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ABSTRACT: Stony soils have been increasingly used for agriculture production; however, little
is known about their hydraulic properties due to problems, such as sample deformation and
hydraulic continuity between samples and suction devices when the sampling and measurements
are accomplished with traditional techniques. In this study, the traditional ring sampling technique
was replaced by the sampling of undisturbed soil blocks coated with paraffin wax to preserve
their structure. A saturated paste of fine-grained mineral particles was used to ensure contact
and hydraulic continuity between samples and suction devices (sand table and ceramic plates).
This allowed us to determine 30 water retention curves for three stony soils with coarse particle
contents (> 2 mm) ranging from zero to 69 %. The van Genuchten model was fitted to the
measured retention data and the root mean square errors were between 0.0034 and 0.0331
m® m3, with no outliers or odd behavior in the retention curves. These results showed that
consistent water retention curves for stony soils can be determined with the technique proposed.
Fine-grained minerals sandwiched between the surface of suctions sources and sampled blocks
improve hydraulic continuity between them. These techniques can be applied to determine water
retention properties in structured soil samples with coarse particles where it is unfeasible to
collect structured soil samples with metal sampling rings.
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Introduction

The growing demand for food has driven soil occupation
toward marginal soils around the world (European
Commission, 2015). Research on these soils has
increased worldwide in the last decades (Zhang et al.,
2016); nevertheless, little is known about the hydraulic
properties of stony soils (Zhang et al., 2016; Robertson
et al., 2021) due to the difficulty of measuring them in
samples from stony soils with rock (Novék et al., 2011).

The measurement of water retention properties
in stony soils using conventional laboratory equipment,
such as a sandbox (Stolte, 1997; Reinert and Reichert,
2006) or a pressure plate apparatus (Richards, 1965),
is hindered by two main problems: (i) it is usually
unfeasible to collect structured soil samples with rings
in stony soils and (ii) it is challenging to ensure a good
and continuous contact of soil samples containing stones
to the porous media (ceramic plate, filter paper, or sand
surface) used to apply tension and measure the water
retention properties. Some measurements of water
retention properties in stony soils sampled with metal
rings are available (Al-Yahyai et al., 2006; Baetens et al.,
2009; Khetdan et al., 2017; Ravina and Magier, 1984);
however, these determinations are possibly biased due
to unavoidable sample deformation during sampling
when pushing the ring into the soil or because small
cores may contain a representative volume of fragments
and fine-earth. Even more bias may be expected in
measurements of water retention properties performed
in disturbed samples of stony soils (Grath et al., 2015;
Gu et al., 2017). Thus, avoiding these challenges
could contribute to improving knowledge of stony soil
capability to hold and supply water to plants.
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Undisturbed soil blocks sealed with paraffin
wax or Saran resin is a technique used to preserve the
soil structure, mainly in stony soils (Soil Survey Staff,
2014a). The hydraulic continuity between soil blocks
and suction sources, such as sandboxes, tension tables
or pressure chambers, could be accomplished with a
moldable porous media with an air-entry value greater
than that in the applied suction. To address these issues
and improve techniques to determine the hydraulic
properties in undisturbed samples of stony soil, we
evaluated if the use of a paste of fine-grained sand and
fine-grained quartz sandwiched between the suctions
sources surface (sandbox and ceramic plate) and the
surface of undisturbed soil blocks partially coated
with paraffin wax enables the measurement of water
retention properties for stony soils.

