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Benggang, an erosional phenomenon located in southern China, exhibits
distinctive characteristics that can have profound ecological and agricultural
consequences as well as pose risks to human life. Previous investigations have
primarily focused on elucidating the relationships between the physical and
chemical attributes of soils collected from Benggang. However, the precise
role of free iron oxides in the surface properties of Benggang soil and its
contribution to the formation of Benggang remains largely unexplored. In this
study, we aim to investigate the role of free iron oxides in Benggang soil by
removing them and subsequently introducing goethite to evaluate their impact
on the soil’s surface properties. Our results reveal a decrease in the surface
charge density of soil colloidal particles with increasing soil depth. Specifically,
the uppermost red soil layer exhibits the highest value, followed by the sandy soil
and the lowermost clastic layer. Upon removing free iron oxide, we documented
reductions of 44.28% (red soil), 20.62% (sandy soil), and 8.70% (clastic layer) in the
surface charge density of colloidal particles. The red soil layer presented an over
18-fold increase compared to the initial linear shrinkage, followed by the sandy
soil and clastic layer. Notably, the addition of goethite to the iron oxide-free soil
layers resulted in the recovery of approximately 81.93%, 121.13%, and 104.35% of
the initial surface charge density, respectively. Moreover, significant changes in
volume shrinkage were observed, with approximately 97.54% (red soil), 94.75%
(sandy soil), and 89.72% (clastic layer) of the initial values being influenced. These
findings underscore the substantial influence of free iron oxide on the
physicochemical properties of Benggang soil and contribute to a
comprehensive understanding of the erosive mechanisms underlying
Benggang formation.
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1 Introduction

Benggang is a unique erosional phenomenon in southern China that forms where
sloping soil- and stone-rich horizons become fragmented, collapse, and are further scoured
away due to the combined actions of water and gravity (Xu, 1996). Benggang formation can
severely impact agricultural production and cause the loss of human life, as well as can
hinder the development of the social economy in affected regions (Zhong et al., 2013).
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Therefore, it is important to comprehensively understand the
occurrence and the development of Benggang over time to
prevent their formation in the future and/or control their
influence when they occur.

Many studies have focused on the macroscopic erosive driving
forces that contribute to Benggang formation, and it is widely
believed that this type of collapse is influenced by multiple
factors, including geomorphology (Chaplot, 2013), vegetation
cover (Gyssels et al., 2005; Wang et al., 2014), water flow (Xu
and Zeng, 1992; Jiang et al., 2014; Lin et al., 2017), and soil
characteristics (Six et al., 2004). Extensive research has been
conducted on the physicochemical properties of soil in Benggang,
encompassing dry density, water content, clay mineral composition
and content (Chen et al., 2018; Wang et al., 2018; Wei et al., 2018;
Xia et al., 2019; 2021; Zhang et al., 2022). During periods of rainfall,
soil swelling is induced as a result of a rapid influx of water content.
Subsequent to the rainfall event, gradual evaporation of soil
moisture occurs, leading to soil shrinkage as the water content
diminishes. The repetitive cycles of wet and dry conditions
exacerbate the development of cracks initiated by soil swelling
and shrinkage, ultimately expediting soil erosion processes
(Zhang et al., 2023). However, the specific triggers for Benggang
formation remain unclear due to the multitude of influential factors.

Charged soils, which contained particles with negative and/or
positive charges, are widespread in nature. Phyllosilicates typically
exhibit a net negative surface charge under normal pH conditions,
whereas iron oxides carry a net positive surface charge (Yu, 1997;
Qafoku et al., 2004). Previous studies have demonstrated that the
presence of iron oxide can induce a shift in the zeta potential of soil
towards positive values (Hou et al., 2007; Jiang et al., 2010; Wang
et al., 2013), resulting in corresponding alterations in
physicochemical properties such as the linear shrinkage ratio and
cation-exchange capacity (Zhang and Kong, 2014). Importantly, the
soil surrounding Benggang contains a substantial amount of iron
oxide and kaolinite, distinguishing it from other charged soils like
purple soil and loessal soil. When this charged soil is dispersed in
water, electrical double layers form on both kaolinite and iron
oxides. These oppositely charged particles interact with each
other by overlapping diffuse layers of electric double layers
(Qafoku and Sumner, 2002; Qafoku et al., 2004), thereby altering
the surface charge density and subsequently impacting the stability
of the soil aggregates (Gao et al., 2019). However, the influence of
iron oxides on the surface properties of Benggang soil and their
contribution to the formation of Benggang remains largely
unexplored despite extensive research in this area.

