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Abstract. Collapsing gullies are one of the most serious soil
erosion problems in the tropical and subtropical areas of
southern China. However, few studies have been performed
on the relationship of soil Atterberg limits with soil profiles
of the collapsing gullies. Soil Atterberg limits, which include
plastic limit and liquid limit, have been proposed as indica-
tors for soil vulnerability to degradation. Here, the soil At-
terberg limits within different weathering profiles and their
relationships with soil physicochemical properties were in-
vestigated by characterizing four collapsing gullies in four
counties in the hilly granitic region of southern China. The
results showed that with the fall of weathering degree, there
was a sharp decrease in plastic limit, liquid limit, plasticity
index, soil organic matter, cation exchange capacity and free
iron oxide. Additionally, there was a gradual increase in lig-
uidity index, a sharp increase in particle density and bulk
density followed by a slight decline, a decrease in the finer
soil particles, a noticeable decline in the clay contents, and
a considerable increase in the gravel and sand contents. The
plastic limit varied from 19.43 to 35.93 % in TC, 19.51 to
33.82 % in GX, 19.32 t0 35.58 % in AX and 18.91 to0 36.56 %
in WH, while the liquid limit varied from 30.91 to 62.68 %
in TC, 30.89 to 57.70 % in GX, 32.48 to 65.71 % in AX and
30.77 t0 62.70 % in WH, respectively. The soil Atterberg lim-
its in the sandy soil layers and detritus layers were lower than
those in the surface layers and red soil layers, which results
in higher vulnerability of the sandy soil layers and detritus
layers to erosion and finally the formation of the collaps-
ing gully. The regression analyses showed that soil Atterberg
limits had significant and positive correlation with SOM, clay

content, cationic exchange capacity and Feq, significant and
negative correlation with sand content and no obvious corre-
lation with other properties. The results of this study revealed
that soil Atterberg limits are an informative indicator to re-
flect the weathering degree of different weathering profiles
of the collapsing gullies in the hilly granitic region.

1 Introduction

In the early 20th century, Atterberg proposed the limits of
consistency for agricultural purposes to get a clear concept
of the range of water contents of a soil in the plastic state
(Atterberg, 1911). These limits of consistency, namely plas-
tic limit and liquid limit, are well known as soil Atterberg
limits. Plastic limit is the boundary between semi-solid and
plastic state, and liquid limit separates plastic state from
liquid state (Campbell, 2001). The methods developed by
Casagrande (1932, 1958) to determine the liquid and plas-
tic limits are considered as standard international tests. The
width of the plastic state (liquid limit minus plastic limit), the
plasticity index, is very useful for characterization, classifica-
tion and prediction of the engineering behavior of fine soils.
Moreover, several researchers have identified the relationship
between in situ water content and Atterberg limits, the liquid-
ity index, which is an indicator of soil hardness under natu-
ral conditions (Shahminan et al.,2014; Rashid et al., 2014).
Atterberg limits were used in early studies on the tillage
of soils, with the plastic limit recommended as the high-
est possible soil water content for cultivation (Baver, 1930;
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Figure 1. A typical collapsing gully in the hilly granitic region, Gan County, Jiangxi Province (photo: Yusong Deng).

Jong et al., 1990). Later on, Atterberg limits were mainly
used in the classification of soils for engineering purposes.
They also provide information for interpreting several soil
mechanical and physical properties such as shear strength,
bearing capacity, compressibility and shrinkage-swelling po-
tential (Archer, 1975; Wroth and Wood, 1978; Cathy et al.,
2008; McBride, 2008). Meanwhile, Atterberg limits are also
essential for infrastructure design (e.g., construction of build-
ings and roads; Zolfaghari et al., 2015). These studies clearly
show that there is a close relationship between Atterberg lim-
its and certain properties of soils. More recently, Atterberg
limits have been proposed as indicators for soil vulnerability
to degradation processes of both natural and anthropogenic
origin (Stanchi et al., 2015). Yalcin (2007) emphasized that,
when subjected to water saturation, soils with limited cohe-
sion are susceptible to erosion during heavy rainfall. Curtaz
etal. (2014), Vacchiano et al. (2014) and Stanchi et al. (2012)
have examined plastic limit and liquid limit in common soil
types and proposed them as indicators to assess the soil vul-
nerability to erosion.

Soil degradation by processes such as soil erosion, shallow
landslides and debris flows is a significant problem in moun-
tainous areas, and is a crucial issue for natural hazard as-
sessment in these areas (Jordan et al., 2014; Moreno-Ramén
et al., 2014; Peng et al., 2015; Stanchi et al., 2015; Mufoz-
Rojas et al., 2016a). A collapsing gully is a serious type of
soil erosion widely distributed in the hilly granitic region of
southern China, which is formed in the hill slopes covered
by thick granite weathering mantle (Xu, 1996). The concept
of a collapsing gully was first proposed by Zeng in 1960,
which is a composite erosion formed by hydraulic scour and
gravitational collapse (Zeng, 1960; Jiang et al., 2014; Xia et
al., 2015; Deng et al., 2016b; Xia et al., 2016). These gul-
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lies develop quickly and erupt suddenly, with an annual av-
erage erosion of over 50ktkm™2yr~! in these areas, more
than 50-fold faster than the erosion on gentler slopes or on
slopes with high vegetation cover (Zhong et al., 2013). The
flooding, debris flows, and other disasters resulting from col-
lapsing gullies can jeopardize sustainable development in the
related regions. From 1950 to 2005, gully erosion affected
1220 km? in the granitic red clay soil region, leading to the
loss of more than 60 Mt of soil (Zhang, 2010). It is worth
mentioning that the collapsing gullies in turn caused the
loss of 360000 ha of farmland, 521 000 houses, 36 000 km
of road, 10000 bridges, 9000 reservoirs, and 73 000 ponds,
as well as an economic loss of USD 3.28 billion that affected
9.17 million residents (Jiang et al., 2014; Liang et al., 2009).
According to a 2005 survey by the Monitoring Center of
Soil and Water Conservation of China, collapsing gullies
are widely distributed in the granitic red clay soil regions
of southern China, which consist of Guangdong, Jiangxi,
Hubei, Hunan, Fujian, Anhui, and Guangxi provinces, with
the number of collapsing gullies up to 239100 (Feng et
al., 2009). A collapsing gully consists of five parts: (1) up-
per catchment, where a large amount of water is accumu-
lated; (2) collapsing wall, where mass soil wasting, water
erosion and gravity erosion are quite serious; (3) colluvial
deposit, where residual material is deposited; (4) scour chan-
nel, where the sediment accumulation and transport is usu-
ally significantly deep and narrow; and (5) alluvial fan, the
zone below the gully mouth where sediments transported by
the collapse are deposited (Xu, 1996; Sheng and Liao, 1997;
Xia et al., 2015; Deng et al., 2017; Fig. 1).