Materials and Methods
Soils

Soils with coarse fragments (CF), particles with
apparent diameter between 2 and 200 mm, from three
sites (identified as A, B and C) in southern Brazil were
evaluated. The predominant soils are Typic Udorthent
in site A (29°30'22" S, 53°37'34" W, 477 m) and Typic
Dystrudept in sites B (30°14'2" S, 53°37'32" W, 271 m)
and C (30°48'31" S, 53°30'41" W, 309 m), according to
Soil Taxonomy (Soil Survey Staff, 2014b). These soils were
formed from igneous rocks (rhyolite or rhyodacite in site
A and granite in site B) and sedimentary (conglomerate
in site C). Currently, soybean (Glycine max L.) and oat
(Avena strigose Schreb.) are cropped in sites A and B,
while site C is covered by native grass.
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Sampling and paraffin coating and bulk density
determination

At the top of A horizon in each site, ten structured soil
blocks were collected at several locations (between 100
to 200 m apart) to consider the variability of coarse
fragments. Structured soil blocks were exposed by gently
excavating up to 0.15 m of the surrounding soil with a
knife, and shovel. After, the bottom part of the blocks
was detached from the underlying soil with a knife
and the blocks were wrapped with PVC food wrap and
taken to the lab surrounded by wood saw-dust inside a
box to minimize disturbance. At the same locations and
depths, soil material (disturbed samples) was collected
to determine the particle size distribution.

In the laboratory, the sampled soil blocks were
gently resized and shaped with a small knife to approach
their shape to a cube, which was more cumbersome in
samples containing large fragments (Figure 1). In these
samples, at least one guasi-flat surface was prepared as a
sample base, necessary to ensure good contact with the
porous medium used in tension or suction equipment,
such as sandboxes and pressure chambers. The final
size of samples was chosen (i) to avoid too large samples
that would take a long time to reach potential water
equilibrium in pressure chambers and (ii) to avoid too
small samples, non-representative due to the exclusion
of large coarse fragments. Sample volumes ranged from
354 to 1175 cm? the largest samples had the biggest
coarse fragments.

Figure 1 — Main steps used to determine bulk density and water retention.
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The main steps to determine the bulk density and
water retention are shown in Figure 1. A thin plastic rope
was tied around the soil blocks that were attached to a
thin plastic rope and weighed (M, ). Subsequently, the
blocks were immersed three times into melted paraffin
wax (~ 60 °C) until complete coating (Blake, 1965; Soil
Survey Staff, 2014a). The samples were again weighed
after paraffin solidification (M ). Then, the paraffin-
coated samples were held suspended by the plastic rope
and immersed in water inside a 1 L beaker, avoiding
any contact with the walls or bottom of the beaker. The
suspended weight (M,) was registered to determine soil
bulk density.

Based on the weights measured, the soil bulk
density (p,, kg m™) of the soil blocks was calculated by
using Archimedes’ principle according to:

My
W, +1
pb_%_Ml_MO (1)
Pa Pp

where: M (kg) is the mass of the unsealed sample
(without paraffin), W (kg kg™) is the mass-based water
content of the sample (see Eq. (6] below), M, (kg) is the
mass of the sealed sample (including paraffin); M, (kg
is the displaced mass of water by the paraffined sample
held suspended in water (Figure 1); p_ (1000 kg m)
and p, (900 kg m™) are water and paraffin densities,
respectively.
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As the sample should allow water inflow (for saturation)
and outflow (drainage on sand table and ceramic plate),
the paraffin covering the sample base was removed
and three small holes were opened in the paraffin at
the upper side of the sample (Figure 1). Samples were
"saturated” (the achievable degree of saturation with
this procedure) upside down in a tray with water to
reduce air entrapment and soil material loss from the
sample base. The water level was slowly raised to
promote saturation, mainly by a capillary rise. After 48
h, the sample mass (M) was recorded to determine its
effective saturation.

A paste of fine-grained sand was applied to the
sample base to ensure hydraulic continuity between
the sample and the sandbox surface. This fine-grained
sand had 7 % of coarse and very coarse sand (2.0-0.5
mm), 50 % of medium sand (0.5-0.25 mm), 39 % of fine
sand (0.25-0.10 mm), 3 % of very fine sand (0.10-0.05
mm) and 1 % of silt (< 0.05 mm). The paste of saturated
fine-grained sand of approximately 0.5 cm height firmly
attached the sample to the sandbox surface improving
the hydraulic continuity between them (Figure 1). A
piece of cloth screen was used between the sample
sand layer and the sandbox surface to minimize the
attachment of sand to the samples when removing
them from the sandbox. Water suction in the sandbox
was increased from zero (initially saturated) to 0.6 m
(a typical suction to distinguish macro and micropores).
It was kept at this value for 48 h (Gubiani et al., 2009).
After that, the mass of the samples with sand layer
was recorded (M, ], the samples were re-saturated as
previously described (upside down), and returned to the
sandbox. Water suction in the sandbox was increased to
1.0 m (a typical suction used to estimate field capacity)
and kept at this value for 72 h after which the mass of
samples with sand layer was recorded (M, J.