Moreover, the soil collected in and around Benggang exhibits a
distinct layering pattern based on depth, consisting of red soil, sandy
soil, and clastic layers. The presence of varying mineralogical
compositions within these horizons can lead to significant
modifications in their physicochemical properties (Chen et al.,
2018). Furthermore, a comparison between Benggang soil and soil
collected prior to its formation reveals a decrease in iron oxide
concentrations within the red soil layers following the erosive event,
while the opposite trend is observed in the sandy soil and clastic layers
(Huang et al., 2019). This raises a pivotal question regarding the role of
iron oxide content as the primary factor triggering Benggang formation.

To address this issue, we conducted soil sampling in the vicinity
of a Benggang in southern China, removing free iron oxide and

subsequently introducing goethite to examine the resulting changes
in soil properties. Through the analysis of surface charge density and
shrinkage characteristics of the red soil, sandy soil, and clastic layers,
we aim to elucidate the role of free iron oxides in influencing the
surface properties of each soil type and their impact on
Benggang formation.

2 Study area

The undisturbed soil samples used in this study were collected
from Benggang located at Yangkeng Village in Longmen Town,
Fujian Province, China, (118° 05′E, 24° 57′N), which corresponds to
the same site as documented in Huang et al. (2019). A multi-point
sampling approach was adopted (Figure 1), wherein three soil
samples were collected within a defined area of each layer
(approximately 0.5 hm2) to create a composite sample
representative of that particular horizon.

3 Material and methods

3.1 Soil physicochemical properties and
pretreatment

The bulk density, pH (using a solution-to-soil ratio of 5:1),
cation-exchange capacity, andmineralogical compositions of the red
soil (Soil-A1), sandy soil (Soil-A2), and clastic layers (Soil-A3) in the
undisturbed soil samples were measured in accordance with the
methodology outlined in our previous study (Zhang et al., 2023).
Subsequently, the undisturbed soil samples were naturally air-dried
and ground to achieve a particle size smaller than 2 mm.
Approximately 50 g of each soil sample was mixed with 25 mL of
a 30% H2O2 solution in a 500-mL beaker, which was then subjected
to heating at 75°C while simultaneously being mechanically agitated
until no bubbles were observed. This process effectively removed all
organic matter present in the soil samples. All reagents utilized in the
experiment were of analytical grade, and ultrapure water sourced
from a Milli-Q Labo apparatus (Nihon Millipore Ltd.) was used for
the preparation of solutions. Unless specifically noted, all
experiments in this study were replicated three times and all
results are expressed as means ± standard deviation (n = 3).

3.2 Removal and addition of iron

The removal of free iron oxides from the undisturbed soil
samples in each layer (labeled as Soil-B1, Soil-B2, and Soil-B3)
was conducted through a series of meticulous steps (Wu et al.,
2017; Chen et al., 2018). Initially, a beaker containing pretreated soil
was subjected to a stepwise addition of 40 mL of a sodium citrate
solution (0.3 M), 5 mL of a sodium bicarbonate solution (1 M), and
2 g of sodium dithionite. This process was carried out at a
temperature of 80°C and repeated until the color of the soil
transitioned from red to gray. Subsequently, the gray soil was
subjected to three consecutive rinses with deionized water
through centrifugation at 4,000 rpm for 20 min per rinse. The
resulting precipitate was then freeze-dried for a duration of 10 h
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and subsequently sieved using a 2-mm sieve. The concentration of
free iron oxides present in the supernatant was determined using
phenanthroline colorimetry.

The introduction of iron into Soil-B was accomplished through
the following procedure (Ma et al., 2007). Firstly, the initial moisture
content of Soil-B was measured using conventional drying
techniques. Subsequently, 53.94 g, 45.75 g, and 35.83 g of goethite
was separately added to 1,000 g of the Soil-B1, Soil-B2, and Soil-B3
layers, respectively. These goethite additions were thoroughly mixed
with deionized water until homogeneity was achieved, ensuring the
absence of any agglomerations. The resulting prepared soils,
designated as Soil-C1, Soil-C2, and Soil-C3, were sealed overnight
and subsequently placed in an uncovered plastic box to cultivate
at room temperature for a period of 1 month. The water content
of each soil sample during this process was maintained at
20% ± 1%. Finally, each soil sample was air-dried and passed
through a 2-mm sieve.