In a collapsing gully system, slumps and massive collapses
of the collapsing wall are one of the main influential factors
responsible for the collapsing gully enlargement and devel-
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opment (Xia et al., 2015). Researchers have paid close atten-
tion to the damage of collapsing gully, and found that there
is a close relationship between the stability of the collapsing
wall, the amount of erosion and the development speed (Xu,
1996; Sheng and Liao, 1997; Luk et al., 1997a, b; Lan et al.,
2003). Qiu (1994) maintained that the mechanical composi-
tion of soil and the change in its action with water have an
important influence on the development of collapsing gully.
Li (1992) stated that there is an important relationship be-
tween the soil water content and critical height of collapsing
wall, with the height being 8—9 m at a low water content and
only 2-3 m in the saturated state. Zhang et al. (2013) pointed
out that granite soil (an Ultisol in the south of China) is easy
to disintegrate with increasing water content, and the process
is irreversible. Zhang et al. (2012) proposed that the cohesion
and internal friction angle of the soil showed a nonlinear at-
tenuation trend with the increase in water content, and the
shear strength index showed a peak value when the soil wa-
ter content was about 13 %. Liu and Zhang (2015) and Deng
et al. (2015) reported that the water content of the collaps-
ing wall varied in different soil layers. Deng et al. (2016a)
proposed that the soil water characteristic curve of the layers
of granite is different, and the subsoil layers have greater de-
watering ability than the topsoil layers. From these studies,
we can find the soil water content is a common influencing
factor, and the stability of the collapsing wall will vary with
it. Wang et al. (2000) believe that the mechanical properties
of soil will change significantly when the rain is in full con-
tact with the soil. Similar conclusions were reported by Luk
et al. (1997a), who revealed that the main cause for collapse
occurrence is the short-term rainfall intensity. The soil At-
terberg limits refer to the highest and lowest water content
in the plastic state, which are of important significance in
predicting the influence of surface runoff and rainfall on the
collapsing gully. Several studies found that the soil Atterberg
limits are in general influenced by many soil properties, es-
pecially by organic matter and clay content (Hemmat et al.,
2010; Stanchi et al., 2015). However, few studies have been
performed on the relationship between Atterberg limits and
soil physicochemical properties and the occurrence of col-
lapsing gully in the hilly granitic region of southern China.

The objectives of this study are (1) to evaluate the similar-
ities and differences in soil Atterberg limits and soil physic-
ochemical properties of different weathering profiles in the
four collapsing gullies, (2) to investigate the relationship be-
tween soil Atterberg limits and soil physicochemical prop-
erties by analyzing the status and variation in soil Atterberg
limits and (3) to explore the possibility of using soil Atter-
berg limits as an integrated index for quantifying collapsing
gully and soil weathering degree of different weathering pro-
files in the hilly granitic region.
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2 Materials and methods
2.1 Study area

The sampling plots (22°58-29°24'N, 110°51-118°17") are
located in the hilly granitic region of southern China, in-
cluding Tongcheng County (TC) in Hubei Province, Gan
County (GX) in Jiangxi Province, Anxi County (AX) in
Fujian Province and Wuhua County (WH) in Guangdong
Province, which are the most serious collapsing gully cen-
ters in southern China and thus were selected as the study
sites. These study areas are in a temperate monsoonal conti-
nental climate zone, with an average temperature of 15-22°
and an average annual precipitation of about 1500 mm with
high variability. The region is dominated by granitic red soil
(an Ultisol) that developed in the Yanshan period. There were
1102, 4138, 4744 and 22 117 collapsing gullies in TC, GX,
AX and WH, respectively. The control soil samples were col-
lected from Xianning, Hubei.

2.2 Soil sampling

According to previous studies and the soil color and soil
structural characteristics, the weathering profiles of the col-
lapsing gullies of the study area in the hilly granitic region
can be subdivided into four soil layers: surface layer, red soil
layer, sandy soil layer and detritus layer (Luk et al., 1997a;
Zhang et al., 2012; Xia et al., 2015).

The soil samples were collected in surface layer, red soil
layer, sandy soil layer and detritus layer. According to the
height of the collapsing gully wall, we collected 6, 8, 8 and
8 soil samples in four weathered layers, respectively, with a
total of 30 sampling sites. The detritus layer of the collaps-
ing gully in Tongcheng County was not exposed, so the soil
samples were not collected. The information of soil sample
sites and soil sampling depth is presented in Tables 1 and 2.
The soil samples of control sites were collected from four
soil layers (A, B, C1, C2) in Xianning.

When collecting the samples of each soil layer, about 1—
2 kg soil sample was obtained by means of quartering and
transported to the laboratory for measurement of soil Atter-
berg limits (including plastic limit and liquid limit) and soil
physicochemical properties (including soil particle density,
organic matter, cation exchange capacity and free iron ox-
ide). At each layer, six soil samples were obtained by using a
cutting ring to determine soil bulk density and calculate the
total porosity.

2.3 Soil analysis

The soil samples were air-dried and then sieved at the frac-
tion <0.452mm for Atterberg limits determination, and at
<2 mm for measurement of soil physical and chemical prop-
erties including particle density, particle-size distribution and
chemical analyses. Soil Atterberg limits (liquid limit and
plastic limit) were determined using the air-dried soil for
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Table 1. Description of soil sampling sites (Xia et al., 2015).

Location Collapsing  Longitude Altitude Height of Coverage of Coverage of  Vegetation
gully code  and latitude (m) collapsing tree layer surface  community
gully wall (m) (%) layer (%)

Tongcheng TC 29°12/39” N, 142 9 45 64 Pinus massoniana + Cunninghamia lanceolata +

County 113°46/26" E Liquidambar formosana + Phyllostachys heterocycla —
Rosa laevigata +Smilax china + Gardenia jasminoides
+Vaccinium carlesii + Lespedeza bicolor —
Dicranopteris linearis + Miscanthus floridulus

Gan GX 26°11'22.2" N, 175 15 35 38  P.massoniana + L. formosana + Schima superba —

County 115°10'39.4"E L. bicolor— D. linearis

Anxi AX 24°57'14.3" N, 172 20 30 43 P. massoniana + Eucalyptus robusta + Acacia confusa—

County 118°3/35.1”E Rhus chinensis + Rhodomyrius tomentosa+
Loropetalum chinense — D. linearis + M. floridulus

Wuhua WH 24°06/10.4" N, 157 35 28 35  P. massoniana—R. tomentosa +

County 115°34'57.1" E Baeckea frutescens—D. linearis

Table 2. Description of weathering profile, soil sampling depth and soil properties of different weathering profiles of the four collapsing
gullies.