The fine-grained sand layer on the sample base
was removed and weighed (M, ). Samples were then
prepared to be submitted to the pressure apparatus. After
resaturation (upside down), fine-grained quartz was used
to ensure hydraulic continuity between the sample and
ceramic plate in the pressure apparatus (Figure 1). This
fine-grained quartz contained 2 % of coarse and very
coarse sand (2.0-0.5 mm), 1 % of medium sand (0.5-0.25
mm), 39 % of fine sand (0.25-0.10 mm), 32 % of very fine
sand (0.10-0.05 mm) and 26 % of silt (< 0.05 mm). The
air-entry value of the fine-grained quartz is not known,
but tests showed that its water potential (measured with
Teros 21 by Meter Inc) decreased to the corresponding
pressure applied in the pressure chamber. Samples were
placed on the porous plate and a 10 m pressure head
was applied. The mass of the samples with fine-grained
quartz (M, ) was determined after 30 to 40 d of pressure,
when water outflow was no longer detected. Next, the
fine-grained quartz on the sample base was removed
and weighed (M ). All remaining paraffin was also
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removed and weighed (M,) and the sample was oven
dried at 105 °C for 48 h and then weighed again (M.
In all steps, samples were carefully handled to avoid the
loss of their components (MFS, MQ, MP, and MD). Soil
particles that remained attached on the paraffin after
its detachment from the soil sample, the fine-grained
sand and the fine-grained quartz particles attached to
the sample base, were all carefully removed with a
soft brush and weighted together with the respective
component.

Volumetric water content at effective saturation
(0 ) and the suctions of 0.6 m (6, ), 1.0 m (0, ), and 10 m
(0,,) was calculated as:

(Ms —Mp — Mp) p,

0g = (2)
MD Pa
0. - Mo —Mps—Mp—Mp)py (3)
0.6 =
MD Pa
M;y-Mpc—Mp—-M
0, = (M0 Fid p—Mp)py (4)
D Pa
_ (Myo— Mg - Mp - Mp) p,
910 = M - (5)
D Pa

where: M, M, , M, M , M, M M, M, (kg), p, (kg
m™)and p_(= 1000 kg m™’) were all prev1ously described.
The mass-based water content W needed for p,

determination (Eq. (1)) was then calculated as:

W. = MO - MD
8 MD
Water retention at suctions higher than 100 m
was determined with a dewpoint water potential meter,
model WP4C (Decagon Devices, 2007). The WP4C
measures water potential from 0 to -1000 m with an
accuracy of -10 m and from -1000 to -30000 m with
an accuracy of 1 %. Measurements were performed as
proposed by Gubiani et al. (2021Db) for coarse soils. For
that purpose, all dried soil blocks were gently disturbed
to avoid the breakdown of coarse material. About 100 g
of this disturbed sample (DS) was sieved through a 4-mm
mesh. For soils with particles with apparent diameters
greater than 4 mm (sites A and C), the particles were
fractured to sizes smaller than 4 mm and then mixed
with the non-fractured particles smaller than 4 mm. The
mixed material was moistened and kept hermetically
sealed in the laboratory room for 24 h to allow water
redistribution (Campbell et al., 2007). Afterward, the
water-potential relation in the range -100 to -1000
m (four to seven measurements) was determined as
described in Gubiani et al. (2013), converting mass- to
volume base by multiplying by p,/p, .
The van Genuchten (1980) function [Eq. (7)] was
fitted to the data of each sample individually (6,0, 0, ,
0,,, and WP4C data) by minimizing the squared sum of
residuals with the PROC NLIN of the Statistical Analysis
System software (SAS Institute, 1999).

