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Abstract

Many anthropogenic soils, often referred to as red bed or purple soils, are distributed
in various areas of southern China. Purple soils typically are highly weathered and
often lead to natural and engineering hazards because of their relatively poor water
retention properties. Knowledge of the unsaturated soil hydraulic properties of purple
soils is crucial for their optimal management and various assessment studies. In this
work, the hydraulic properties of purple soils from southern China were measured
in the laboratory over the full moisture range using a combination of evaporation
(HYPROP) and psychrometer (WP4C) approaches. Measured data were analyzed
in terms of four different unimodal and bimodal soil hydraulic models. The mea-
surements and analyses showed that bimodality was not overly significant for most
samples. The good fit of the Peters—Durner—Iden models furthermore suggested
that corner and film flows were important under relative dry conditions. Existing
soil pedotransfer functions were found to provide a fairly close match for the slope
of water retention curves with the exception of near saturated water contents and
the saturated conductivity. To the best of our knowledge, this is the first time that

unsaturated hydraulic data of purple soils are provided over the full moisture range.

1 | INTRODUCTION

Abbreviations: BiVG, bimodal van Genuchten; BiVGPDI, bimodal van
Genuchten-Peters—Durner—Iden; VG, van Genuchten; VGPDI, van

Genuchten-Peters—Durner—Iden.

Purple soils in the Soil Genetic Classification of China are
lithologic soils developed from purple sedimentary rocks by
weathering and erosion (Zhong et al., 2019). They are mostly
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classified as Regosols in the Food and Agriculture Orga-
nization taxonomy system (FAO, 1988) and as Entisols in
the United States Department of Agriculture taxonomy sys-
tem (He, 2003; Wei et al., 2006; Soil Survey Staff, 2022).
Geologically, purple sedimentary rocks originated from “red
beds,” which refers to red-colored sedimentary strata, includ-
ing sandstone, mudstone, and shale, formed during different
geological periods (Meng et al., 2023; L. Yan et al., 2019).
For this reason, purple soils are also known as red bed soils
(Turner, 1978), although the term “red bed” is used only min-
imally in the US soils and hydrology literature. Red beds are
spread all over the world, especially in tropical and subtropical
areas (X. C. Zhang et al., 2017; Zhou et al., 2019), includ-
ing the humid areas of southern China (L. B. Yan & Milica,
2019). Purple soils, owing to their high fertility, hold signif-
icant importance for agriculture (Wei et al., 2006). However,

due to their special structure and low water retention prop-
erties, natural or engineering problems such as landslides,
unstable rock formations, and droughts often occur in red bed
soil areas (Sun & Kong, 2011; Y. Wang et al., 2017; L. Yan
et al.,, 2016; P. Yan et al., 2021; Z. T. Zhang et al., 2020).
Knowledge of the unsaturated hydraulic properties of purple
soils is important for understanding and predicting these haz-
ards (Iverson, 2000; H. L. Wang et al., 2015; Wu et al., 2018;
Zhao et al., 2015). However, there are a limited number of
unsaturated hydraulic data of purple soils available, while no
systematic analyses of unsaturated hydraulic properties have
ever been reported. The lack of reliable unsaturated hydraulic
data significantly restricts accurate hazard predictions related
to purple soils.

Typically, the constitutive soil hydraulic properties include
the soil water retention function relating the water content (6)
with the pressure head (/) and the hydraulic conductivity (K)
as a function of 6 or h. Many laboratory methods have been
developed over the years to determine the hydraulic proper-
ties of soils (Dane & Hopmans, 2002; Novak & Hlavacikova,
2019). Among these, column outflow and evaporation meth-
ods have been used widely to simultaneously obtain pressure
head and unsaturated conductivity data (e.g., Hopmans et al.,
2002; Kool et al., 1985; Wendroth et al., 1993; Zhuang
etal., 2017). Early versions of the evaporation method usually
involved measurements of the evaporation rate and the pres-
sure head at multiple depths of the sample (Simiinek et al.,
1998; Wendroth et al., 1993; and references therein). A new
popular semiautomated evaporation setup is the HYPROP
system of the METER Group, which was designed to con-
tinuously collect tensiometer readings at two depths from the
evaporating surface as well as corresponding sample weights
during the entire evaporation process (Peters et al., 2015;
Schindler et al., 2010). The HYPROP system has been used
recently to obtain unsaturated hydraulic data of a range of soils
and rocks (e.g., Coelho et al., 2017; Lipovetsky et al., 2020;
Schindler, 2014; Shokrana & Ghane, 2020).

