean number of pores (NPy) in
terms of the shape of pores; (e) Normalized distributions of mean pore volume (PVy) in
terms of the shape of pores not considering the non-classified pores; (f) Normalized
distributions of the mean number of pores (NPN) in terms of the shape of pores not
considering the non-classified pores. The results are presented for the whole soil porous
system (m) and pores filled with paraffin wax (o). Bars indicate standard deviation of the

mean. EQ: Equant; PR: Prolate; OB: Oblate; TR: Triaxial.
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Figure 1. (a,b) Pictures of the sample coating with paraffin wax; (c) Picture of soil
samples submitted to coating; (d) Paraffin wax inside one of the soil samples.
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Figure 2. 3D images of one of the samples (S8) impregnated with paraffin wax. The
three images on top represent the volume of pores, paraffin, and solids, respectively.
The graph presents the grey level histogram for one of the cross-sections analyzed.
Arrows 1 to 4 indicate large and connected macropores close to the border of the sample.
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Figure 3. Micromorphological characteristics of the soil samples. (a) Porosity (P); (b)
Pore volume (PV); (¢) Number of pores (NP); (d) Volumetric Euler-Poincare
characteristic (EPCv); (e) Tortuosity (1); (f) Degree of anisotropy (DA).
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Figure 4. (a) Normalized distributions of the mean porosity (Pn) in terms of different pore
sizes; (b) Normalized distributions of the mean number of pores (NPy) in terms of
different pore sizes; (c) Normalized distributions of mean pore volume (PVy) in terms of
the shape of pores; (d) Normalized distributions of the mean number of pores (NPy) in
terms of the shape of pores; (e) Normalized distributions of mean pore volume (PVy) in
terms of the shape of pores not considering the non-classified pores; (f) Normalized
distributions of the mean number of pores (NPN) in terms of the shape of pores not
considering the non-classified pores. The results are presented for the whole soil porous
system (m) and pores filled with paraffin wax (o). Bars indicate standard deviation of the
mean. EQ: Equant; PR: Prolate; OB: Oblate; TR: Triaxial.
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Table 1. Pearson correlation coefficients among soil morphological parameters

studied
Property  no. 1 2 3 4 5 6 7 8 9
PV (mm?) 1 1.00
P (%) 2 0.99** 1.00
NP 3 -0.12 -0.16  1.00
PaVv (mm3) 4 0.68* 0.68* -0.04 1.00
EPCv 5 -0.38 -0.38 -0.12 0.31 1.00
Tavg 6 0.91* 0.91* -0.20 0.87* 0.09 1.00
DA 7 0.58 058 -025 0.67* 0.13 0.60 1.00
ENs 8 -0.40 -0.40 -041 0.18 0.45 -0.04 -0.07 1.00
EN>o.2 9 0.39 -0.39 -041 0.19 0.45 -0.04 -0.07 0.99** 1.00

PV (mm?): pore volume; P(%): porosity; NP: number of pores; PaV (mm?3): paraffin wax volume; EPCy: Volumetric Euler-
Poincare Characteristic; Ta,q: average tortuosity; DA: degree of anisotropy; Th (mm): macropore thickness; ENg: Euler
number (largest pore); ENso»: Euler number for pores larger than 0.2 mm?; *, ** significantly different at p<0.05 and p<0.01

Table 2. Morphological characteristics of the soil porous system (whole sample)
for pores larger than 0.2 mm3

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9
PVso.2 (Mm3) 5953 3841 3252 4621 5193 2762 5673 6291 6148
P>o0.2 (%) 218 1421 119 170 190 101 208 231 225

NP>o.2 9 50 41 33 21 64 15 33 23

EN>o2* -25 -9 -12 -21 -20 -9 -21 -11 -10

* All the values of ENsq, presented should be multiplied for x10*

Table 3. Volume of pores occupied by paraffin wax in the region of interest

studied
Sample S1 S2 S3 S4 S5 S6 S7 S8 S9
Ppa (%) 3.2 1.6 1.5 1.9 4.8 2.3 1.6 6.4 6.5
PaV (mm?3) 874 437 409 519 1310 628 437 1747 1774
% Vo 14.3 10.9 11.0 10.8 245 21.1 7.5 27.0 28.1

Ppa (%): porosity considering pores occupied by paraffin wax; PaV: paraffin wax volume inside the samples; % V..
percentage of the volume of pores occupied by the paraffin wax
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Table 4. Morphological characteristics of the pores filled with paraffin wax larger
than 0.2 mm3

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9
Ppa (%) 1.9 11 0.7 0.8 3.9 1.6 0.9 6.1 6.2
PaVv (mm?3 510 286 180 227 1073 444 253 1671 1680

NPpa 361 127 185 246 238 242 118 59 85

NPa: number of pores with paraffin

Table 5. Soil bulk density measured by the core and paraffin-coated methods

Sample type No paraffin wax ingress Paraffin wax ingress
BD (g cm3)
Group 1* 1.30 a 141b
Group 2** 124 a 1.33b

* Group 1: clod samples; ** Group 2: samples collected in cylinders (core method) and removed from the cylinders for
coating (paraffin-coated method); Means followed by same lower case letter were not significantly different (p<0.05) in
the comparison of BD for samples with and without paraffin wax ingress