(6)
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1
0=0, + (0, — 6,1+ ("7 7

in Eq. (7), h (m) is the suction or absolute value of the
matric potential, 8, 6, and 6 (m®m™) are the estimated,
saturated, and residual water content, respectively, o
(m™), and n (dimensionless) are fitting parameters. 6
was also constrained to non-negative values (0 >0).

Particle size distribution

Disturbed samples were used to determine the particle
size distribution, separating between cobbles and coarse
gravel (CCG, 250 - 20 mm), medium and fine gravel
(MFG, 20 - 2 mm), coarse sand (CS, 2 - 0.25 mm), fine
sand (FS, 0.25 - 0.05 mm), silt (0.05 - 0.002 mm) and
clay (< 0.002 mm) (Schoeneberger et al., 2012). Sand,
silt, and clay were determined by shaking 20 g of the soil
fraction passed in a 2 mm mesh sieve in a solution of 1
mol L' NaOH with a horizontal reciprocating shaking
during (i) 4 h and with nylon spheres for soils of site B
and C (not containing fragile sand particles) (Suzuki et
al., 2015) and (ii) 2 h and without nylon spheres for soil
A, due to the presence of fragile sand particles (Gubiani
et al., 2021a). The sand fraction was separated by
washing the dispersed sample on a 0.053 mm mesh sieve
and the clay fraction was determined with the pipette
method (Gee and Or, 2002), while silt was calculated as
the remaining part after subtracting sand and clay from
the whole sample mass. To determine CCG and MFG
fractions, particles retained in the 2 mm mesh sieve
were immersed in a solution of 1 M NaOH and gently
stirred for 15 min. Next, the particles were washed with
water, dried at 105 °C for 48 h, sieved (20 mm-mesh),
and weighed.

Data analysis

A cumulative mean particle size distribution curve and
its standard deviation were used to show the particle
size distribution over the classes CCG, MFG, CS, FS, silt
and clay. The goodness of fit of Eq. (7) was evaluated
considering the root mean of squared errors (RMSE) and
the curve shapes were evaluated graphically.

Results

The fraction of particles within the six particle size classes
varied considerably among the samples of the three soils
(Figure 2). In all samples from site B, two from sites A,
and seven from site C, there were no cobbles and coarse
gravel particles (GCC, 250 - 20 mm). Medium and fine
gravel particles (MFG, 20 - 2 mm) were absent in two
samples from sites A. However, the fraction of particles
larger than coarse sand (CCG + MFG) ranged from 20 to
53 % at site A, 6 to 40 % at site B, and 7 to 48 % at site
C. A greater amount of coarse sand occurred in sites B
(28 to 48 %) and C (14 to 47 %), while site A showed a
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Figure 2 - Particle size distribution curves for sites A, B, and C. FS
= fine sand; CS = coarse sand; MFG = medium and fine gravel;
CCG = cobbles and coarse gravel. Solid lines correspond to mean
values, and dotted lines represent the mean + SD values. Vertical
lines represent the limit of particles classes.

greater presence of silt (24 to 63 %). The amount of clay
did not exceed 26 % in sites A and B and 17 % in site C.
Bulk density was around 1.20 g cm™ (+ 0.07) in site A
and around 1.60 (+ 0.05) g cm™ in sites B and C.

The van Genuchten model fitted well to the
retention data, with RMSE ranging from 0.0034 (site C)
t00.0331 m®* m™ (site A) and R2 ranging from 0.96 to 0.99
(Table 1). In this range, 80 and 60 % of the RMSE values
were below 0.010 m® m™ in sites B and C, respectively.
In site A, all RMSEs were greater than 0.010 m® m™ and
80 % were between 0.020 and 0.0331 m® m™. The values
of 0 ranged from 0.325 m® m™ (site B) to 0.585 m® m™
(site A), with a negative correlation (Pearson) with bulk
density (-0.99, p < 0.001). The large 0_in site A was
attributed to its porous rock fragments (around 0.4 m?
m™ of total porosity - data not shown). In only three
cases, 0 was different (slightly greater) than zero. There
was great variability in parameter o (0.263 to 48.240
m™), with values increasing from site A to C to B.
Parameter n varied between 1.115 and 1.601.

