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ARTICLE INFO ABSTRACT

Laboratory measurements to derive the soil water retention curve, 8 (), are time consuming and expensive. We
present a cost-effective alternative using particle size distribution (PSD) and saturated water content. We pro-
pose a novel physical conceptual intergranular mixing PSD model (IMP model) which derives ¢ () from PSD,
exploiting the relation between particle size and pore size distributions and the intergranular arrangement of the
soil particles. The IMP model successfully predicts € (¥) for fine texture soil, which is the most challenging soil
texture to be modelled. With our novel model, reliable 0 () can be obtained using only three general fitting
parameters without needing to assume any particular type of soil particle packing, with mean Nash-Sutcliffe effi-
ciency coefficient of 0.92 for 259 soils. The IMP model can accurately predict 6 () for fine texture soils because:
a) it implements an intergranular mixing function that accounts for soil pores not all being perfectly spherical
and takes into consideration the intergranular rearrangement (mixing) of the particles, which allows neighbour-
ing particles to have different sizes resulting in variations in pore radius and pore shape of the corresponding
pore fraction; b) it overcomes the absence of PSD data for sizes smaller than the clay fraction by developing a
normalised form of the Young-Laplace capillary equation; and c) the residual pore volume accounting for water
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strongly bound to solid particles or in very small pores is incorporated as a function of the clay fraction.

1. Introduction

The soil water retention curve, 0 (¥), is fundamental in describing
the storage and transmission of water in the soil. The 0 (¥) relates the
soil water content, 8 [L3 L=3], to the soil matric potential or suction, ¥
[L], in a distinct relationship for different soils. The 6 (¥) is experimen-
tally determined by measuring the amount of water that remains in the
soil at a certain suction. Measurements normally range between satu-
ration and permanent wilting point 1500 kPa. Because laboratory mea-
surements are time consuming and expensive, estimations of the 6 ()
can alternatively be derived from soil physical properties. Different ap-
proaches include directly estimating points from the € (¥) (e.g. Balland
and Pollacco, 2008; Pollacco, 2008) or estimating the whole € ()
curve using empirical pedotransfer functions (McNeill et al., 2018;
van Looy et al., 2017) derived from surrogate soil measurements.

One promising approach is to derive the € () curve from the soil
particle size distribution (PSD), based on the similarity between the
cumulative particle size distribution, Y, PSD, and the cumulative pore size
distribution, Y, PoreSD, The latter corresponds to 6(w) (e.g. Arya
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and Paris, 1981; Chang et al., 2019; Mohammadi and Van-
clooster, 2011; Nasta et al., 2013).

PSD is a fundamental soil physical characteristic used for soil clas-
sification and for the estimation of other physical properties such as
hydraulic and thermal characteristics (Yang et al., 2019). The rou-
tinely-used sieve and sediment method for measuring PSD separates
larger particle fractions by wet-sieving, then smaller particle fractions by
sedimentation (Klute, 1986) and assumes sphericity of the individual
soil particles and a constant particle density for all size ranges.

Arya and Paris (1981) developed the first conceptual model to
derive 6 (y) from PSD using a semi-physical approach in which pore
size was associated with pore volume and determined by scaling the
pore length. Pore lengths based on spherical particles were scaled using
an empirical scaling parameter. Further formulations of this empirical
scaling parameter have been proposed to improve the prediction of the
0 (y) (Arya et al., 2008). Alternative semi-physical models have been
proposed using empirical parameters and specific assumptions relating
to the relationship between particle size and pore size. Nevertheless,
these approaches fail to predict & () from PSD for loamy and fine tex-
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ture soils (e.g. Haverkamp and Parlange, 1986; Zhuang et al.,
2001; Nimmo et al., 2007; Mohammadi and Vanclooster, 2011;
Chang et al., 2019).

To relate Y, PSD to Y, PoreSD and its corresponding 6 (), Moham-
madi and Vanclooster (2011) presented a simple physical-empirical
conceptual model to retrieve the 6 () from PSD. The soil is described as
an ensemble of particles of different sizes where, for each particle size,
the void ratio (the ratio of volume of voids to the volume of solids) is
related to particle size and the type of packing of the soil particles. The
size of the particle is related to the effective pore size that forms between
the particles, and the integration over all particle sizes then allows cal-
culation of Y, PoreSD as a function of Y, PSD. Several types of packing
were considered, including close-packed cubic, cubical tetrahedral, tetrago-
nal spheroidal, pyramidal, tetrahedral, and body-centred cubic. Finally, pore
size is related to ¥ through the Young-Laplace capillary equation to pro-
vide 0 (w).

However, in their approach, Mohammadi and Vanclooster
(2011) assumed the same type of packing for all particle sizes, making
the void ratio constant regardless of particle size. This is a common as-
sumption (e.g. Arya and Paris, 1981) that simplifies the derivation of
the 6 (w) when linking ), PSD to the equivalent Y, PoreSD, since the ratio
between particle size and pore size is constant when the geometry of the
pores is considered similar to the geometry of the particles. However, in
a soil the geometry of the pores can vary with the size of the particles,
leading to a variable relationship between the particle radius and pore
radius.

The purpose of this study is to develop a model that can account for
the possibility of a pore system formed by neighbours’ particles of dif-
ferent sizes. In this study, we hypothesize that the geometry of the pores
depends on the size of the soil particles and the intergranular mixing
between particles of different sizes. The intergranular mixing accounts
for the organisation of neighbouring soil particles of different sizes. We
therefore propose an intergranular mixing PSD (IMP) model. We revisit
the conceptual model of Mohammadi and Vanclooster (2011), con-
sidering the intergranular mixing of particle sizes, and propose an ex-
pression to account for it. The predicted 0 () from a set of PSD data
points using the traditional sieve and sediment method is compared to
the & (W) from laboratory data using the drying curve. The proposed
model is compared with the recent Chang et al. (2019) model, which
is currently one the models providing better agreement between 6 ()
from laboratory data and predicted ¢ () from PSD. This model outper-
forms that of Meskini-Vishkaee et al. (2014), a modification of the
Mohammadi and Vanclooster (2011) model that improved it by in-
cluding a soil particle scaling factor.