Core Ideas

* Hydraulic properties of Chinese subtropical pur-
ple soils (Regosols and Entisols) were measured
experimentally.

* The data were analyzed in terms of unimodal and
bimodal unsaturated soil hydraulic functions.

* Bimodal porosity was not found to be overly
significant for most samples.

* Pedotransfer functions closely matched the slope of
the water retention curves, except near saturation.

As noted above, a comprehensive and precise understand-
ing of unsaturated hydraulic properties is essential for many
evaluations related to purple soils. However, to the best of our
knowledge, there are few experimental unsaturated hydraulic
data in current literature covering the full moisture range. The
aim of this study is to offer a systematic experimental analysis
of the unsaturated hydraulic properties of purple soils. For this
purpose, we collected six soil samples from Nanxiong Basin,
a typical red bed area in southern China (P. Yan et al., 2021).
The hydraulic properties were measured over the full mois-
ture range by combining HYPROP evaporation data obtained
at relatively wet and intermediate moisture contents with psy-
chrometer dew point (WP4C) measurements at relatively dry
conditions. The data were analyzed in terms of unimodal and
bimodal unsaturated soil hydraulic models and also compared
also predictions obtained using pedotransfer functions.

2 | MATERIALS AND METHODS

2.1 | Materials

The purple soils were collected from Nanxiong Basin
(Figure 1), located in Shaoguan City, northern Guangdong
Province, China, between coordinates of 114° 29’ 50°* to 114°
33”30’ Eand 25° 13’ 23"’ t0 25° 16’ 57’ N. Nanxiong Basin
is a typical red bed area in southern China.

The soil samples, denoted as PS1 through PS6, were
collected in situ from the surface horizons of six sites in
Nanxiong Basin. Microscope images (Sigma 300) of the
samples are presented in Figure 2. The purple soil parti-
cles typically exhibited a relatively rounded morphology, with
rough and uneven surfaces. The mineral composition (X’ Pert
PRO MPD, Nalytical) of a typical purple soil is shown in
Table 1. Table 2 provides an overview of selected proper-
ties of the soil samples, which were determined mostly after
the HYPROP measurements. Soil organic matter was mea-
sured by oxidation with potassium dichromate (K,Cr,05).
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quently, we derived water content and hydraulic conductivity
directly or inversely from the sample weight and the pres-
sure heads (Peters et al., 2015). Following the experiments,
the soil samples were oven-dried to obtain corrected dry
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FIGURE 1 Map of Nanxiong Basin in Shaoguan City, Northern

Guangdong Province, China.

Saturated hydraulic conductivities were determined using the
constant-head method (Reynolds et al., 2002), yielding values
within the range of 24-82 cm/day.

2.2 | Experimental procedures

We determined hydraulic properties of the soil samples using
a combination of the evaporation (HYPROP) and the psy-
chrometry (WP4C) methods. For the HYPROP measurements
in the intermediate and relatively wet region, we used the
standard setup as described in the operational manual by
METER (2015). The collected samples were first saturated
overnight, ensuring the soil surface gleamed with water to
confirm their complete saturation. The saturated samples sub-
sequently were mounted directly onto the sensor unit. Two
tensiometers of different lengths were inserted from below
into the 5-cm soil columns. While the upper surface of the
soil samples was exposed to air for evaporation, the entire
setup (including sensor unit and soil sample) was positioned
on a mass balance to record evaporation rate data. Subse-

The HYPROP system was used to obtain hydraulic data
exclusively in the relatively wet range (i.e., for pF < 3, where
pF is defined as log; |Al with 4 representing the pressure head
in cm). This limitation stems from the bubble entry properties
of the tensiometers. The WP4C dew point method (METER)
was subsequently used to obtain water retention data in the
relatively dry region. WP4C psychrometers measure the sum
of matric and osmotic (negligible) potentials during equi-
libration of liquid-phase water and vapor-phase water in a
sealed container (Bittelli & Flury, 2009; Solone et al., 2012).
The dimensions of the WP4C sample container were 1 cm
in height and 4 cm in diameter. When packing the saturated
soil samples into the container, we ensured that the porosities
matched those used for the HYPROP system. The upper sur-
face of the initially saturated WP4C samples was exposed to
evaporation, thus creating primary drying conditions similar
to those of the HYPROP measurements. Pressure heads of the
samples were measured every 15 min, while water contents
were determined gravimetrically until negligible changes in
the sample weights were observed. The WP4C measurements
were deemed reliable within the approximate range of pF
= 4.0 (=10* cm pressure head) to pF = 6.5 (about —3.1 X
10* cm pressure head) (METER, 2021). All experiments were
conducted under constant temperature and humidity condi-
tions, employing degassed deionized water to saturate the soil
samples.