Typical “S" - shaped curves were obtained for the
three soils (Figure 3). The decrease in measured 0 (h) at
the transitions between equipment (h = 1 m in the sand
column to h = 10 m in the pressure chamber, and then
toh > 50 m in WP4) does not indicate any inconsistency
even in the curves with low-quality fits (red line). The
small variability of n and 6 _(Table 1) among the samples
of each soil is reflected in the approximation of the final
segment of the curves for values of 0 around 0.010 m?
m™in h of 1000 m (Figure 2), while higher o values in B
and C (Table 1) implied a more pronounced reduction of
0 at the start of the retention curve.

Discussion

Determining the water retention curve using data
from tension tables and pressure plate apparatus
unavoidably contains uncertainty, regardless of the
type of sample used. On the one hand, it is possible
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Table 1 - van Genuchten model parameters (Eq. 7) for each sample
of sites A, B, and C.

Sample 0, 0, o n(-) RMSE R?
mm3—— m! mé m=

Site A
1 0.550 0.000 0.382 1.338 0.0281 0.97
2 0.536 0.000 0.599 1.287 0.0274 0.97
3 0.544 0.000 0.495 1.311 0.0218 0.98
4 0.529 0.000 0.557 1.284 0.0208 0.98
5) 0.494 0.000 0.263 1.347 0.0125 0.99
6 0.585  0.000 1.240 1.279 0.0331 0.96
7 0.556 0.000 0.885 1.267 0.0226 0.98
8 0.584 0.000 0.666 1.282 0.0290 0.96
9 0.471 0.000 0.363 1.297 0.0239 0.97
10 0.493 0.000 0.264 1.316 0.0175 0.98

Site B
1 0.355 0.000 11.083 1.126 0.0088 0.98
2 0.325 0.071 15.387 1.181 0.0041 0.99
3 0.363 0.000 14.068 1.143 0.0054 0.99
4 0.345 0.000 14.044 1.115 0.0050 0.99
5 0.356  0.000 11.037 1.127 0.0061 0.99
6 0.346 0.000 48.240 1.136 0.0063 0.98
7 0.349 0.000 22,995 1.152 0.0078 0.98
8 0.367 0.000 11.836 1.136 0.0107 0.97
9 0.364  0.000 7.004 1.167 0.0108 0.97
10 0.327 0.000 3.397 1.154 0.0070 0.99

Site C
1 0.348 0.000 8.052 1.244 0.0046 0.99
2 0.377  0.000 7.868 1.233 0.0129 0.97
3 0.354 0.000 5.785 1.233 0.0111 0.98
4 0.367 0.000 18.248 1.214 0.0041 0.99
5 0.363 0.000 5.700 1.229 0.0058 0.98
6 0.342 0.000 5.447 1.210 0.0034 0.99
7 0.344 0.000 8.962 1.188 0.0054 0.99
8 0.365 0.000 5.123 1.206 0.0113 0.98
9 0.351 0.024 8.802 1.243 0.0032 0.99

10 0.390 0.071 2524 1601 0.0151 0.96
6, and 6, (m3 m™) are the saturated and residual water content, respectively,
a (m™), and n (dimensionless) are fitting parameters; RMSE (m3 m=) = the
root mean square error; R? = the coefficient of determination.

to precisely define the water tension in the porous
medium of the equipment. However, ensuring a
hydraulic continuum or potential water equilibrium
between the sample and the equipment is impossible.
The hydraulic continuum cannot be directly observed
during measurements and indirect confirmation
via measurement of the sample water matric
potential by tensiometers is complex and hardly ever
performed. Drilling regular holes in the samples to
insert tensiometers in soils with rock fragments is
even more challenging. Therefore, the h value in the
sample at the end of equilibration on the tension table
or pressure plate apparatus is uncertain. This shows
that several aspects related to curve fitting need to
be considered. Thus, retention curves obtained in this
study will be evaluated and discussed.
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Figure 3 — Soil water retention curves for all samples of sites A,
B, and C. The red and blue lines are the worst and best fit of
van Genuchten model (Eq. 7), and the red and blue dots are their
respective observed data used for fitting.