3.3 Soil shrinkage ratio test

Each pretreated soil sample was diluted with deionized water to
achieve a bulk water content of 15% ± 1%. The mixture was
thoroughly mixed until homogenized and subsequently sealed,
allowing it to sit undisturbed overnight. After that, a ring-knife
sample (diameter, 61.8 mm; height, 20 mm) was prepared from this
soil using conventional geotechnical test methods. This process was
repeated three times for each soil sample to ensure reliability. To
determine the linear shrinkage rate, a soil constrictor (TKA-SSY-1,
Nanjing Teco Technology Co., LTD, China) equipped with a data
acquisition box (TKA-Dai-8D) and data acquisition and processing
software V2.1 was employed. After performing these experiments,
the height, diameter, and weight of each soil sample was determined

to obtain their water content and longitudinal and transverse
shrinkage rates.

3.4 Soil surface property

3.4.1 Collection of soil colloidal particles
Each pretreated soil sample (i.e., Soil-A, Soil-B, and Soil-C) was

subjected to a sequential addition of approximately 300 mL of
deionized water and 10 mL of a 5% sodium metaphosphate
solution. The mixture was then placed in a high-speed mixer and
stirred for a duration of 10 min at a speed of 500 rpm. The well-
stirred soil liquid was subsequently transferred into a 1-L measuring
cylinder and further stirred 30 times using a stirring rod. After
allowing the suspension to settle for a period of 20 h, the uppermost
7 cm of the suspension within the measuring cylinder was carefully
collected. This collected suspension was then subjected to
centrifugation and freeze-drying processes to obtain soil colloidal
particles with a size of less than 1,000 nm. The crystalline
components of all the soil colloidal particles were analyzed using
an automated Rigaku Utimal X-ray diffractometer (XRD) equipped
with Cu kα radiation. The XRD analysis was performed under the
following operating conditions: 40 kV × 40 mA and a 2θ degree
angle ranging from 10° to 90° at a scan rate of 4° min−1.

3.4.2 Determination of surface charge density
The surface charge properties of the soil colloids were

determined following the combined method of Li et al. (2011),
which involved multiple steps. Firstly, 10 g of the colloidal particles
from each soil sample (as previously described) were carefully placed
in a 500-mL centrifuge bottle, ensuring a soil-to-liquid ratio of 1:5.
Subsequently, 50 mL of 0.1 M HCL solution was added to the bottle,
and the mixture was subjected to centrifugation for a duration of

FIGURE 1
Photograph of a typical Benggang at Yangkeng Village in Longmen Town, Fujian Province, China. The layered soil structure and associated sampling
sites are labeled.
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12 h. After that, the supernatant was discarded, and this procedure
was repeated three times, after which it was finally freeze-dried.
Next, 2 g of the freeze-dried soil colloid particles were transferred
into another 500-mL centrifuge bottle and were oscillated for 12 h
during the addition of 15 mL of 0.02 MCa(OH)2 solution. Following
this, another 24 h period of oscillation was carried out, during which
15 mL of 0.02 MNaOHwas added. The pH value of the mixture was
adjusted to a range of 6.0–8.0 after the oscillation. This process
continued for at least 12 h until the pH reached a neutral value.
Finally, the mixed solution was subjected to centrifugation at a speed
of 4,000 rpm to obtain the supernatant. The concentrations of Ca2+

and Na+ in the supernatant were measured by atomic absorption
spectrometry (PerkinElmer, PinAAcle900F, United States of
America) and flame photometry (FP640, Shanghai Precision and
Scientific Instrument Co., Ltd., China). The surface charge density
(σ0) and surface potential (φ0) in the mixed system were calculated
as follows (Li et al., 2011):

σ0 � NNa+ + 2NCa2+( ) × F × 10−5

S

S � κNNa+

mC0
Ca

e
βNaFφ0
2RT

φ0 �
2RT

βCa − βNa( )F ln
CCa0NNa+

CNa0NCa2+

βCa � 2 − βNa � −0.0213 ln I0.5 + 1.2331

κ �
�������
8πF2C0

εRT

√

Where CNa0 , CCa0 , NNa+ , and NCa2+ are the bulk concentrations
and the adsorbing capacities of Na+ and Ca2+, respectively. βCa and
βNa are the relative charge coefficients of Na