Soil layer code ~ Weathering profile D (m) PD (gem™3) BD (gem™?) TP (%) SOM (gkg~!) CEC (cmolkg™!)  Feq(gkg™!)
TC1 Surface layer 0.3 2.58 1.29 +£0.05d 49.03+237a  23.37+0.55a 16.394+£0.90a 21.38 +0.46bc
TC2 Red soil layer 0.8 2.64 1.47+0.01a 44.11£0.29¢ 6.81£0.17b 8.37+1.14b 27.37+0.84a
TC3 Red soil layer 2 2.68 1.344+0.05¢ 49.53+1.79a 5.844+0.20c 7.59+0.27b 23.294+1.29
TC4 Red soil layer 4 2.65 1.394+0.02b  47.26 +:0.85b 2.68£0.13d 3.32+0.44c 19.42+1.72¢
TCS Sandy soil layer 7 2.62 1.33£0.02¢ 49.72+£0.83a 1.20£0.11e 4.07+0.61c 13.84 +£0.93d
TC6 Sandy soil layer 9 2.65 1.354+0.01c  48.63 +0.35ab 1.02 +0.06e 3.92+0.34c 11.89 & 1.00e
GX1 Surface layer 0.3 2.57 1.274+0.05¢ 50.94 +£2.34a 7.93+0.11a 10.28 £0.17a 25.31+1.45a
GX2 Red soil layer 0.8 2.67 1.40£0.03ab  47.65+1.50b 1.35+0.08b 8.27 £0.44bc 26.59 +2.90a
GX3 Red soil layer 1.8 2.64 1.40£0.02ab 46.79 +0.87bc 1.07+0.12¢ 791+0.60c  22.7240.57bc
GX4 Red soil layer 4 2.63 1.42+£0.02a 46.02 +£0.95¢ 0.86+0.07d 8.90+0.69b 2396+ 1.11b
GXS5 Sandy soil layer 7.5 2.62 1.41+£0.02ab 46.13 £ 1.06¢ 0.42 +0.06f 5.41£0.86d 18.36 £0.77¢
GX6 Sandy soil layer 9 2.69 1.37£0.04bc 49.20+1.59ab 0.72 +£0.09¢ 5.98+£0.52d 13.30+0.43d
GX7 Detritus layer 11 2.64 1.334+0.06¢ 48.32+1.27b 0.40 % 0.06f 2.09£0.1% 9.90+0.78e
GX8 Detritus layer 135 259 1.38£0.04ab  46.65+1.96bc 0.71+£0.11e 3.43 £0.36e 9.41 +£0.63e
AX1 Surface layer 0.3 2.54 1.31+0.06c 44.40+£2.78d  44.06 £0.04a 22.18+0.21a 31.03 £1.80a
AX2 Red soil layer 0.8 2.63  1.39£0.06ab 54.244+289%9  11.23+0.61b 14.63 +1.30b 27.53 +£0.56b
AX3 Red soil layer 2 2.66 1434+0.03a 52.38+1.73ab 6.33+0.11c 9.20+0.58¢c 26.35+0.74b
AX4 Red soil layer 4 2.60 1.414+0.01a 50.81+0.45b 241£0.11d 6.37+£0.61d 2438+ 1.11c
AX5 Sandy soil layer 8 2.65 1.374+0.03b 4839+ 1.31bc 0.82+0.03f 4.824+0.18¢ 11.87 +1.04d
AX6 Sandy soil layer 10 2.54  1.35£0.02bc 47.01£0.88c 1.314+0.09¢ 5.024+0.27de 10.55+1.23d
AXT7 Detritus layer 12 2.62 1.324+0.02c  49.50+0.82bc 0.81+0.07f 2.36+0.32f 7.34 +£0.56e
AXS Detritus layer 15 2.53 1.314+£0.02c  48.12+1.33bc 0.67 + 0.09f 3.80+0.71ef 7.30 £ 0.80e
WHI1 Surface layer 0.3 2.52 1.334+0.04d 48.19+£0.93a 15.17+1.73a 13.84 +£0.88a 28.40+0.64a
WH2 Red soil layer 1 2.69 1.48+0.01b 44.96 +0.29¢ 4.65+0.29 7.69 +0.39b 24.52 +0.54b
WH3 Red soil layer 2.5 2.72 1.474+0.03b  45.68 £1.15bc 2.59+0.14c 6.62+0.51b  22.94+0.91bc
WH4 Sandy soil layer 5 2.68 1.44£0.02¢ 46.15+0.83b 2.824+0.03c 6.54+0.45b 16.28 £ 1.10c
WHS5 Sandy soil layer 9 2.63 1.40£0.03cd  46.44+1.64b 1.61+0.10d 4.18 £0.50c 12.41+£0.27d
WH6 Sandy soil layer 11 2.62 1.49 +0.02b 43.01+£1.01c 0.57 £ 0.08f 228+0.22d 14.23+0.78cd
WH7 Detritus layer 14 2.59 1.544+0.03a  40.34 £ 1.46d 0.74 £ 0.05¢ 3.91£0.18cd 8.86 £ 0.40e
WHS8 Detritus layer 17 2.61 1.374+0.05d  46.41+£1.5%9 0.234+0.18¢g 1.93 +£0.30e 8.37£0.32¢
Values with different letters are significantly different at the P <0.05 level among the different soil layers of the same collapsing gully. SOM: soil organic matter; Feq: free iron oxide.
each layer according to the cone penetrometer and the thread (liquid limit — plastic limit), 2)

roll method (Stanchi et al., 2015), which are reported in
S.I.S.S (1997) after ASTM D 4318-10e1 (2010), i.e. the plas-
ticity index and the liquidity index are obtained by the fol-
lowing Egs. (1, 2):

where WCipsity 18 in situ water content.

The particle density (PD) was measured by the pycnome-
ter method, the bulk density (BD) was determined by the
cutting ring method, and the total porosity (TP) was calcu-
lated as TP=1 — (BD/PD) (Anderson and Ingram, 1993;

Plasticity index = liquid limit- plastic limit, 1)
Liquidity index = (WCjgsiy — plastic limit) /
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Cerda and Doerr, 2010). The particle-size distribution (PSD)
was determined by the sieve-and-pipette method (Gee and
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Figure 2. Averages of soil properties for different weathering pro-
files of the four collapsing gullies. (a) Particle density, (b) bulk den-
sity, (c¢) total porosity, (d) soil organic matter, (e) cation exchange
capacity and (f) free iron oxide.

Bauder, 1986). Soil organic matter (SOM) was measured
by the K;Cr,O7-H2SO4 oxidation method of Walkey and
Black (Nelson and Sommers, 1982). Cation exchange capac-
ity (CEC) was measured after extraction with ammonium ac-
etate (Rhoades, 1982). Free iron oxide (Feq) was extracted
by dithionite—citrate—bicarbonate (DCB; Mehra and Jackson,
1958).

2.4 Statistical analysis

Statistical analyses were performed using SPSS 19.0 soft-
ware (SPSS Inc., Chicago, IL, USA). A one-way analysis
of variance (ANOVA) was performed to examine the effects
of soil depth on soil Atterberg limits and soil physicochem-
ical properties. The least squares difference (LSD) test (at
P <0.05) was used to compare means of soil variables when
the results of ANOVA were significant at P <0.05. Regres-
sion analysis was used to analyze the relationship between
soil Atterberg limits and soil physicochemical properties.

www.solid-earth.net/8/499/2017/

3 Results and discussion
3.1 Soil physicochemical properties

The soil physical and chemical properties for the different
weathering profiles in the four collapsing gullies (TC, GX,
AX and WH) were described in terms of soil particle density
(PD), soil bulk density (BD), total porosity (TP), soil organic
matter (SOM), cation exchange capacity (CEC), free iron ox-
ide (Feq) and particle-size distribution (PSD). The values for
these properties are shown in Tables 2 and 3. Average val-
ues at varying soil layers including surface soil layer, red soil
layer, sandy soil layer and detritus layer are given in Figs. 2
and 3.