The manuscript is organised as follows: Section 2 outlines the the-
ory behind the proposed model, briefly describes the model used for
comparison, and the fundamental physical approach on which our inter-
granular mixing approach is based; Section 3 presents the experimental
data and the numerical computations used to derive 0 () from the labo-
ratory measurements and from the IMP model; Section 4 evaluates the
model performance and illustrates the relevance of the processes consid-
ered; and Section 5 summarises the key conclusions.

2. Theory

The X, PSD is divided into m fractions, depending on the measure-
ment method or available data. The mass ratio and the representative
particle radius for the i-th fraction are Wi [M M~'] and R; [L] respec-
tively (i < m). Solid particles within each fraction are packed consider-
ing uniform-sized spherical particles with the same bulk density as the
soil.

As proposed by Arya and Paris (1981), the volumetric water con-
tent 0; [L3 L™3] is obtained by summation of pore volumes that progres-
sively fill up with water from the smallest fraction to the correspond-
ing soil water content. The Y, PSD is used to compute ; by multiplying

Journal of Hydrology xxx (XxxX) XXX-XXX

the saturated soil water content, 6 [L3 L™3], by the cumulative mass ra-
tio of particles up to the i-th fraction:

i
0:=0,)w, &)
j=1

where 0, is the saturated soil water content and Wi is the mass ratio
which represents the particle radius for the i-th fraction, R; (i < m).

The determination of the € (y) relies on the fact that for a given ma-
tric potential, ¥i [L], only part of the pore fractions are activated. This
activation is ruled by the Young-Laplace capillary equation, which takes
the following general form (Tuller et al., 1999):

C;ycos®

W= —
! A[ 4 (2)

where Pw[M L~3] is the density of water, &[L T~?] is the acceleration
due to gravity, C; [L] and 4; [L?] correspond respectively to the circum-
ference and the cross-sectional area of the narrowest part of the pore
for the corresponding fraction, ¥ [M T-2] is the surface tension at the
air-water interface, and © [°] is the contact angle between the soil par-
ticle and the water. The ratio 4;/C; has the dimension of a length and
equals 7;/2 for a perfectly cylindrical pore of radius i [L]. Therefore, the
Young-Laplace capillary equation is written as:
_ 2ycos® Y

v pwE i T 3

where Y equals 14.9 mm? for pure water at 20 °C and a contact angle of
0° (¥ = 0.0728 kg 572, P = 998.2067 kg m~3, and & = 9.8067 m s2).

2.1. Chang et al. (2019) model

When Eq. (1) is used to compute the cumulative pore volume, the
residual pore fraction is greater than the corresponding clay fraction.
This is notable for small particle sizes that become embedded within the
pores formed by the larger particles, increasing the pore volume formed
by the smaller particles (which are protected from compaction) and re-
ducing the pore volume fraction associated with large particles, filling
up the space of bigger pores by small particles (Ferndndez-Géalvez and
Barahona, 2005).

To account for the increase in the pore volume by the smallest parti-
cle size (corresponding to the clay fraction), Chang et al. (2019) intro-
duced an empirical relationship derived for a range of contrasting soil
textures taken from the UNSODA database:

0, = 6,Clay"
0, =0+ €SZ;:2 <w,- — (Clay" - Clay) Z,;V‘ )
A

="

with # optimised

fori>1 C))

where 7 [-] is a fitting parameter (found equal to 0.516), 61 [L3 L=%] is
the residual pore fraction and Clay [M M~!] refers to the percentage of
the clay fraction. To relate pore radius, 7, to ¥, Chang et al. (2019)
used a linear relationship between 7 and associated particle radius, R,
using the scale factor of 0.3 as indicated here:

Vi= 03k (5)

Although Chang et al. (2019) improved estimates of 0 (¥) com-
pared to the Mohammadi and Vanclooster (2011) model and its
scaled version (Meskini-Vishkaee et al., 2014) specifically developed
for the van Genuchten (1980) hydraulic model, it still shows poor pre-
dictions for silty soils, which we will address in this paper.
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2.2. Mohammadi and Vanclooster (2011) model

For each particle fraction, Wi, with a representative particle radius,
R;, the assemblage of these particles forms a pore fraction for which
the pore radius, i, can be geometrically related to the particle radius.
In a close-packed cubic assemblage for a particle radius R;, where eight
spherical particles contribute to each assembly, the pore volume for a
single assembly is the total volume of the assembly, (4R,.)3, minus the
solid volume of the corresponding spherical particles, 8 (47:R?) /3. This
assumption implies that neighbouring particles are of similar size within
each particle fraction.

To account for alternative structures where the number of spherical
particles contributing to a single assembly differs from eight, Moham-
madi and Vanclooster (2011) introduced a coefficient that depends
on the state of packing, Pyare. Therefore, the void ratio, e [-], of the as-
semblage takes the following form:
(4Ri)3 = 8Pure (4”R?) /3 _ 6 —nP

state

e= (6)
8P (47R3) /3 7Poate
Then,
6 6
Pstate=m = ;(1—¢) @

where ¢ [—] is the total porosity and e [-] is the void ratio which re-
lates to the solid particle density, #s [M L=3], and the soil bulk density,
Py [M L3, by:

— Ps — Py
Pp @)
Mohammadi and Vanclooster (2011) assumed that for soil parti-
cles in the i-th size fraction, particularly for a close-packed cubic assem-
blage with uniform-size spherical particles of radius R;, the ratio C;/4;
is:

2”RiPsla/e _ 27[Pstale

C(r) - (k) @R ©

G
4;

For other types of soil particle packing, the ratio can be written in its
general form as:

C, PP

i typet state
A_i —Ri (10)
where Pype [] describes the packing type, which Mohammadi and
Vanclooster (2011) found to have an average value of 7.3, correspond-
ing to close-packed cubic packing. Pype can vary between 2.866 and
19.470, depending on the geometric characteristics of the packing of the
soil particles, which are assumed to be spherical. Different particle size
fractions may have different types of packing, which then modifies the
number of spherical particles devoted to each assemblage.
Mohammadi and Vanclooster (2011) compute ¥ for a general
pore with cross-section shape in the soil by:

statePtype Y coS (€]

R; wg
P,.P. Y

state” type

= —ZR,- (11)
3 =) Pyt
7R;

i

V=
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Considering Eq. (3), this leads to the following relation between par-
ticle radius, R;, and pore radius, ’i:

2R, R
7.