2.3 | Soil hydraulic models

The van Genuchten (VG) model (van Genuchten, 1980) and
several other VG type models were used for analyses of the
data. The standard VG soil hydraulic property expressions are
given as follows:

S (= 0(h)—06, 1 W
T 0,—0,  [1+ |ah|"]”
K(S,) = KsSel[l - (1 —Sel/m)’”]2 )

where @ is the volumetric water content, 6, and 6, denote satu-
rated and residual water contents, respectively, S, is effective
water saturation, & is the soil water pressure head, K is the
hydraulic conductivity (here given as a function of S,), K| is
the saturated hydraulic conductivity, and @, n, m (m = 1 —
1/n), and [ are quasi-empirical shape parameters.
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FIGURE 2 Microscope images of the purple soil samples.

TABLE 1 Mineral composition of a typical purple soil.

Illite/mont-

Quartz K-feldspar Albite Pyrite morillonite Illite Kaolinite Chlorite
78.4 0.50 3.00 1.30 4.75 5.16 5.65 1.24

Note: Total mineralogical composition in mass %.

TABLE 2 Soil physical properties of the six purple soils used in this study.

PS1 PS2 PS3 PS4 PS5 PSe6

Soil organic matter (g/kg) 22.24 +2.35
Mean particle diameter, ds, (mm) 0.45 0.57 0.52 0.55 0.59 0.60
Uniformity coefficient, C, (dgy/d,) 5.27 3.78 4.13 4.19 3.79 425
Saturated hydraulic conductivity, K, (cm/day) 82.0 24.0 82.0 75.0 55.0 53.0
Porosity (-) 0.51 0.44 0.47 0.48 0.45 0.47
Bulk density (g/cm?) 1.30 1.48 1.40 1.38 1.46 1.40
Sand (%) 76.7 75.7 72.8 71.4 80.9 78.8
Silt (%) 10.0 5.5 15.5 16.8 1.0 4.3
Clay (%) 133 18.8 11.7 11.8 18.1 16.9

The above VG functions represent a unimodal-type
hydraulic model that mainly considers capillary flow. To
capture the possible bimodal nature of the purple soils, dual-
porosity VG type models were also employed. For the bimodal
functions, we used the water retention formulation initially

proposed by Durner (1994) and later extended by Priesack and
Durner (2006) to the hydraulic conductivity:

0 (h) - 9r _ wi + Wy
05 - er [1 + |a1h|"1]m] [1 + |a2h|"2]m2
(3)

S, (h) =
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K(S,)=K

N

where w; (i = 1, 2) represents weight factors attributed to the
macropore and micropore regions, respectively (with w; 4+ w,
=1), and a;, n;, and m; (i = 1, 2) are shape parameters for the
bimodal model, with m; = 1 — 1/n;.

To account for film, corner, and vapor flow at the lower
water content levels, we extended the unimodal and bimodal
VG models to a broader pressure head range by incorporating
the van Genuchten-Peters—Durner—Iden (VGPDI) formula-
tion (Iden & Durner, 2008; Peters & Durner, 2008; Peters
et al., 2015). In the VGPDI model, an additional fitting
parameter, pFg., is to be optimized based on the experi-
mental measurements. Optimizations were conducted using
the HYPROP-FIT software (METER, 2015; Pertassek et al.,
2015). Several statistical parameters, notably the root mean
square error (RMSE) and the Akaike information criterion
(AICc), were used to evaluate the models. Their respective
equations are given by:

®)

AlCc

=2k—2L+[2k(k+l) ©)

n—k—1

n;

where n, is the number of measurements; y; and y;“ are the
measured and fitted values, respectively; k denotes the num-
ber of fitting parameters in the model, and L is the logarithmic
likelihood. The Akaike information criterion with a correc-
tion (AICc) is typically negative, with larger absolute values
indicating a superior fit of the model.