3.1.1 Soil particle density (PD)

From Table 2, it can be seen that the soil PD was the
highest in TC3 (2.68gcm™3), GX6 (2.69gcm™), AX3
(2.66gcm™3) and WH3 (2.72gcm™>) of each collaps-
ing gully, but the lowest in TCl (2.58gcm™3), GXI
(2.57gem™3), AX8 (2.53 gecm™>) and WHI (2.52gcm™).
Significant differences (P<0.01) were observed in the aver-
age PD values of the different soil layers in TC, GX, AX
and WH (Fig. 2a). The PD was the lowest in the surface soil
layer, followed by the detritus layer. In addition, the highest
PD was observed in the red soil layer of TC, AX and WH and
the sandy soil layer of GX. Furthermore, as shown in Table 2,
most of the soil PD values in all the four soil layers were less
than 2.65 g cm ™3, which are often used to calculate the value
of soil BD (Lee et al., 2009; Sharma and Bora, 2015). The
lower PD value may be due to the loose structure of granite
soil (Luk et al., 1997a).

3.1.2 Bulk density (BD)

From Table 2, it can also be seen that soil BD values were the
lowest in the surface layer of all the collapsing gullies (1.29,
1.27,121and 1.33 g cm3for TC, GX, AX and WH, respec-
tively). However, relatively higher BD values were observed
in the red soil layer (1.47, 1.42, 1.43 and 1.48gcm™> for
TC, GX, AX and WH, respectively), followed by the sandy
layer. The average soil BD values had significant difference
(p <0.01) in the different soil layers of TC, GX, AX and WH
except in the surface layer of WH (Fig. 2b). Meanwhile, the
bulk density first increased sharply (p <0.01) and thus de-
clined slightly from the surface layer to the sandy soil layer
of TC and to the detritus layer of GX, AX and WH (Table 2),
which are similar to the report by Perrin et al. (2014). The
soil BD values of the surface layer were lower than those of
the other layers, probably due to the higher content of SOM,
more plant root distribution, and better soil structure and tex-
ture (Huang et al., 2014). The bulk density of the red soil lay-
ers was higher probably because the natural compact struc-
ture was maintained (Masto et al., 2015). The lower soil BD
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Table 3. Percentages of different particle-size distributions of different weathering profiles of the four collapsing gullies.

Mass percentages of soil particle-size distribution (mm)

Gravel Coarse sand Fine sand Silt Clay
Soil layer code 2.0-1.0 1.0-0.5 0.5-0.25 0.25-0.15 0.15-0.05 0.05-0.02 0.02-0.01 0.01-0.005 0.005-0.002 <0.002
TC1 9.24+1.61b 7.134£0.10d  7.09+1.35b 3.97+0.64d 9.86+0.93¢ 6.55+1.67d  12.07+0.59a 5.1640.58¢ 6.11+0.81b 32.81+1.46b
TC2 7.87+0.65b 6.55+0.12¢  6.1240.54c 6.10+0.07¢ 6.24+£0.93d 16.67+1.04a  9.8140.50b 6.18+1.07b 5.5440.92¢ 28.9140.62¢
TC3 4.51+0.36¢ 491+£024f 527+£0.11d 6.72 4 0.85bc 10.55 £ 1.14¢ 6.34+1.22d  9.74%1.16b 3.66+0.84d 726+0.21a 41.03+0.72a
TC4 3.05+0.55d 7.95+0.54c  9.78+1.08a 9.19+1.32a 17.66 £1.57a 6.254+0.60d  10.97 +£0.96a 3.27+0.63d 5.69+0.55¢ 26.19 £ 1.86d
TC5 5.34+0.71c 11.144+0.38b  11.75+0.78a 10.21 £1.05a 13.68 4 1.45b 1401 £1.16b  9.44+0.17b 7.54+0.25a 6.64+0.79b 10.2440.18e
TC6 19.84 +2.28a 14.63+0.58a 11.95+1.23a 7.58+0.37b 16.46 £ 1.04a 8.28+0.91c 8.48 +0.98¢c 5.204+0.33¢ 3.714+0.13d 3.87+0.48f
GX1 8.99+0.37d 4784+0.10d  4.43+£0.29 3.9440.18¢ 12.77 £0.34f 2924025  5.49+0.78d 6.09+1.03e 13.92 £ 1.65a 36.65+1.85a
GX2 8.12+0.31e 4.66+£0.19d  4.41£0.05¢ 4.17+£022¢ 13.62+£0.31de 4.14£0.66d  7.92+1.27bc 7.00+1.10d 12.85+1.62a 33.1041.80b
GX3 9.8940.50c 5.65+021c  6.19+0.25d 5.324+041d 16.40 £ 1.03¢ 9.244+0.33¢ 7.19 % 1.74c¢ 8.50 £0.65a 10.37 £0.88b 21.25+1.14c
GX4 8.85+0.71d 5.68+0.30c  7.93+0.31b 8.68 +£0.53b 18.724+1.27b 8.80+045c  8.0940.21b 7.65+0.48c  9.814+0.41bc 15.78 +0.39d
GX5 9.71 £1.30cd 5.03+£025d  4.17+0.3% 491+£042d  27.91+0.96a 11.14 £0.54b 849+ 1.4b 6.68 + 1.43d 7.69 £ 1.25d 14.2940.55d
GX6 12.13+£0.73b 790+0.19b  7.30£0.19¢ 8.69 +0.40b 16.40 £0.34¢c 1244+£0.52a  8.62+0.5%9 8.24+0.53a 9.37+0.71c 8.90 £ 0.42f
GX7 14.87+1.28a 8.87+0.14a 8.60+0.81ab 9.844+0.99a 14.60 £0.72d 10.37£1.63bc  6.03+£0.82d 8.83+0.17a 4.44+1.99% 13.55£1.39de
GX8 15.83+0.85a 8.80+0.07a  8.67+0.20a 8.09+0.62c  13.15+£0.99f 11.18+1.11ab ~ 9.73+1.47a 7.68+0.31c 5.31+1.46e 1155+ 1.11e
AX1 19.32+0.48¢c 755+042¢  6.67+0.23¢c 3.86+0.18d 6.524+0.94d 5.04+095d  6.02+0.37d 3.63+0.47e 7.93+0.24c 33.47+1.3%
AX2 6.234+0.35¢ 534+0.16d 4.10%+0.31d 2.90 4 0.23ef 4.4240.33¢ 3474+0.7le  4.01%0.19 6.34+1.12¢  11.5341.90ab 51.66 % 1.54a
AX3 6.39+0.25¢ 566+021d  3.994+0.43d 3.214+0.13e 6.4241.02d 4.19£0.97de 1.604£0.62f  5.64+1.35cd 9.61 +0.69b 5327+ 147a
AX4 8.65+0.74d 4.63+£0.08¢  3.31+0.16e 2.48 +0.50f 12.22+£1.02¢ 392+1.8le 8.27+1.17ab 11.65+0.56a 1291+191a 31.96 £0.55b
AXS 19.86 £ 0.87bc 8.71+0.23b  6.08+0.29¢ 5354+0.12¢  14.30%1.81bc 8.62+048c  8.0241.53b 8.35+0.37b 4.04+1.32d 16.68 £1.10c
AX6 24.49 £1.05a 10.01+£0.42a  7.66 £0.45b 6.44+1.02ab  15.82+ 1.44ab 10.71£0.50b  6.87+1.11cd 6.58+1.13¢ 4.274+0.07d 7.14+1.33d
AX7 19.1540.35¢ 7.83+0.27c  7.04+0.57b 5.95+0.69b 15.96 £0.78a 15.85+£1.12a  8.00£0.74bc 8.00+0.48b 3.78+0.73d 8.45+0.31d
AXS 21.02+1.37b 10.93+043a 10.86+0.98a 7.94+1.76a 17.48£1.97a 8.73+£1.08c  9.00£0.30a 5.01+0.27d 1.0240.4% 8.00 £ 1.25d
WHI 18.53 +£0.62f 5.67+0.12¢c  3.74%0.17¢ 2.30+0.39d 10.24 £ 1.15a 9.33+1.30a  5.55+0.19d 4.59+0.62d 7.424+1.85d 32.62+1.30a
WH2 23.4240.40d 5.78+0.09c  2.93+0.21de 2.2940.05d 6.89+0.74c 7.344+0.56¢c 8.51+1.28a 3.70+0.55d 10.23 £1.32¢ 28.92+2.22b
WH3 25.72+1.91b 5924+0.29¢  2.7640.08e 1.974+0.05d 5.1540.18d 5.744+0.53d  4.29+0.63¢ 8.724+0.93¢ 12.91£0.15b 26.83+1.82b
WH4 22.26 4 1.33de 6.39+021b  3.24+0.25d 2.06+0.10d 4.96 £ 1.10d 5454+1.25d  7.09 £ 1.00bc 9.1040.60c 16.07 £ 1.60a 23.38+1.97c
WHS 24.53+0.62¢ 846+0.16a  4.29+0.27b 3.05+0.14¢c 5.67+1.34d 7.02+£0.76c  4.0440.94e 15.15+1.85a 10.23 4+ 1.03¢ 17.5441.67d
WH6 27.73+£0.23a 8.50+04la  5.00+0.49a 4.40+0.37b 3.06+0.38¢ 10.94£1.25a  6.98 £ 1.34bc 12.39£0.65b 10.06 £ 1.73¢ 10.93 £1.38e
WH7 25.81+0.25b 8.54+0.05a  5.2940.29a 557+024a  9.2740.86ab 8.36 £ 1.80ab 6.73+0.73¢c  14.46+1.25ab 5.5640.38d 10.42£0.79%
WHS8 25.1640.82b 848+0.17a  5.4240.08a 5.24+0.61a 8.43+0.49b 7.40+£1.66bc  7.55+ 1.80ab 15.65+1.21a 10.914+0.57¢ 5.77+0.82f
Values with different letters are significantly different at the P <0.05 level among the different soil layers of the same collapsing gully.