+ and Ca2+, respectively.
I0.5 is the square root of the ionic strength in the bulk solution. R, T,
F, and S represent the gas constant, absolute temperature (Kelvin),
Faraday constant, and the specific surface area of charged soil
particles, respectively. κ, m, and ε denote the Debye–Hückel
parameter, the modification factor (m � 0.5259 ln(CNa0

CCa0
) + 1.992)

and the dielectric constant of water, respectively.

3.5 Statistical analysis

Data analysis was conducted using IBM SPSS statistics, employing
the least significant difference approach. Specifically, One-way
ANOVA with Dunnett’s T3 method was utilized for analyzing the
shrinkage rate following the removal and subsequent introduction of
iron, while the Pearson method was applied to assess the correlation
between the soil swelling rate of different soil layers and the shear
plane thickness of colloidal particles.

4 Results

4.1 Physical properties of the pretreated soils

The undisturbed soil comprised three distinct types: red soil
(Soil-A1), sandy soil (Soil-A2), and clastic layers (Soil-A3). These
soils exhibited bulk densities of 1.31, 1.32, and 1.49 g·cm−3,
respectively. The pH values of these soils, measured using a

solution to soil ratio of 5:1, was determined to be 5.06, 4.82, and
4.65 g·cm−3, respectively. The cation-exchange capacity for Soil-A1,
Soil-A2, and Soil-A3 was found to be 8.25, 3.33, and 2.67 cmol·kg−1,
respectively. The content of free iron oxide in the red soli was the
highest, with a value of 48.57 g·kg−1, followed by the sand soil with
41.19 g·kg−1 and debris layers with 32.26 g·kg−1.

Figure 2 displayed the XRD spectra of soil colloidal particles
extracted from the pretreated soils. These spectra were carefully
compared to relevant references (Chen et al., 2018; Huang et al.,
2019) for identification of crystalline types within soil before and after
the addition of goethite. The XRD analysis revealed that the red soil
and sandy soil layers within Soil-A demonstrated distinct reflection
peaks at 6.1°, 8.8°, 12.3°, 18.2°, 24.8°, and 26.6° (Figure 2A), indicating
the presence of hydroxy-interlayered vermiculite, illite and kaolinite.
Similarly, the clastic layers exhibited characteristic diffraction peaks of
illite and kaolinite at 8.8°, 12.3°, 24.8° and 26.6°. These findings align
well with previous studies (Huang et al., 2019; Zhang et al., 2023).
Notably, the removal of free iron oxide from the undisturbed soil had
negligible impact on these XRD reflection peaks, as shown in
Figure 2B. Upon the introduction of goethite to Soil-B, the
reflection peaks at 8.8°, 12.3°, 18.2°, 24.8°, and 26.6° remained
unaltered, while the peak at 6.1° was not observed due to its
significantly lower relative intensity (Figure 2C). A new distinct
characteristic diffraction peak emerged at 28.4° in Soil-C
(Figure 2C). Through a comparative analysis of these spectra with
those of Soil-A, Soil-B, and the standard data JCPDS 29-0713 and 54-
0489, it was determined that the emergence of this new peak could be
attributed to the presence of Fe2O3, which originated from the
introduction of goethite.

4.2 Shrinkage characteristics

As shown in Figure 3A, it could be observed that the clastic layer
of the undisturbed soil exhibited the highest linear shrinkage rate
(0.40%) during the 96-hmeasurement period, while the sandy and red
soil layers in the undisturbed soil experienced minimal changes, with
linear shrinkage rates of 0.32% and 0.13%, respectively. Upon the
removal of free iron oxides (Figure 3B), the red soil layer (Soil-B1)
demonstrated the most pronounced linear shrinkage rate, reaching a
magnitude of 2.38%. This value presented an over 18-fold increase
compared to the initial linear shrinkage. Subsequently, the sandy soil
layer and the clastic layer followed suit with linear shrinkage rates of
1.15% and 0.42%, respectively. Furthermore, upon the addition of
goethite (Figure 3C), the corresponding red soil layer (Soil-C1), sand
soil layer (Soil-C2), and clastic (Soil-C3) layers experienced a degree of
restoration, resulting in linear shrinkage rates of 1.65%, 0.85% and
0.45%, respectively.We also conducted a significance test on the linear
shrinkage rate following the removal and subsequent addition of iron.
As a result, significant changes (ρ < 0.05) were noted in the red soil
and sandy soil; however, no statistically significant change (ρ > 0.05)
was observed in the clastic layer.