3 | RESULTS AND DISCUSSION

Figure 3 shows the observed HYPROP and WP4C water
retention data of the six purple soil samples. The HYPROP
measurements covered water contents up to pF = 3, while
the WP4C measurements contributed data at the drier range.
The measured data were fitted using four different mod-
els: the original VG model, the bimodal van Genuchten
(BiVG) model, the VGPDI model, and the bimodal van
Genuchten-Peters—Durner—Iden (BiVGPDI) model. Values of
the saturated water content were held constant as individually

“

(wl(xl + w2a2)2

measured data for all optimizations. The resulting parameter
values and statistical analyses are presented in the Supporting
Information.

The measured and fitted retention curves for PS1 are
shown in Figure 3a. Except for some minor oscillations in
the water retention data near saturation, the observed reten-
tion data were quite uniform, with no discernible evidence
of showing bimodality. The optimized water retention curves
yielded nearly identical results within the wet moisture range,
while showing only minor differences in the relatively dry
range, particularly when using the VG and BiVG models.
The VGPDI and BiVGPDI models exhibited significant over-
lap and good agreement with the water retention data. The
resulting fitting parameters and accuracy analysis are included
in Table S1. The parameter RMSE,, in the table is the root
mean square error values for water content and AICc is the
Akaike information criterion. As anticipated, the BiVGPDI
model, with its greater number of fitting parameters, predicted
the observations best among the four models. However, it is
noteworthy that the VGPDI model, despite its fewer fitting
parameters, also described the data very well.

The measurements for sample PS2 did not exhibit dis-
tinct bimodal patterns (see Figure 3b). Regarding the water
retention optimizations, the VG function showed some dis-
crepancies with the measurements, while the BiVG results
displayed a slightly more bimodal shape than what appears
to be evident in the data. The VGPDI and BiVGPDI mod-
els both closely matched the measurements. Based on the
accuracy analysis in Table S2, the BiVGPDI model again
showed the best fit with the data, with the VGPDI model
also performing well, albeit with minimally larger deviations
with the data. One caution is needed about the BiVGPDI fit.
This function showed a bimodal shape between HYPROP
and WP4C data, where few data were present. It is likely
caused by considerable uncertainty in the macropore side
of the bimodal functional description. This suggests that
overparameterization may be an issue in this case.

The water retention data of PS3 exhibited a more dis-
tinct bimodal pattern (see Figure 3c). Regarding the fittings,
discrepancies are apparent between the VG model and the
measured data. The BiVG model described the water reten-
tion data much better. The VGPDI and BiVGPDI models both
showed notable enhanced agreement with the measure data
although they did not fully capture the bimodal characteristic
(see Table S3).
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Measured and fitted water retention curves of purple soils using various hydraulic models. BiVG, bimodal van Genuchten;

BiVGPDI, bimodal van Genuchten-Peters—Durner—Iden; VG, van Genuchten; VGPDI, van Genuchten-Peters—Durner—Iden.

The measured data for the purple soil PS4 were quite uni-
form (Figure 3d). The optimized water retention curves of the
four models exhibited close agreement with each other as well
as with the data. This is also reflected by the values of RMSE,
in Table S4. For soil PS5, the water retention data and fitted
curves did not display any discernible bimodal characteristics,
except for some drastic oscillations in the water retention data
near saturation (see Figure 3e). All of the models described
the data well, except perhaps the standard VG formulation,
which showed some deviations in the very dry moisture range.
As expected, the VGPDI model performed better in that part
of the retention curve. Detailed information of the fitted and
statistical parameter values for PS5 are provided in Table S5.

Regarding purple soil sample RS6 (Figure 3f), the water
retention data exhibited only a very minimal nonuniform
trend. Within the wet moisture range, the VG model described

the data very well, but encountered limitations in the dry
moisture range. The BiVG model gave better agreement with
the data, which had a remarkable bimodal nature. Neverthe-
less, the results obtained using the VGPDI and BiVGPDI
models were nearly indistinguishable, both offering com-
mendable predictive accuracy for the data. The statistical
analysis and the fitting parameter values are listed in Table
S6.

Of all six samples, only sample PS3 exhibited a distinct
bimodal trend in the observed water retention data over the
full moisture range. In terms of model fittings, the BiVGPDI
model was capable of reproducing all of the observed data
very well. This could be attributed to having more fitting
parameters compared to the other models. Nevertheless, it is
important to note that for many of the purple soil samples,
the results obtained using the BiVGPDI model exhibited