T PowePpe 31 -B) Py 12

state

Eq. (5) is similar to Eq. (11) with similar scale factors when Piype
corresponds to the close-packed cubic packing.

2.3. Novel model to predict 0 () from PSD

Using principles of soil physics, the uncertainty associated with the
packing type is eliminated by constraining the total volume of spherical
pores to the soil water content at saturation, ;. The maximum amount
of water in the soil system for perfectly spherical pores (¢ = 0) can be
calculated from the sum of all pore volumes up to the maximum pore
size using the following expression:

m
05 = 4% mr 13)
J=1
where 7 [M~!] is the number of spherical pores for each fraction of the
pore size distribution and & [—], with values in the range [0-3[, accounts
for soil pores not all being perfectly spherical (¢ is further discussed in
Section 2.3.1). For the limiting case when & = 0, the pores are perfectly
spherical (Pollacco et al., 2017, 2013) and neighbouring particles are
of similar size (Mohammadi and Vanclooster 2011).

The number of spherical pores for each pore fraction is assumed to
be equal to the number of spherical particles for each fraction, which is
corrected by ¢, and therefore calculated dividing the mass ratio by the
total mass of the corresponding fraction:

3w

J
n, =
J 4’”}st3 14

where for the calculation of 7 for each &; it is assumed that #s is equal
for all particle sizes.
Combining Eq. (13) with (12) and (14) gives:

1 ju 3—¢&m :
0y=—| 777—7F5— w.R
) (3(1 - ¢)P,ym> “ 77 (15)
from where Pype can be isolated:

L

b 1 < e\
Pype = m<0_2ijj ) (16)

prj=1

The soil water content of the i-th fraction, ¢;, can be obtained from
successive summations corresponding to particle radius up to i-th, as for
the total volume of pores in Eq. (13):

i
_ 4z 3-¢
0, = 3 4 nr; a7
J=1

Replacing i by R; using Eq. (12), substituting "% from Eq. (14), and

Py from Eq. (16) leads to:

i —<
Tk,

0- = 9 m——f
ik,

i s

18)

When & = 0, this expression reduces to Eq. (1).

Standard PSD measurements lack data below 0.001 mm effective ra-
dius, limiting the practicality of deriving 6 in dry conditions (high ¥
). The residual particle size fraction that accounts for the contribution
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of the residual soil water content, 0 pss [L3 L=3], is limited by the small-
est measured particle fraction, which can be related to the clay fraction
(e.g. Pollacco et al., 2008b; Chang et al., 2019). Therefore, for a
better estimation of the soil water content the expression is modified to:

i —<
ik

—¢
ZLwR;

01‘ = (9s - 0,, psd) + 0/’ psd 19

The relationship between 9, pss and the soil clay fraction is described
in Section 2.3.2.

The soil matric potential corresponding to particle radius up to the
i-th fraction, ¥i, is described by Chang et al. (2019) and Mohammadi
and Vanclooster (2011) in the form of the Young-Laplace capillary
equation using quite similar scale factors as those in Egs. (5) and (11),
respectively. Because routine methods cannot measure particle sizes
smaller than the clay fraction, expressions based on the Young-Laplace
capillary equation fail to describe ¥ for pore fractions corresponding to
smaller particles assemblages as shown in Fig. 1. For example, for Ryn

= 0.001 mm gives ¥ = 500 kPa, which does not take into account the
large suction corresponding to the very small pores. Therefore, an alter-
native normalized expression of the Young-Laplace capillary equation
is proposed, in which a linear relation between pore radius and particle
radius is considered:

Y_ v oy
_ Ti ""Max
Vi=Y¥pay Y Y

"Min ""Max

A
3=yt 3U=$)Pype¥

_ nR; TRy f4x
= VM| S0P, S0P yY 20
7R yfin TRyfax
11y
R Ryar
R

Rytin - Rutax

where ¥umax represents the maximum value of the matric potential,
which corresponds to a value marginally larger than wilting point and
is set to 1600 kPa to account for the feasible range of matric potential;
Y from Eq. (3) corresponds to the constant in the Young-Laplace capil-
lary equation (14.9 mm?); "Max and "Min are the maximum and minimum
pore radius; Ryux and Ry, are the maximum and minimum particle ra-
dius determined experimentally; and 4 is a shape parameter to account
for the fact that the correction for ¥ only applies for the smaller parti-
cles.

—_— =1
1,500 ] = =1
—Y /03R
__ 1,000
%
500
. %E \\_&__
103 10-2 10-! 10°

H;‘ [mim]

Fig. 1. Soil matric potential as a function of soil particle radius as in Eq. (20) with ¥Max
set to 1600 kPa for 4 equals 1 (blue), 4 equals 2 (orange), and by the classic approximation
using the Young-Laplace equation (cyan) as in Chang et al. (2019). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 1 compares different expressions that relate ¥ to R based on
the Young-Laplace capillary equation used by Chang et al. (2019)
(Eq. (5)) and the normalized form (Eq. (20)) for cases when 4 equals 1
and 2. Ry, corresponds to the clay particle size with an effective radius
below 0.001 mm. The proposed normalized expression differs from the
classic approximation at smaller particle sizes. For A = 1 differences can
be seen from the very fine sand fraction (particle radius below 0.1 mm),
while for 4 = 2 the curves start to diverge from the very fine silt frac-
tion (particle radius below 0.003 mm), which gives a better physical de-
scription of ¥ such that at Rys = 0.001 mm then ¥ = 1500 kPa.