values of the sandy layer and detritus layer may be due to
weak weathering and loose soil structure (Lan et al., 2013).

3.1.3 Total porosity (TP)

Unlike soil BD, the soil TP was comparatively high in the
surface soil layer of GX and WH, but was the highest in the
red soil layer of AX (Fig. 2c). From Table 2, it can be seen
that the soil TP values were lower in the red soil layer, such
as TC2 (44.11 %) and GX4 (46.02 %), which may be due to
the weathering process of these soil layers, feldspar and mica
in mineralized granites (Deng et al., 2016b).

3.1.4 Soil organic matter (SOM)

Soil organic matter (SOM) plays an important role in soil
nutrient availability, and its increase may decrease the poten-
tial of soil erosion (Oliveira et al., 2015). As shown in Ta-
ble 2, with the increase in depth, SOM contents in the soil
layers of the four collapsing gullies showed a sharply de-
creasing trend (P <0.01). The sandy soil layers and detritus
layers showed relatively lower SOM contents than those in
the red soil layers and surface layers (Fig. 2d). The AX1 had
the highest SOM content (44.06 gkg™!), followed by TC1
(23.37gkg™!), WH1 (15.17 gkg™!) and AX2 (11.23 gkg™';
Table 2), which is mainly due to the decomposition of surface
litter in the ground surface. However, the sandy soil layer
and the detritus layer are basically in the state of incomplete
weathering, and there is no accumulation of SOM (Xia et al.,
2015).
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3.1.5 Cation exchange capacity (CEC)

Cationic exchange capacity (CEC) is a measure of the soil
capacity to adsorb and release cations (Jordan et al., 2009;
Khaledian et al., 2016; Muifioz-Rojas et al., 2016b). Similar
to the SOM trend, CEC also decreased significantly from the
topsoil layers to the subsoil layers in the four collapsing gul-
lies. As shown in Table 2, the CEC values were the highest in
the surface soil layer of the four gullies (1.29, 1.27, 1.21 and
1.33’gcm_3 for TC1, GX1, AX1 and WHI, respectively).
The average CEC values followed the order of surface soil
layer >red soil layer>sandy soil layer>detritus layer with
significant difference (P <0.01; Fig. 2e).

3.1.6 Free iron oxide (Feq)

Feq is the secondary product formed by the weathering of the
parent rock during soil formation. One Feq state of the film
surface is wrapped in the shape of clay minerals, and another
state may be filled in the micropores of clay minerals (Cerda
et al., 2002; Lan et al., 2013). It is a unique and very im-
portant cementing material in weathered soil. As shown in
Table 2, Feq values were the lowest in the detritus layer of
all the collapsing gullies (11.89, 9.41, 7.30 and 8.37 gkg™!
for TC, GX, AX and WH, respectively). The highest Feq val-
ues of AX and WH were observed in the surface soil layer
(31.03 and 28.40gkg~! for AX and WH), while those of
TC and GX were observed in the red soil layer (27.37 and
26.59 gkg™! for TC and GX). Overall, there are significant
differences between surface soil layer, red soil layer, sandy
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Figure 3. Averages of different particle-size distributions for differ-
ent weathering profiles of the four collapsing gullies. (a) Tongcheng
County, (b) Ganxian County, (¢) Anxi County and (d) Wuhua
County.

soil layer and detritus layer in different weathering profiles
(Fig. 2f). These results show that the structural and mechan-
ical properties are stronger in the surface soil layers and the
red soil layers. However, when compared to the topsoil lay-
ers, the soil structure is loose and the cohesive strength is low
in the sandy soil layer and detritus layer.