85UB017 SUOLULLIOD BAIER.D 3|dealdde au3 Aq paueA0B 818 SS e VO ‘35N 4O S3|NI 0} ARIq1T BUIUO A1 UO (SUORIPUOD-PUR-SWRYLIOD A8 | 1M AReAq | U1 |UO//SANY) SUORIPUOD PUe swid | 8y} &3S *[7202/20/ST] uo Ariqiauliuo A81IM ‘S3d VO Ad vEE0Z 2[2A/200T OT/10p/wioo" 3| Im Afeiq 1 pu U0 'SSasde//sdny WOy papeo|umoq ‘v ‘7202 ‘€99T6EST



Vadose Zo 7 of 9

ZHUANG ET AL.
TABLE 3 Experiments (Exp.) and pedotransfer function (PTF) predicted hydraulic parameters of the six purple soils.
PS1 PS2 PS3 PS4 PS5 PSe6

Parameter (unit) Exp. PTF Exp. PTF Exp. PTF Exp. PTF Exp. PTF Exp. PTF
a (1/cm) 0.141 0.030 0.025 0.026 0.246 0.031 0.124 0.030 0.030 0.025 0.044 0.026
n(-) 1.20 1.56 1.17 1.51 1.18 1.53 1.29 1.51 1.23 1.64 1.21 1.61
0, () 0.00 0.06 0.00 0.06 0.00 0.05 0.00 0.05 0.00 0.07 0.00 0.07
0, (-) 0.51 0.45 0.44 0.41 0.47 0.42 0.48 0.42 0.45 0.42 0.47 0.43
K, (cm/day) 82.0 123.0 24.0 53.7 82.0 79.3 75.0 78.3 55.0 83.5 53.0 92.1

considerable overlap with those generated by the VGPDI
model. This overlap suggests that the bimodal nature of
the purple soils may not be of significance. Furthermore,
the good agreement of the models with the PDI formations
(VGPDI and BiVGPDI models) implies that corner and film
flow mechanisms are dominant, especially under relative
dry conditions. The rough and uneven surfaces of purple
soil grains have the potential to significantly enhance water
retention (Di Raimo et al., 2022).

The results were further compared with predicted VG
parameters values using soil pedotransfer functions. We used
for this purpose the Rosetta light pedotransfer functions
(Schaap & Leij, 1998a, 1998b; Schaap et al., 1998) as
embedded with the RETC and HYDRUS software packages
(éimﬁnek et al., 2016). Rosetta predictions were based on the
measured fractions of sand, silt, and clay, and the bulk density.
The predicted hydraulic parameters are shown in Table 3. The
calculated a values exhibited slight variations around 0.030
1/cm. These values closely matched the fitted values based on
the measurements only for three soil samples, with the excep-
tion of soils PS1, PS3, and PS4. The predicted n values were
slightly larger than the fitted values, resulting in relatively
steeper retention curves. The predicted hydraulic conductivi-
ties were fairly close to the measured values only for PS3 and
PS4. The Rosetta pedotransfer functions primarily estimates
soil hydraulic properties based on sand, clay, and silt fractions.
They do not consider information regarding macropores and
pore connectivity, which are mostly evident near the air entry
pressure (related to the a value in the VG model) and in the
saturated conductivity. Therefore, it is reasonable to expect
less accurate predictions of a and K. In general, however,
the hydraulic parameter values estimated with the pedotrans-
fer model closely matched the slope of water retention curves
of the purple soils, with the exception of water contents near
the air entry value and the saturated conductivity.

4 | SUMMARY AND CONCLUSIONS

In this study, we measured the hydraulic properties of six pur-
ple soils covering the full moisture range. Observed water
retention data were fitted using unimodal and BiVG type

models. Bimodal behavior was not found to be extensive for
most of the soil samples. The BiVGPDI model with its more
numerous fitting parameters yielded the best agreement with
the observations. Nevertheless, the results obtained using the
BiVGPDI model were very similar to those produced by the
VGPDI model for most of the soil samples. The good agree-
ment of the PDI models suggests that film and corner flow
may be significant under dry moisture conditions. Predictions
with the Rosetta pedotransfer model were found to reasonably
match the slope of water retention curves, although discrep-
ancies were observed for the saturated conductivity and the
parameter.

This work has provided comprehensive analyses of the
unsaturated hydraulic properties of purple soils over the entire
moisture range. The obtained hydraulic parameter values
could be used for agriculture and engineering management
applications, including risk analyses. It is important to note
that our study involved a limited number of purple soil sam-
ples. Investigations for a more diverse set of purple soils
from around the world are clearly needed. Additionally, the
development of more appropriate pedotransfer models is
imperative, particularly for enhancing predictions of the sat-
urated conductivity and air entry (or a~!) values specific to
purple soils.
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