2.3.1. Novel intergranular mixing function from PSD

As previously indicated, & in Eq. (19) is interpreted as a correction
to account for the fact that not all soil pores are perfectly spherical. We
modify ¢ such that it could be interpreted as an intergranular mixing func-
tion that accounts not only for the non-spherical shape of the soil pores
but also for the intergranular rearrangement (mixing) of the particles in
a soil. Therefore, we hypothesise that & could be expressed as a function
of effective R; using the following expression, which is introduced into
Eq. (19):

£(R) =& exp (—Ri_52> @1

where ¢ [-] and &, [-] are intergranular mixing parameters to account
for intergranular mixing of the particles depending on their effective
size. Pores formed between particles may be of different sizes; we con-
sider that small pores are surrounded by small particles and larger pores
are surrounded by large particles, while medium size pores consist of a
mixture of small and large particles.

To illustrate this concept, Fig. 2 plots RER)

: as a function of R&;,
where Ri_g(R") is the weighting function applied to "i in Eq. (19) as a
function of R; for optimal values of &; and &». The bell shape results
in larger corrections for moderate particle sizes (in Fig. 2, at around
0.02 mm). Moderate-sized particles result from a mixed size range of
particles (polydisperse), decreasing the passages of the pore system
(Pollacco et al., 2013, 2017), and therefore requiring a higher suction
for the water to be drained, with a consequent higher correction. The
arrangement of the soil particles in a unit volume can have neighbour-
ing particles of different sizes, which results in variations in pore radius
and pore shape of the corresponding pore fraction.

The bell shape can be shifted depending on the degree of mixing
(Fig. 2), where increasing smaller particles in a “polydisperse soil”

results in higher mixing. When the amount of smaller particles in-

).12

8,000 — 6 =1107; £

n

LCh

6,000

4,000

R YR

2,000

10-# 102 10!
R, [mm]
i |

Fig. 2. Theoretical shape of the weighting for the X PSD, using the intergranular mixing
function to transform PSD into 6 (), as a function of particle radius (Eq. (21)) for opti-
mal values of ¢ and & (blue) and by increasing & (orange). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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creases, the correction spreads to a wider range of larger particles (that
is, the width of the bell increases). In order to take this effect into ac-
count, we vary &, based on the PSD using the following proposed ex-
pression:

V4
& = fexp (ﬁzzwi) (22)
i=1

where #1 [-] and B> [-] are two additional fitting parameters and 7 is a
particle distribution fraction that is selected such that &> is correlated to
the optimal &> derived for individual soils.

2.3.2. Deriving 0, from PSD

The residual soil water content, 0, [L3L3], is a parameter indicat-
ing the amount of water left in the soil at relatively high suction. It can
be derived as a fitting parameter from the 6 (). Fixing 0, to a constant
value close to zero results in significant errors in the estimation of € ()
, especially for soils with significant clay fraction (e.g. Lee and Ro,
2014; Mohammadi and Meskini-Vishkaee, 2013). Therefore, pre-
dicting 0, from PSD is required.

For the estimation of 8, and subsequently a better prediction of the
0 (w), a relationship between the residual pore fraction and clay content
is derived as follows:

0, psd = erimax (1 —€exp (_al' C]ayaz)) (23)

where 8 max is the maximum value allowed for 6, that was found to be
satisfactory when set at 0.25, and %1 [-] and ®2 [-] are two empirical pa-
rameters. This is described in Fig. 3.

3. Material and methods
3.1. Experimental data

3.1.1. Sites, soils, and profiles description

Soil samples (n = 259) corresponding to 46 soil profiles were col-
lected in Canterbury, New Zealand. Sampled sites included irrigated and
non-irrigated pastoral farming land, mostly grazed by dairy cattle, but
including mixed sheep and cattle grazed pastures. Rainfall across the
sites varied from 550 to 800 mm per year. Soil parent material was sed-
iments derived from quartzo-feldspathic hard sandstone, deposited as
either river alluvium or windblown loess (Landcare Research, 2019;
Schmidt et al., 2005). Previous research has shown these sediments
to have a relatively consistent mineralogy across the region, with the
sand fraction dominated by quartz and feldspar, and the clay fraction by
mica and chlorite (Bruce, 1984; Rijkse, 1985). This relatively consis-
tent parent material across the sample set is an advantage for develop
the theory underpinning the IMP model, because it minimizes the pos-
sible complex effects of contrasting mineralogy on the soil hydraulic
functions, as well the effects of more complex mineralogy on the relia-

0.25 —
—
0.2
§ 015
5 0.1
= 5.10-2 ) = 16; as =
—a =16; as =3
— a1 =24; aa =2
0 —a =24; ax =3

0 01 02 03 04 05 06 07 08
Clay [gg7"]

Fig. 3. Theoretical shape of the model corresponding to - »s as a function of the soil clay
fraction as in Eq. (23) with 6 max set to 0.25 for different sets of ®1 and ®2 parameters.
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bility of laboratory measurements, such as shrink-swell clays or amor-
phous volcanic minerals (Allbrook, 1993; McNeill et al., 2018). Al-
though beyond the scope of this paper, the IMP approach taken here
should be adaptable to account for the effects of different mineralogy on
pore geometry, because it explicitly incorporates the effects of intergran-
ular mixing of particles of different sizes.

All soils in this study had at least 60 cm depth of fine earth soil
material, with most sites classifying to the Pallic soil order in the New
Zealand Soil Classification (Hewitt, 2010), correlating in Soil Taxon-
omy to Haplusteps and Humustepts great groups. Fourteen sites had
younger soils that classified to the Recent soil order (Hewitt, 2010),
correlating to Haplusteps and Ustifluvent great groups. Variation of par-
ticle size occurs in these soils due to factors such as the distance from the
river source (coarser textures near source), nature of deposition (loess
soils often have a higher silt content), and degree of weathering, with
older soils having more compact subsoils and sometimes greater clay
content due to argillisation processes.

Soil was sampled in 10 cm increments to 60 cm depth. At each incre-
ment two soil cores were collected, a large core of 589 cm® (10 cm diam-
eter by 7.5 cm depth) used for unsaturated hydraulic conductivity mea-
surements, and a small core of 59 cm3 (5 cm diameter by 3 cm depth)
used for water retention measurements. At the same depth increments
and immediately beside the soil cores, a bulk sample was collected for
particle size and chemistry measurement. To ensure consistent soil mois-
ture conditions at all sites water was infiltrated two days prior to sam-
pling.