3.1.7 Particle-size distribution (PSD)

Soil particle-size distribution (PSD) is one of the most impor-
tant physical attributes in soil systems (Hillel, 1980). PSD af-
fects the movement and retention of water, solutes, heat, and
air, and thus greatly affects soil properties (Arjmand Sajjadi
et al., 2015). The highest clay contents were 41.03, 36.65,
53.27 and 32.62 % in TC, GX, AX and WH, respectively, and
silt varied from 25.67 to 38.21 % in TC, 28.43 to 38.68 %
in GX, 21.06 to 36.75% in AX and 26.90 to 41.51 % in
WH. The averages of particle-size distributions for different
weathering profiles of the four collapsing gullies are shown
in Fig. 3. The results indicated that the finer soil particles
declined and the coarse soil particles increased from the sur-
face layer to detritus layer. The surface layer of TC, GX and
WH collapsing gullies had the greatest clay content of 32.81,
36.65 and 32.62 %, respectively, while the red soil layer of
the AX collapsing gully showed the greatest clay content
(45.63 %). This phenomenon can be attributed to the dif-
ferent weathering degree of granite: the grain size becomes
coarser, the SiO; content and sand content increase, and the
clay content decreases from the top to the bottom (Xu, 1996;
Lin et al., 2015).
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Figure 4. Averages of soil Atterberg limits for different weathering
profiles of the four collapsing gullies. (a) Plastic limit, (b) liquid
limit, (c) plasticity index and (d) liquidity index.

3.2 Soil Atterberg limits characteristics of weathering
profiles of the collapsing gullies

All the measured soil plastic limit and liquid limit values var-
ied significantly in the different soil layers. Table 4 lists the
calculated values for the Atterberg limits, plasticity index and
liquidity index. The average values for these properties are
shown in Fig. 4 and the relationships of these values with
soil depth are shown in Fig. 5.

3.2.1 Soil plastic limit and liquid limit

As shown in Table 4, soil plastic limit and liquid limit var-
ied greatly from the top to the bottom of different soil layers.
Specifically, the soil plastic limit ranged from 19.43 (TC6)
to 35.93 % (TC1) with an average of 28.34 % in TC, 19.51
(GX6) to 33.82 % (GX1) with an average of 24.19 % in GX,
19.32 (AX7) to 36.03 % (AX2) with an average of 26.87 %
in AX, and 18.91 (WHS8) to 36.56 % (WHS8) with an aver-
age of 23.98 % in WH. Consistent with the variation trend of
plastic limit, the soil liquid limit was found to be highest in
TC1 (62.68 %), GX1 (57.70 %), AX1 (65.71 %) and WH1
(62.70 %) in each weathering profile of the four collapsing
gullies, and lowest in TC6 (30.91 %), GX6 (30.89 %), AX8
(32.48 %) and WH7 (30.77 %). The averages of soil plas-
tic limit and liquid limit are shown in Table 4. The results
indicated that, with declining weathering degree (from the
surface layer to detritus layer), both of them decreased no-
ticeably (P <0.01; Figs. 5a; 7b). The surface layer of all the
four collapsing gullies had the greatest soil Atterberg limits
(35.93, 33.82, 35.58 and 36.56 % for the plastic limit, and

Solid Earth, 8, 499-513, 2017



506

Y. Deng et al.: Collapsing gullies in the hilly granitic region of southern China

Table 4. Soil Atterberg limits of different weathering profiles of the four collapsing gullies.

Soil layer code  Plastic limit (%) Liquid limit (%) Plasticity index (%) Liquidity index (%)
TC1 35.93+0.69a 62.68 +1.32a 26.75+2.01a —49.55+3.74d
TC2 31.73 £2.25b 53.09 £0.20bc 21.36 £ 2.05b —47.08 £4.52d
TC3 30.51+0.72b 56.03 £2.20b 25.52+147a —27.60 £ 1.59b
TC4 31.74+0.56b 50.04 +0.23¢ 18.30+0.33¢ —35.54+6.96¢
TC5 20.73 +1.68¢ 35.31£1.05d 14.58 +2.73d —37.254+6.96¢
TC6 19.43+2.07¢c 30.91+0.25d 11.48+1.82d —10.57 +1.68a
GX1 33.82+0.13a 57.70 £ 2.16a 23.88 +2.04ab —50.36 +4.29¢
GX2 27.04 £2.81b 52.91+0.61b 25.87+2.20a —34.67+£2.94d
GX3 23.08 +0.45¢ 49.58 + 0.96bc 26.50+ 1.41a —30.54 +1.62¢
GX4 23.97+2.39¢ 45.82+3.61c 21.85+1.22b —25.80 & 1.44bc
GX5 22.88 +1.98cd 43.32+1.45¢ 20.44 +0.53b —24.27 +0.63bc
GX6 19.51+0.95d 30.89 +£2.02¢ 11.38+1.07d —22.424+2.10b
GX7 21.16 = 1.53cd 34.254+0.41d 13.09+1.12¢ —18.16 £ 1.57a
GX8 22.06 +0.59cd 32.15+1.44de 10.09 +2.03d —17.61 £3.56a
AX1 35.58+1.70a 65.71£0.02a 30.14+1.72a —64.57+3.70d
AX2 36.03+2.83a 60.67 =0.11ab 24.64£2.72b —52.16 £5.76¢
AX3 35424+0.21a 57.01 £4.56b 21.59 +4.36bc —52.00 £+ 10.49¢
AX4 25.84 + 1.60b 48.34+0.71c 22.49+2.31bc —26.59+2.73b
AXS5 22.34 +1.65bc 40.66 £ 0.12cd 18.32+1.53¢ —24.124+2.00b
AX6 19.51 +£0.44d 32.51+1.18e 13.00+0.74d —24.27 4+ 1.40b
AX7 19.32+0.31d 36.26 +0.98d 16.94 + 0.68cd —13.35+0.54a
AXS 20.95+1.36¢ 3248 +1.36e 11.53+0.02¢ —12.41+0.01a
WHI1 36.56 £0.99a 62.70 == 1.04a 26.14 +£0.05a —65.91£0.13¢
WH2 26.01 +2.36b 52.20+£0.97b 26.19+3.32a —31.84 +£4.03b
WH3 24.93+0.17bc 46.86 +2.09¢ 21.93+£1.92b —42.67+3.74d
WH4 23.83 +£0.10c 46.11 +0.86¢ 22.28 +0.96b —38.60 £ 1.68bcd
WHS5 22.254+0.62¢ 39.11+0.29d 16.87+0.33¢ —36.69 +0.70bc
WH6 19.74 +0.84d 3422 4+1.95¢ 1448 £ 1.11cd —13.38 £ 1.00a
WH7 19.56 +0.27d 30.77 £ 1.32f 11.21 +£1.59d —11.65£1.63a
WHS8 18.91+1.44d 31.72+0.48f 12.81+1.93d —12.24+1.85a