To further evaluate the impact of free iron oxide on the soils, we
followed the established guidelines outlined by Mishra et al. (2020),
wherein we calculated the volume shrinkage of ring-knife samples
subsequent to shrinkage. As illustrated in Figure 4, the red soil layer
exhibited the most substantial disparity in volume after the removal
of free iron oxide, with a magnitude of 14,592.19 mm3. The sandy
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soil layer followed suit with a volume difference of 9,343.09 mm3,
while the clastic layer displayed a comparatively minor volume
difference of 550.14 mm3. Subsequently, in the case of Soil-B, when
subjected to goethite cultivation, the volume shrinkages of Soil-C1,
Soil-C2, and Soil-C3 were determined to be approximately 97.54%,
94.75%, and 89.72% of the initial value of the corresponding
undisturbed soil layers, respectively.

4.3 Surface charge density of the pretreated
soil colloidal particles

Table 1 demonstrated that the surface potential of soil colloidal
particles from each soil layer ranged from −67.77 ± 4.73 mV

to −82.01 ± 4.88 mV, which correlated with findings reported for
purple soil (Ding et al., 2015). For the undisturbed soil (Soil-A), the
surface potential of red soil colloidal particles (Soil-A1) was more
negative at −79.78 ± 3.55 mV compared to sandy soil (Soil-A2)
at −76.52 ± 2.03 mV and the clastic (Soil-A3) layer at −70.94 ±
3.84 mV. Similarly, the calculated surface charge density of the red
soil colloidal particles (Soil-A1, 3.32 ± 0.33 × 10−2 C·m−2) was
considerably higher than for the sandy soil (Soil-A2, 1.94 ±
0.04 C·m−2) and the clastic (Soil-A3, 1.61 ± 0.31 C·m−2) layer.
Upon removing free iron oxides from the undisturbed soil, the
cation-exchange capacity for the red soil, sandy soil, and clastic layer
changed by 6% each. Most importantly, reductions of 44.28%,
20.62%, and 8.70% were observed in the surface charge density
of colloidal particles collected from the red soil (Soil-B1), sandy soil

FIGURE 2
XRD spectra of soil colloidal particles collected from (A) undisturbed soil (Soil-A), (B) undisturbed soil without free iron oxides (Soil-B), and (C) Soil-B
with the addition of goethite (Soil-C). The inset in part (C) shows an enlargement of the spectra. Numbers are as follows: 1, red soil layers; 2, sandy soil
layers; 3, clastic soil layers. HIV: hydroxy-interlayered vermiculite.
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(Soil-B2), and clastic layer (Soil-B3), respectively. Subsequently,
upon the introduction of goethite into Soil-B, the initial surface
charge density increased by approximately 81.93% (Soil-C1),
121.13% (Soil-C2), and 104.35% (Soil-C3) in comparison to the
corresponding layers in the undisturbed soil. Furthermore, the
surface potential of the red soil experienced a reduction after the
removal of free iron oxides, which was subsequently reversed by the
addition of goethite. In contrast, opposite trend was observed for
sandy soil. Notably, the surface potential of the clastic layer did not
show significant influence through this process.

4.4 Pearson correlation between the
content of free iron oxide and soil properties

Table 2 presented the Pearson correlations between the content
of free iron oxide and various soil properties. The analysis revealed
that the content of free iron oxide in all soil layer exhibited a
consistently low negative correlation with the linear shrinkage rate,

and no significant change in this relationship was observed.
Furthermore, the analysis indicated the absence of any significant
positive correlation between the content of free iron oxide and
volume shrinkage. Additionally, no statistically significant
correlation was estimated between the content of free iron oxide
and surface potential. In contrast, the content of free iron oxide
demonstrated moderate and statistically significant negative
correlations with the specific surface area of charged soil particles
(ρ < 0.05), and surface charge density (ρ < 0.05).