For each core that was sampled, a column of soil was created by sit-
ting a core liner on the soil surface and carefully carving down around
the core with a sharp knife, leaving the core sitting on a pedestal a few
mm wider than itself. Soil core liners were slowly and carefully pushed
down into the soil, while trimming the sides of the pedestal. This process
prevented any disturbance or damage to the soil structure, ensuring that
the properties of the cores that were analysed were the same as the soil
in situ at the sampling site.

All cores were immediately wrapped in plastic film, packed into
crates with foam lining and stored at 4 °C until laboratory measurement
could occur.

3.1.2. Soil physical measurements

Soil core preparation, bulk density, particle density, water retention
and unsaturated hydraulic conductivity were measured at the Manaaki
Whenua national soil physics laboratory, following the standard meth-
ods used in New Zealand (Gradwell, 1972; Gradwell and Birrell,
1979; Claydon, 1989). These methods are summarised below.

Particle density was determined for each depth increment as de-
scribed in Gradwell and Birrell (1979). Particle density values ranged
from 2.52 g cm? to 2.75 g cm® (standard deviation of 0.05 g cm3), with
topsoil values slightly lower than that found in subsoil.

Bulk density was measured for both large and small cores, following
the water release and unsaturated conductivity measurements. Dry soil
weight was measured after oven drying at 105 °C for 24 h. Despite the
differences in sample volume, the correlation between large cores and
small core bulk density measurements shows a coefficient of determina-
tion of 0.842 with a deviation from the 1:1 line lower than 0.5% (slope
0.995).

The particle size distribution of the soil fine earth fraction
(<2.00 mm) was measured by wet sieving and the pipette method, as
described in Claydon (1989). Samples were pre-treated to remove or-
ganic matter and calcium carbonate if necessary, and then dispersed
by ultrasonic vibration and a chemical dispersant agent. The coarser
fraction (>0.063 mm) was wet sieved, dried and shaken through a
stack of sieves between sizes 2.00 mm and 0.063 mm. The remaining
soil <0.063 mm was suspended in a column and, after initial shak-
ing, pipette samples are drawn at various times from a set depth to
determine the concentration of particles, following Stokes’ equation.
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The soils collected had Loamy silt, Sandy loam, Silt loam and Silty clay
texture classes according to New Zealand soil classification (Milne et
al., 1995). Fig. 4 presents the textural triangle corresponding to the
collected samples.

Water retention values were measured at 0.4, 0.7, 1, 5, 10, 20, 40,
100 and 1500 kPa for the small cores. Measurements <10 kPa suction
were on high flow ceramic plates, with suction applied by a hanging
water column. Measurements above 10 kPa suction were made using
pressure chambers (Gradwell and Birrell, 1979). Additional measure-
ments taken on large cores at 5 and 10 kPa showed high correlation with
values obtained for the small cores with coefficients of determinations
of 0.883 (slope 1.007) and 0.892 (slope 1.001), respectively.

For representativeness and to better capture the soil structure, the
large core bulk density data were used to convert gravimetric soil wa-
ter content into the corresponding volumetric values. Saturated water
content, 0, was obtained from the soil porosity, ¢, derived for the large
cores using the soil particle density and bulk density. The ; is related to
¢ by a multiplying factor representing the ratio of measured saturated
water content to calculated porosity out of the measured bulk density,
0y = €, where € is set to 0.95, slightly increasing the goodness of the fit
of the hydraulic parameters. For a limited number of samples with wa-
ter retention value at 0.4 kPa higher than porosity, the small core bulk
density was used instead.

To measure unsaturated hydraulic conductivity the large cores were
trimmed, saturated and then equilibrated to 0.1, 0.4, 0.7 and 1 kPa
suction with a Buchner funnel apparatus, as described in Cook et al.
(1993). Unsaturated hydraulic conductivity was then measured using
disc permeameters set to equivalent suctions for each measurement
(Cook et al., 1993).

3.2. Kosugi hydraulic model

The 0 (y) is often expressed as a close-form unimodal function rep-
resenting the relationship between 6 and ¥ (e.g. Brooks and Corey,
1964; Clapp and Hornberger, 1978; van Genuchten, 1980).
Among these functions, the one proposed by Kosugi, (1996) has the ad-
vantage of having parameters with a direct physical meaning in relation
to the soil pore-size distribution (e.g. Hayashi et al., 2009; Pollacco
et al., 2013, 2017). The unimodal lognormal distribution of pores in
the soil matrix leads to the Kosugi model for the 6 (y):

Iny — In
6= % (6,-9,) erfc( v Wm> +0, (24)

V2

where 0, is the residual volumetric water content, erfc is the comple-
mentary error function, while ¥ [L] and o [-] are the shape parame-
ters of the water retention curve. In a physical sense Iny,, refers to
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Fig. 4. Textural triangle for the soils of the studied area.
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the median of the lognormal distribution of the matric potential, which
corresponds to the logarithmic median of the effective soil pore radius
through the Young-Laplace capillary equation, Inr,,, and o is the stan-
dard deviation of the log-transformed soil pore radius. The unsaturated
hydraulic conductivity function for the Kosugi model can be written as:

2
1 —1 c
K (S,) = K /S erfc| —erfc 28, + — 25
) (2 < «5)) 9

where K [L T7!] is the saturated hydraulic conductivity and Se [-]

refers to the effective saturation.
0-0

S, = -

¢ 09.-0

s r

(26)

Values derived from the fit of the experimental data to the Kosugi
hydraulic model for the individual soils are considered as observed data
for the fitting of the PSD models.

3.3. Objective function and goodness of fit

The fitting process used to estimate the parameters used a robust
global optimizer BlackBoxOptim (https://github.com/robertfeldt/
BlackBoxOptim.jl) written in the Julia language (Bezanson et al.,
2017). This procedure used an objective function and goodness-of-fit
defined in the following sections.