62.68, 57.70, 65.71 and 62.70 % for the liquid limit, respec-
tively). The plastic limit of the sandy soil layer and the detri-
tus layer was significantly lower (P <0.01) than that of the
surface soil layer and the red soil layer, but with no signifi-
cant difference between each other. As shown in Fig. 5, the
soil Atterberg limits presented a nonlinear relationship with
soil depth. Power function fitting showed that both the soil
plastic limit and liquid limit had a remarkable negative cor-
relation with the soil depth (Fig. 5a, R? =0.784, p <0.001
and Fig. 5b, R2=0.877, p <0.0001, respectively). Addition-
ally, the soil plastic limit of the surface soil layer and the red
soil layer ranged between 24.70 and 36.56 % with an aver-
age of 31.98 % and the liquid limit ranged between 49.43
and 65.71 % with an average of 57.02 %, which are higher
compared with most types of soil (Reznik, 2016), but an op-
posite trend was observed in the sandy soil layer and the de-
tritus layer. Our findings are in agreement with the previous
studies by Zhuang et al. (2014) and Xia et al. (2015), who re-
ported that the topsoil layers have a better ability to resist de-
formation than the subsoil layers. These results indicate that
the change in water content has little influence on the sur-
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face soil layer and the red soil layer, and the soil cannot be
easily transformed into a liquid state by the rainfall erosion
and runoff scouring. Conversely, the change in water content
has a great influence on the sandy soil layer and the detri-
tus layer, and with water content increasing, the soil can be
changed from solid to liquid state.

3.2.2 Soil plasticity index and liquidity index

As shown in Table 4, there are considerable differences
in soil plasticity index and liquidity index in the different
weathering profiles of the four collapsing gullies. The soil
plasticity index was highest in AX1 (30.14 %), followed by
TC1 (26.75 %), GX3 (26.50 %) and WH2 (26.19 %), and it
was also the highest in each soil layer. However, the plastic-
ity index was lowest in the bottom soil layers (11.48, 10.09
and 11.53 % for TC6, GX8 and AXS8, respectively) except
for WH. Additionally, inconsistent with plasticity index, lig-
uidity index was the lowest in the surface soil layer of each
weathering profile (—49.55, —50.36, —64.57 and —65.91 %
for TC1, GX1, AX1 and WHI, respectively). The highest
liquidity indexes of TC, GX, AX and WH were —10.57 % in
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Figure 5. Relationship between soil Atterberg limits and soil depth.
(a) Plastic limit, (b) liquid limit, (c) plasticity index and (d) liquidity
index.

TC6, —17.61 % in GX8, —12.41 % in AX8 and —11.65 % in
WHY7, respectively. Figure 4a—d summarizes the statistics of
soil plasticity index and liquidity index in all of the different
weathering profiles. Significant differences were observed in
all the measured plasticity and liquidity indexes between the
surface soil layer, red soil layer, sandy soil layer and the de-
tritus layer. The results indicated that the soil plasticity index
decreased noticeably with the decline of weathering degree
(from the surface layer to detritus layer), which is similar to
the variation regularity of plastic limit and liquid limit.

The surface layer of the TC, AX and WH collapsing
gullies had the greatest soil plasticity index (26.75, 30.14
and 26.14 %, respectively), but the greatest plasticity index
(23.88 %) of the GX collapsing gully was found in the red
soil layer. In contrast with the plasticity index, the liquidity
index was significantly (P <0.01) higher in the sandy soil
layer and the detritus layer and was the lowest in the surface
soil layer (—49.55, —50.36, —64.57 and —65.91 % for TC,
GX, AX and WH, respectively; Fig. 4). Regression analyses
were performed to determine the strength of relationships be-
tween the plasticity index, the liquidity index and soil depth
(Fig. 5a—d). The nonlinear regression analyses showed that
the plasticity index had a remarkable negative correlation
with the soil depth (Fig. 5c, R%?=0.759, P <0.001). How-
ever, there was a significant positive correlation between the
soil liquidity index and the soil depth based on the power
function fitting analysis (Fig. 5d, RZ=0.746, P < 0.001).

The differences in soil plasticity index and liquidity index
between topsoil layers and subsoil layers may be related to
the variation in the dynamics of the soil properties. As previ-
ously reported, changes in soil plasticity index and liquidity
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index depend on soil properties such as clay and organic mat-
ter (Zhuang et al., 2014). The size of the plasticity index is
directly related to the maximum possible bound water con-
tent of a certain mass of soil particles. However, the bound
water content of soil is related to the size of soil particle,
mineral composition, the composition and concentration of
cation in the hydration membrane. Thus, the plasticity index
is a comprehensive indicator for the reaction properties of
clayey soil, which means the larger the index is, the higher
the clay content will be (Husein et al., 1999). Our findings
clearly demonstrated that the plasticity index of subsoil lay-
ers was significantly lower (P <0.01) than that of topsoil lay-
ers in the different weathering profiles, implying that the con-
tent of fine particles in the soil gradually decreased with soil
depth. Previous studies about soil texture classification are
frequently based on soil plasticity index: a soil with a value
between 10 and 17 % is defined as silty clay and that with
a value greater than 17 % is classified as clay (Zentar et al.,
2009; Marek et al., 2015). Based on this classification theory,
most topsoil layers in the TC, GX, AX and WH collapsing
gullies can be defined as clay, while the subsoil layers can be
classified as silty clay, which is more susceptible to erosion.

However, the adsorption capacity of bound water varied
under a different soil specific surface area and mineral com-
position. Therefore, given the same water content, for the soil
with high viscosity, the water may be bound water, while for
the soil with low viscosity, a considerable part of the water
can be free water, which means that the soil state cannot be
defined only by water content and we need another indicator,
namely the liquidity index, to reflect the relationship between
natural water content and Atterberg limits in the soil. The lig-
uidity index is defined as the ratio of the difference between
the natural moisture content and the plastic limit to the plas-
tic limit (Sposito, 1989). When the natural moisture content
is close to the plastic limit, the soil is hard; when it is close to
the liquid limit, the soil is weak in cohesive strength. In engi-
neering practice, the soil is in a hard state when the liquidity
index is less than O (Zhuang et al., 2014). In our research,
the liquidity indexes of all soils were less than 0, indicating
that the soil of the different weathering profiles of the four
collapsing gullies is hard in the natural state. Nevertheless,
the subsoil layers of the collapsing gullies are more close to
0 than the topsoil layers in the liquidity index, indicating that
the subsoil layers are weaker than the topsoil layers in cohe-
sion strength.

3.2.3 Relationship between soil Atterberg limits and
collapsing gully

In this study, the liquidity indexes of all soils were less than
0, indicating that the soils of the four collapsing gullies re-
main solid in natural state, with a high shear strength and
strong resistance to water erosion, enabling the soil of granite
weathering profile to maintain stability. From the soil Atter-
berg limits of all the soils, it can be seen that the plastic limit,
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liquid limit and plasticity index are higher in the surface soil
layer and red soil layer, implying that the plastic state can-
not be easily changed when the rain lasts a short time, such
as moderate to light rain, which usually does not lead to the
collapse and loss of the soils with high compaction and hard-
ness. However, if the rainfall duration is long enough, the soil
water content can reach a high level, leading to an increase in
the soil self-weight, a decrease in the soil shear strength, and
thus the collapse of the soils. The plastic limit, liquid limit
and plasticity index of the sandy soil layer and detritus layer
are significantly smaller than those of the surface soil layer
and red soil layer, indicating that it is very easy for the soils
in the sandy soil layer and detritus layer to reach the plastic
limit in the case of short-term rainfall, and coupled with the
looser soil and smaller soil shear strength, it is easy for them
to collapse.