Incomplete water potential equilibrium, that is,
incomplete water extraction at each tension does not
necessarily result in visible deviations in the shape of
the retention curve. On the other hand, the fact that no
apparent deviation of data points is observed concerning
the fitted curve does not mean that observations
correspond to a perfect equilibrium. The 6 (h) curves
described by the van Genuchten equation (Eq. (7)) were
very close to the O measurements, even in the samples
with the worst fit (Figure 3) and the maximum RMSE
was 0.0331 m® m™ (Table 1). The RMSE range for the
soils in our study is similar to observations of fitting the
van Genuchten equation in soils of different textural
classes with (Grath et al., 2015) and without rock
fragments (Baetens et al., 2009; Armindo et al., 2019).

Nonetheless, good correspondence between
fitted and measured curves, expressed by a low RMSE,
may occur if a segment or the entire curve is affected
by incomplete extraction of water over adjacent data
points. The samples in our study showed no clear
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evidence that this may have occurred (Figure 3).
The relationship 6 (h) determined with WP4 (h > 50
m in Figure 3) is obtained by measuring both 6 and
h. Therefore, the segment 6 (h) determined by WP4
does not suffer from equilibrium issues and may be
considered more reliable (Gubiani et al., 2013; De Jong
van Lier et al., 2019), carrying less uncertainty than
the segment obtained in the sandbox and pressure
plate apparatus. If the segment obtained in a sandbox
and pressure plate apparatus decreases gradually and
coherently converges to the more reliable segment
determined by WP4 then the uncertainty for the sandbox
and pressure plate apparatus may also be considered
low. In the samples used in this study, all curves show
a gradual and coherent change of 0 between i, and
h _ and between h  _and h  (Figure 3).

There is also no evidence of incomplete
equilibrium when comparing the decrease in 0 of the
samples in our study with the decrease in 6 reported
in the literature for the same h intervals. For example,
between h = 0 and 0.6 m and between 1 and 10 m,
0 decreased by an average of 0.09 m® m™® and 0.07 m®
m™3, respectively. This decrease is slightly smaller than
the average decrease of 0 (0.13 m®* m™ and 0.08 m® m™®)
in the same h intervals above for the CRA of 13 soil
textural classes from the model database Hydrus-1D
(Simunek et al., 2005).

Another important aspect is that incomplete
equilibrium is more common at very high pressures,
such as 1 = 150 m (De Jong van Lier et al., 2019). In
our study, the highest h applied was 10 m. Therefore,
the evidence analyzed indicates that the fine-grained
sand and fine-grained quartz applied to the sample
base promoted enough continuity between the sample
and the porous media of the sandbox and pressure
plate apparatus, respectively. This strategy combined
with waterproofing of soil blocks with paraffin wax
allowed to determine coherent water retention curves
for undisturbed samples of stony soils, which contribute
to a better knowledge of their hydraulic properties.
However, this strategy may fail for soils with cohesion
insufficient to keep a structured soil block, such as soils
with high stone and sand contents. For these cases, a
modified method may be needed.

Conclusions

Consistent water retention curves for stony soils
can be determined with undisturbed soil blocks partially
coated with paraffin wax. Using a paste of fine-grained
sand and fine-grained quartz sandwiched between
the surface of suctions sources (sandbox and ceramic
plate) and the surface of sampled blocks ensured
hydraulic continuity between them at first glance. These
techniques can be applied elsewhere to determine
water retention properties in structured soil samples
with coarse particles where it is unfeasible to collect
structured soil samples with rings.
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