3.3.1. Inverting procedure to derive 6 () from experimental data

The minimization process between the observed and the fitted val-
ues used an objective function, OF}4 (see below), that includes infor-
mation from both the water retention 6 () and hydraulic conductivity
K () data, in order to avoid problems of non-uniqueness. The In trans-
formation in the second term of the OF}, puts relatively more weight on
the lower values of K (f) to minimize the bias toward high conductivity,
and also takes into account the larger uncertainties in measuring K (9)
as it increases (Pollacco et al., 2013). The feasible range of parameters
used for the fit is set according to Fernandez-Galvez et al. (2019).
The OFjg is computed as follows:

OF,

! 2
S (0o, — 0w

)
S (00~ ) 27)
)

S (10 (14 KO, ) =0 (1+K(O), ) )2
+

bl (1n (1 + K(e)(,bsi> —1In (1+K(8),y) )2

where / and £ refer to the total number of experimentally measured
data for the water retention and the unsaturated hydraulic conductivity
curves respectively. 9W)oss; and K(@)ops; correspond to the experimen-
tal values measured for the 6 () and hydraulic conductivity function,
respectively, and O(W)ig, and KOy, correspond to fitted values of the
Kosugi model. The fitted soil hydraulic parameters are therefore ¥m, o,
0, and Kj; 0, is obtained experimentally from bulk density.

The goodness of fit of the measured water retention data to the 6 ()
using the Kosugi model was assessed using the Nash-Sutcliffe efficiency
coefficient, NSEq(,), as follows:

/ 2
Zi:l (Q(W)obsi - H(W)kgl,)
NSEgqy) =1~ 2 (28)
Zf‘:] (0(W)ob.ri - Q(W)obs)

where / corresponds to the total number of data points experimentally
measured in the 6 (w), 9W)obs, corresponds to the experimental val-
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ues measured to derive the 8 (), and 9k, corresponds to the val-
ues derived from the fitted Kosugi model. A similar approach is used
to quantify the goodness of the fit for K (0) using the corresponding
NSEk ) with the hydraulic conductivity values.

3.3.2. Inverting procedure to derive v (8) from PSD

The minimization process between the “observed” e(W)kg,- derived
from the fitted Kosugi model and the fitted PSD models described in
Table 2 used the following objective function, OFs:

OFpua = 3 (00 g~ 001, ) 29)

i=

where m refers to the total number of data points of the PSD data. The
capability of the different particle size distribution models to predict the
experimentally determined € (w) is also evaluated using the Nash-Sut-
cliffe efficiency coefficient, NSEH(W,,Sd, defined as follows:

S (00, — 0 )

pyam (0("’)kg,- - M)Z

NSEqqy),, = 1= (30)

where m corresponds to the total number of data points in the 0 (w)
, 0W)ig, corresponds to the laboratory values fitted to the 6 (w) using
the Kosugi model, and O(R) psq, corresponds to the estimated value of the
0 (y) from the corresponding particle size distribution model described
in Table 2.

4. Results and discussion
4.1. Experimental data and fitting of the laboratory 6 ()

Table 1 summarises the statistics of the prominent measured soil
physical properties (s, P and 0y) and fitted Kosugi hydraulic parame-

ters (K, ¥m, o, and 6,) derived by minimizing OFkg (Eq. (27)) using
laboratory measurements. The highest variability occurs for In K, indi-

Table 1
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cating the wide range of permeability of the studied soils. The variabil-
ity of In v, and o, close to 20%, illustrates the range of the hydraulic
properties of the studied soils. The goodness of fit of the observed data
to the Kosugi hydraulic model (Eq. (28)) is equally good for ¢ () (Eq.
(24)) and K (v) (Eq. (25)), with mean NSE values of 0.92 (SD 0.09) and
0.94 (SD 0.10), respectively.

4.2. Derive 0, from PSD

Fig. 5 (left) shows the relationship between the estimated 0, values
derived from the fit of the experimental data to the Kosugi hydraulic
model (observed, 0, k) for the individual soils as a function of the clay
content and the estimated 0, values predicted with Eq. (23) from clay
(predicted, 0 psa). The NSE coefficient between the observed and pre-
dicted values is 0.60, with optimal ®1 and ®2 parameters equal to 16.02
and 2.01, respectively for the studied soils. Fig. 5 (right) shows 6, ob-
served and predicted values closely align to the 1:1 line. Predicted val-
ues from Eq. (23) slightly overestimate 0, compared to the fitted values,
with a slope equal to 0.98.

4.3. Intergranular mixing function from PSD

—£(R;)
(Fig. 2) when ¢ is described by Eq. (21) were found to be highly corre-
lated. & is less sensitive than &> to both the amplitude and the location
of the maxima in the weighting applied to the X PSD. Therefore, | was
kept constant at an optimal value for all soils, while &, was derived for
every soil sample from Eq. (22) (Table 2, step 4). For the soils stud-
ied, &2 was highly correlated with Y, PSD = 0.003 mm particle radius (
P =2in Eq. (22), corresponding to particle sizes up to the very fine silt
fraction). The NSE coefficient between &, values obtained for individ-
ual soils (Table 2, step 3) and predicted values of &> derived from Eq.
(22) is 0.49, with optimal values of #i = 0.09 and f> = 0.95, and an
associated §; = 9.04 (Table 2, step 4). These three parameters are the
optimised IMP model parameters obtained for the soils studied.

The fitting parameters £; and & describing the bell shape of R

Soil physical properties and fitted Kosugi hydraulic parameters to laboratory measurements. Mean, standard deviation (SD), coefficient of variation (CV), maximum and minimum values

for the 259 soils studied.

Ps [g em 3] P [gem ~3] 0 [em 3 cm 3] In K, [emh 1] In y,, [ecm] o[-] 6, [ecm 3 cm 3]
Mean 2.66 1.44 0.44 2.42 5.98 2.56 0.15
SD 0.05 0.16 0.06 1.81 1.04 0.50 0.06
CV (%) 1.90 10.93 12.81 74.63 17.35 19.48 37.33
max 2.75 1.81 0.61 3.77 8.70 4.30 0.25
min 2.52 1.00 0.33 -3.52 4.38 1.40 0.00
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Fig. 5. Fitted (observed) values of 0, from experimental data and predicted with Eq. (23) from clay for the studied soils (left), together with the comparison between the fitted and the

predicted values of 0, (right).
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Table 2
Model development steps to derive 6 () from PSD and associated VSEo(),,, (mean and
standard deviation).