5 Discussion

Previous studies have extensively documented the profound
influence of clay minerals on the physicochemical and surface
properties of soil (Hou et al., 2007; Jiang et al., 2010; Wang et al.,
2013). In this study, we conducted a designed experiment to investigate
the role of free iron oxide in Benggang soil layers, including red, sandy
and detritus soil layers. To achieve this, we employed a rigorous

FIGURE 3
Linear shrinkage ratio of (A) undisturbed soil (Soil-A), (B) undisturbed soil without free iron oxides (Soil-B), and (C) Soil-B with the addition of goethite
(Soil-C).
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methodology, which involved the systematic removal of free iron oxide
from all soil layers and the subsequent introduction of goethite into the
respective soil layers. Our analysis of the XRD spectra revealed that the
removal of free iron oxide did not exert a significant influence on the

presence of characteristic reflection peaks. However, upon the addition
of goethite, a distinct changemanifested in the XRD spectra, specifically
the emergence of a well-defined diffraction peak at 28.4° (Figure 2). It is
crucial to note that this peak was attributed to Fe2O3 rather than

FIGURE 4
Volume shrinkage of undisturbed soil (Soil-A), undisturbed soil without free iron oxides (Soil-B), and Soil-B with the addition of goethite (Soil-C).

TABLE 1 Surface properties of colloidal particles for all pretreated soils.

Soil type CNa+ (10–3 M) CCa2+ (10–3 M) Adsorbing capacity
(10–2 mol kg−1)

S (103 m2 kg−1) φ0 (mV) σ0 (10–2 C m−2)

Na+ Ca2+

A1 3.62 ± 0.13 1.28 ± 0.15 3.67 ± 0.01 3.91 ± 0.02 33.33 ± 3.76 −79.78 ± 3.55 3.32 ± 0.33

B1 1.93 ± 0.21 0.57 ± 0.06 3.84 ± 0.02 3.97 ± 0.01 61.38 ± 15.06 −82.01 ± 4.88 1.85 ± 0.34

C1 3.14 ± 0.08 1.23 ± 0.09 3.71 ± 0.08 3.90 ± 0.07 41.16 ± 2.94 −76.87 ± 2.33 2.72 ± 0.17

A2 2.26 ± 0.13 0.87 ± 0.13 3.80 ± 0.01 3.94 ± 0.01 57.88 ± 1.53 −76.52 ± 2.03 1.94 ± 0.04

B2 1.92 ± 0.07 0.87 ± 0.14 3.84 ± 0.01 3.94 ± 0.01 73.51 ± 8.49 −72.7 ± 4.73 1.54 ± 0.21

C2 2.57 ± 0.90 0.87 ± 0.10 3.77 ± 0.09 3.94 ± 0.01 47.87 ± 2.29 −79.57 ± 2.76 2.35 ± 0.11

A3 2.08 ± 0.21 1.02 ± 0.07 3.82 ± 0.02 3.93 ± 0.01 70.01 ± 10.61 −70.94 ± 3.84 1.61 ± 0.31

B3 2.03 ± 0.07 1.14 ± 0.22 3.83 ± 0.01 3.91 ± 0.02 76.43 ± 10.42 −67.77 ± 4.73 1.47 ± 0.17

C3 2.28 ± 0.06 1.21 ± 0.10 3.80 ± 0.08 3.91 ± 0.02 65.63 ± 6.82 −69.30 ± 3.97 1.68 ± 0.18

A, undisturbed soil (Soil-A); B, undisturbed soil without free iron oxides (Soil-B); C, Soil-B, with the addition of goethite (Soil-C); 1, red soil layers; 2, sandy soil layers; and 3, clastic soil layers.

TABLE 2 Pearson correlation between the presence of free iron oxide and soil properties.

Parameter S (103 m2 kg−1) φ0 (mV) σ0 (10–2 C m−2) Linear shrinkage rate (%) Volume shrinkage

Fe (g·kg−1) Pearson correlation −0.771* −0.279 −0.702* −0.34 0.502

Two-tailed test 0.015 0.468 0.035 0.370 0.168

Asterisk indicates significant values at the 0.05 level (two-tailed).
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goethite. This distinction arises from the fact that goethite in the soil,
with the passage of 1 month of cultivation, underwent a process of
remodeling after and was ultimately transformed into iron oxide.