NSEg(y)q
Mean SD
Chang et al., 2019 0.53 0.32
0, =0,Clay" with 7 optimised
0,=0,+ 952 > (w — (Clay" - Clay) Z,,, m fori>1
- _r
Vi= 03z,
Model development steps Mean SD
1. Normalised Young-Laplace capillary equation for ¥ 0.48 0.30
due to limited range of the smallest PSD and nor- =1 G=1
malised ¢ from PSD corrected for non-sphericity of soil 0.85 0.22
particles =2 n=2)
0,=0, Tk .
;= s ;& optimised
1o\
R Rpax .
V= V/Max'< T 1 > >¥ Max
Rin  RMax
= constant and A
=1lor2
2. Residual pore volume for 6 due to limited range of the 0.85 0.17
smallest PSD
0, = (BS -0, ,,Sd) ?ml / j_$ +0, a3 & optimised
Oy poa = O max (1 —eXPg ay- Clay®2))
1 1
RI R» fax
V= W [1”1] W aga (constant and A,
Riin Rifar
=2)
3. Intergranular mixing of soil particles depending on 0.88 0.16
their size
TR
=£)exp ( ) £, and &, optimised
Oy psa = Or_ax (1 —exp( ay- Clay™))
1 1
w;= WMax'[I:me 1Y 1 (constant and A
Rytin - Ritax
=2)
4. Intergranular mixing of soil particles depending on 0.92 0.08
their size as a function of PSD
T wRE
6;= (6, =6, p) ﬁ +0, psa

E(R)) =& exp ( R 2), &) optimised
& = f exp (ﬂZZf;lw,) ; B and f3, optimised for p

O psd = O max (1= exp (= Clay™))

11 4
Vi = Wi (M) $ Watax = constantand A = 2

Rin Riax

For illustration purposes, Fig. 6 (left) shows X, PSD for two soils with
contrasting texture (fine and coarse texture soils). Fig. 6 (right) relates
Y PSD at 0.003 mm particle radius (marked with a vertical dashed line
in Fig. 6 left) to & (Eq. (22)). As expected, the slope of Y, PSD up to
the fine silt fraction increases with the amount of clay and fine silt. This
results in a decrease in the general slope of X, PSD when passing from
fine texture to coarse texture soils, which is directly related to the shape
of the 6 (). For sandy soil the 6 (w) is steeper than for a clay soil. Com-
puted values of &> for the individual soils as a function of the X, PSD up
to the 0.003 mm particle radius are plotted together with the fitting cor-
responding to Eq. (22) (Fig. 6, right).
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4.4. Physical processes to derive 0 () from PSD

For each progressive step of the model NSEG(W),M steadily increases
and SD decreases, (Table 2), showing that taking into account further
processes improves model performance. The processes taken into ac-
count at each model development step are outlined below:

Step 1: Normalised Young-Laplace capillary equation for ¥ due to
limited range of the smallest PSD and normalised 6 from PSD corrected
for non-sphericity of soil particles

The first step derives the ¢ (¥) from PSD data by calculating 6 from
a normalised expression of the Y, PSD scaled by 9 and corrected for the
non-sphericity of the soil particles (Eq. (18)) through & optimised for
all soils. The simplification of the soil pore system to perfectly spherical
pores (¢ = 0) reduces the performance of derivation of 0 () from PSD
since soil pores are not perfectly spherical. ¥ is computed from R using
the normalised expression of the Young-Laplace capillary equation (Eq.
(20)), resulting in a significant improvement when increasing 4 from 1
to 2 to account for the larger suction corresponding to the small pores.
This correction considers the limitation in describing the smallest pore
sizes from the smallest particle size fraction (clay) when assuming simi-
larity between Y, PSD and 6 (). The corresponding optimal values are &

= 0.79 for A = 1 (MSEp),,,=0.48) and & = 0.08 for 4 = 2 (VSEow),,
= 0.85). The improvement in the model when 4 = 2 with { = 0.08
suggests that pores are almost spherical. These results already outper-
form alternative attempts presented in the literature (e.g. Mohammadi
and Vanclooster, 2011; Meskini-Vishkaee et al., 2014; Chang et
al., 2019).

Step 2: Residual pore volume for 6 due to limited range of the small-
est PSD

The soil porous media is able to retain water that is strongly bound
to solid particles or in very small pores that remain in the soil at a suc-
tion higher than 1500 kPa. Therefore, introducing a residual pore vol-
ume considered as a residual soil water content slightly increases the
model performance (SD reduced from 0.22 to 0.17). The improvement
by using a residual pore volume, considered as a residual soil water con-
tent and related to the clay fraction by Eq. (23), is not reflected in the
mean value of the NSEe(w)psd because it is more sensitive to errors in
large pores than in small pores.

Step 3: Intergranular mixing of soil particles depending on their size

The mixing of soil particles is affected by the particle size. This is
considered in Eq. (21), where optimizing ¢; and &> for all soils improves
the prediction of the 0 (y) from PSD. This confirms that soil particle
arrangements in the soil can have neighbouring particles of different
sizes, which results in variations in pore radius and pore shape of the
corresponding pore fraction. In fact, the particle radius represents an ef-
fective mean radius for each of the particle fractions. The optimal values
for &1 and &> are 11.07 and 0.12, respectively. The weighting applied to
the X} PSD to translate it into the 6 () has the form of a bell shape with
larger corrections applied in the middle range of the particle sizes, be-
cause statistically higher mixing occurs for effective mid-sized particles.

Step 4: Intergranular mixing of soil particles depending on their size
as a function of PSD

It was found that &1 and &2 in Eq. (21) are highly correlated, with
R than £,. Additionally, &5 is cor-

related to the amount of particles below 0.003 mm radius, allowing &>
to be derived from PSD using Eq. (22). This improves the estimates of
6 () from PSD using only 3 parameters: f1, > (to derive &>), and ¢1.
Therefore, the IMP model can accurately predict 6 () from experimen-
tal measurements of PSD and 6.

&> showing higher sensitivity to R,
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Fig. 6. (Left) X, PSD as a function of R for selected soil samples with contrasting soil texture. Y, PSD at 0.003 mm particle radius is highlighted (vertical dashed line) as it is directly related
to &2. (Right) Values of &> obtained for individual soils as a function of X, PSD up to 0.003 mm particle radius (violet) and relationship described by Eq. (22) (cyan). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.5. Model performance to derive 0 () from PSD

The proposed IMP model (Table 2, step 4) is compared to the Chang
et al. (2019) model. The residual pore fraction used in Chang et al.
(2019) is related to the clay fraction by a power function for which they
obtained a fitting value of 7 equal to 0.52 for a data set including clay
to sandy soil textures. Optimising this fitting parameter for our studied
soils gave 7 = 0.55, which slightly increased the model performance.
Nevertheless, the Chang et al (2019) model gave considerably less
robust agreement between the observed and predicted 0 () (NSEBW),,M

= 0.53 and SD = 0.32) compared to our novel model with optimized
B, B2 and & (NVSEo(y),,y = 0.92 and SD = 0.08). Chang et al. (2019)
pointed out the limitations of their model for silty soils, and therefore
the significant amount of silt in the soils in this study will have con-
tributed to the poorer agreement of their model. Increasing silt content
contributes to more intergranular mixing of soil particles, which results
in wider variations in corresponding pore shapes and sizes. Therefore, a
stronger correction needs to be applied at this particle size range to de-
rive 0 (w) from PSD for silty soils.

The IMP model performs very well for all soil groups (Table 3),
with marginally worse performance for sandy loam (NSEH(,,,)M = 0.87),
which may be due to the small sample size. The IMP model was remark-
ably successful making predictions for loamy and silty soils, which are
considered to be the most difficult soils to be modelled (Chang et al.,
2019; Fernandez-Galvez et al., 2019; Haverkamp and Parlange,
1986; Mohammadi and Vanclooster, 2011; Nimmo et al., 2007;
Zhuang et al., 2001).

Although we were able to successfully model € (), we were not able
to directly compare the optimal hydraulic parameters from the Kosugi
model (or any other hydraulic model) derived from the 6 () derived
from laboratory measurements with the hydraulic parameters derived
from the IMP model. This limitation arises because equally good com-
binations of hydraulic parameters could be derived, which are “sets of
truly linked parameters” (Pollacco et al., 2008a, 2008b; Pollacco
and Angulo-Jaramillo, 2009; Ferndndez-Galvez et al., 2019

Table 3

NSEG(W),,,\.[, coefficients for the soil texture groups for all studied soils.
Soil texture Number of soils NSEH(V),M

Mean SD

Loamy silt 12 0.93 0.09
Sandy loam 9 0.87 0.06
Silt loam 212 0.93 0.08
Silty clay 26 0.94 0.05
Total 259 0.92 0.08

). This is because the IMP model derives ¢ (¥) but no estimate is pro-
vided for K () to act as a constraint for the resolution of non-unique-
ness. This issue will be the subject of further investigation.

Examples for each of the soil texture groups (Fig. 7) show the IMP
model predicts similar € (¥) to those derived from laboratory measure-
ments. In general, the deviations between observed and predicted 60 ()
are random and small (Fig. 7d).

The bell shape of the weighting function (Fig. 7c) accounts for the
intergranular mixing of particles. The location of the mode depends on
soil texture and shifts within the silt particle size range. As indicated
in Section 2.3.1, the displacement of the mode is related to the de-
gree of intergranular mixing of the soil particles. Increasing smaller par-
ticles in a “polydisperse soil” results in higher intergranular mixing and
therefore, the correction spreads to a wider range of larger particles (the
width of the bell increases). As expected, for Sandy loam soils the mode
shifts towards the smaller silt sizes, while for silty clay soils the mode
shifts towards the larger silt sizes.

5. Conclusions

This paper develops a novel, physically based, intergranular mixing
PSD model, (IMP), which derives 0 () from traditional PSD data. The
model exploits the relationship between particle size and pore size dis-
tributions and the intergranular arrangement of the soil particles. The
IMP model successfully predicts ¢ () for fine texture soils, which are
the most challenging soil textures to be modelled. Reliable estimates of
0 () can be obtained in a cost-effective way from PSD and ¢; using only
three general fitting parameters (mean Nash-Sutcliffe efficiency coeffi-
cient 0.92 for 259 soils) without requiring an assumption of soil particle
packing type.

The IMP model can accurately predict ¢ () for fine texture soils be-
cause a) it implements an intergranular mixing function that accounts
for soil pores not all being perfectly spherical and takes into considera-
tion the intergranular rearrangement (mixing) of the particles, which al-
lows neighbouring particles to have different sizes resulting in variations
in pore radius and pore shape of the corresponding pore fraction; b) it
overcomes the absence of PSD data below the clay fraction by devel-
oping a normalised form of the Young-Laplace capillary equation; and
c) the residual pore volume accounting for water strongly bound to the
solid particles or in very small pores is incorporated as a function of the
clay fraction. This leads to the conclusion that to compute € (¥) from
PSD the proposed model only requires 5 to calculate 05 and three gen-
eral fitting parameters 81, £> to compute $2, and ¢.

Despite of the excellent agreement between the water retention
curve derived from laboratory measurements and from the IMP model,
it was not possible to compare the derived hydraulic parameters due to
the problem of non-uniqueness. This issue needs be the subject to fur-
ther investigation by the hydrological community. Further work is also
recommended to test and calibrate the IMP model on a wider range
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Fig. 7. Examples of model performance to derive 8 (¥) from PSD for each of the texture groups shown in Table 3: a) X, PSD, b) PSD, c) normalised weighting function modulating Y, PSD
to account for intergranular mixing as a function of particle radius (the arrow indicates the location of the mode), and d) fit of € (¥) derived from laboratory (experimental values and
optimal fit to the Kosugi model in red) and from the IMP model (derived values and optimal fit to the Kosugi model in blue). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
of soils with different parent material and mineralogy.
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