The shrinkage characteristic of soil is a fundamental parameter
that plays a crucial role in assessing its mechanical properties.
Upon removing free iron oxide from Benggang soil, we observed a
remarkable increase in the initial linear shrinkage of the red soil
and sandy soil layers, with magnitudes exceeding 18-fold and 3.5-
fold, respectively. However, no significant change occurred in the
clastic layer (Figure 3B). In contrast, upon the introduction of
goethite, a substantial decrease in the linear shrinkage rates was
observed. Specifically, the red and sandy soil layers exhibited
reductions of over 12-fold and 2.6-fold, respectively
(Figure 3C). These phenomena could be attributed to the fact
that soil physical properties, including soil cohesion, were directly
influenced the presence of free iron oxide (Zhang and Kong, 2014).
The rapid escalation of soil shrinkage rate directly contributed to
the instability of the soil structure, potentially leading to soil
erosion. In particular, loose subsoil, such as sandy or detritus
soil layer, with low Fe-oxide contents disintegrated first after
rainfall, followed by the collapse of the structurally stable red
soil with high Fe-oxide contents, ultimately resulting in soil
erosion. When goethite was introduced into the corresponding
soil layers in the absence of free iron oxide, a significant volume
shrinkage of approximately 97.54%, 94.75%, and 89.72% of the
initial value was observed in the undisturbed red, sandy and
detritus soil layers, respectively. These results clearly established
a direct correlation between the presence of free iron oxide content
in the soil and the magnitude of shrinkage it underwent.

The removal of free iron oxide and the introduction of goethite
possess the inherent capabilities to induce alterations in both the surface
charge density and surface potential, which, in turn, have the potential
to exert a profound influence on the overall stability of a soil aggregate
(Gao et al., 2019). Our measurements of the surface charge density of
soil colloidal particles collected from the undisturbed Benggang soil
revealed a range of values, ranging from −67.77 ± 4.73 mV to −82.01 ±
4.88 mV (Table 1). These values were consistent with previous findings
of −82.8 ± 5.2 mV reported for acidic purple soil with a pH of 4.65
(Ding et al., 2015). However, they slightly differed from the values
of −82.79 ± 4.73, −63.45 ± 5.39, and −90.55 ± 13.73 mV obtained in our
previous study (Zhang et al., 2023), possibly due to variations in soil
physicochemical properties, such as pH value. The removal of free iron
oxide (Soil-B) resulted in a decrease in the surface charge density with
increasing soil depths, indicating that the presence of free iron oxides
had the most significant influence on the surface charge density.
Subsequently, upon adding goethite into the corresponding soil
layers in the absence of free iron oxide (Soil-C), the surface charge
densities reached approximately 81.93%, 121.13%, and 104.35% of the
initial surface charge density. Obviously, the impact of free iron oxide
varied among soil layers, consistent with the observed variation in soil
shrinkage mentioned earlier. The relationships between the content of
free iron oxide and soil properties (Table 2), including surface potential,
surface charge density and shrinkage, further confirmed the
aforementioned results. Nevertheless, the absence of a substantial
correlation between shrinkage and free iron oxide content, might be
attributed to the fact that alterations in the levels of free iron oxides
directly affect soil cohesion, thereby indirectly influencing soil swelling
and shrinkage dynamics.

6 Conclusion

Our experimental results show that the surface charge
density of undisturbed soil colloidal particles in a Benggang
decreases with depth: specifically, the red soil layer has the
highest surface charge density, and the debris (clastic) layer has
the lowest surface charge density. After the removal of free iron
oxide from each layer, this effect did not change, and reductions
of 44.28%, 20.62%, and 8.70% were determined for surface
charge density of the colloidal particles for red soil, sandy
soil, and clastic layers, respectively. After the addition of
goethite, the soil colloidal particles recovered approximately
81.93%, 121.13%, and 104.35% of their initial surface charge
density, respectively. Furthermore, free iron oxide has an impact
on soil shrinkage characteristics, which is especially
pronounced for the red soil layer. Approximately 97.54% (red
soil), 94.75% (sandy soil), and 89.72% (clastic layer) of the initial
volume shrinkage can be achieved by the addition of goethite
into the iron oxide-free soil layers, respectively. These results
indicate that free iron oxide has the maximum influence on the
surface charge density of soil colloidal particles and shrinkage
characteristics in red soil layers, followed by sandy soil and
clastic layers.
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