Because of the lower soil Atterberg limits of the collaps-
ing gully in the subsoil layers, soil moisture absorption leads
to the increase in water content after a long period of rain
erosion and soil preferential flow. The sandy soil layer and
detritus layer of the collapsing gully would be the first to
reach or close to the plastic state in the same moisture con-
ditions. Meanwhile, the shear strength of the two soil layers
decreased rapidly, leading to the formation of the weak sur-
face and then collapse or water erosion. The erosion is much
more severe in the sandy soil layer and detritus layer than
in the surface soil layer and red soil layer, resulting in the
hollowing-out of the subsoil layers and the formation of a
concave pit called “niche” in the engineering geology (Ding
et al., 1995; Deng et al., 2016b). The formation and develop-
ment of the niche is the preliminary stage of the formation
of a collapsing gully. After niche formation, the surface soil
layer and red soil layer lack support, giving rise to a total
collapse by the soil self-weight. The occurrence of collapse
forms the source of erosion, resulting in the formation of the
collapsing gully.

In addition, as can be seen from Table 5, soil Atterberg
limits of different weathering profiles of the Quaternary red
clay are very different from those of granite soil, an Ultisol
in southern China. The plastic limit, liquid limit, plasticity
index and liquidity index of the Quaternary red clay show
an upward trend first and then a downward trend. However,
these values of the topsoil layers (A layer and B layer) are
similar to those of the surface layer and red soil layer of gran-
ite, while the values of subsoil layers (C1 layer and C2 layer)
are significantly higher than those of the sandy soil layers
and detritus layers of granite. Therefore, under the condition
of rainfall, even if the profile of the Quaternary red soil is
exposed, the subsoil layers are not easy to be eroded. Purely
because of these properties, the formation of a “niche” is dif-
ficult for the soil profile of the Quaternary red clay, and thus
few collapsing gullies occurred in the Quaternary red clay.
However, the stratigraphic characteristics of the soil Atter-
berg limits are particularly significant for granite soil, and
the collapsing gully is most likely to occur on this parent ma-
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terial in the hilly region of southern China. There are many
factors responsible for the occurrence of the collapsing gully
(soil thickness, vegetation, climate, etc.), and soil Atterberg
limits of different weathering profiles of granite soil may be
just one of the necessary, rather than sufficient, conditions for
the development of the collapsing gully. This will be further
studied in the future work.

3.3 Effect of soil physicochemical properties on soil
Atterberg limits

In this research, we examined the soil particle density (PD),
bulk density (BD), total porosity (TP), soil organic matter
(SOM), cation exchange capacity (CEC), free iron oxide
(Feq) and particle-size distribution (PSD) in the different soil
layers of the four collapsing gullies (TC, GX, AX and WH).
The relationships between soil physicochemical properties
and soil Atterberg limits are shown in Table 4.

3.3.1 Soil particle density (PD), bulk density (BD) and
total porosity (TP)

Regression analyses were performed to determine the
strength of relationships between Atterberg limits and soil
particle density, bulk density and total porosity in the soils
of the four collapsing gullies (TC, GX, AX and WH).
Specifically, soil Atterberg limits had a very weak nega-
tive correlation with the soil BD (R2 =0.044, P =0.273
for plastic limit; R% =0.021, P =0.450 for liquid limit) and
PD (R?=0.023, P =0.423 for plastic limit; R? =0.002,
P =0.818 for liquid limit), and a very weak positive cor-
relation with the soil TP (R2 =0.124, P =0.057 for plas-
tic limit; R?2 =0.077, P =0.139 for liquid limit). Therefore,
there was almost no significant correlation between soil At-
terberg limits and PD, BD and TP in the soils of the four
collapsing gullies.

3.3.2 Soil organic matter (SOM)

In Table 6, regression analyses showed that the soil organic
matter had a significant and positive correlation with plastic
limit (R?> =0.816, P <0.001) and liquid limit (R? =0.785,
P <0.001). This is probably because soil organic matter can
promote organic colloid formation to affect the specific sur-
face area, the water holding capacity of the soil particles
and thus the soil liquid limit (Stanchi et al., 2012). With the
increase in organic matter content, organic colloid also in-
creased, implying that the greater the water holding capac-
ity of the soil is, the greater the liquid limit will be. In this
research, the soil Atterberg limits had a significant positive
correlation with the organic matter. Similar results were also
reported by Zhuang et al. (2014) and Husein et al. (1999),
who both concluded that the plastic limit and the liquid limit
of the soil increase with increasing organic content. Accord-
ing to the relationship between the Atterberg limits and the
organic matter in the weathering profiles of granite soil, we
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Table 5. Soil Atterberg limits of different weathering profiles of the Quaternary red clay in Xianning.

Soil layer  Plastic limit (%) Liquid limit (%) Plasticity index (%) Liquidity index (%)
A 31.76 £0.11b 52.21+£0.15b 20.45£0.26a —71.10£0.91c
B 35.37+£3.10a 56.16 +2.19a 20.79 £0.91a —77.14£3.39b
Cl1 28.80 = 1.15bc 48.16 +2.78c 19.37 £ 1.64b —54.23 £4.59a
Cc2 26.67+0.61c 45.54+£0.38d 18.87 £0.24b —51.91£0.65a

Table 6. Regression and correlation analyses of soil Atterberg limits with soil physicochemical properties.

Plastic limit Liquid limit

Regression equations R? P Regression equations R? P
Gravel content y=—-5.0831n(x) +38.722  0.258 0.004 y =—8.323In(x) +66.423  0.219 0.009
Coarse sand content y = —8.895In(x) +48.448 0.208 0.011 y=-=21.66In(x) +100.51 0.362 <0.001
Fine sand content y=—4.772In(x) 4+ 38.804 0.155 0.031 y=-9.633In(x)4+71.562 0.178 0.020
Sand content y=—17.16In(x) +90.809 0.569 <0.001 y=-32.52In(x) +168.51 0.644 <0.001
Silt content y=-19.2In(x) +91.772 0.314 0.001 y=-28.59In(x)+143.51 0.213 0.010
Clay content y=7.6773In(x) +3.4506  0.795 <0.001 y=14915In(x)+1.8834 0.827 <0.001
BD y=—28.04In(x) 4+ 34.789  0.044 0.273 y = —35.65In(x) +56.651 0.021 0.450
PD y =—49.17In(x) +73.088  0.023 0.423 y=-—27.35In(x)+71.436  0.002 0.818
TP y =35.364In(x) —110.82  0.124 0.057 y=51.702In(x) — 154.49  0.077 0.139
SOM y =4.25531n(x) +22.753  0.816 <0.001 y =7.6856In(x) +39.781  0.785 <0.001
CEC y=7.9009In(x)+11.719  0.657 <0.001 y =15.682In(x) +17.359  0.767 <0.001
Feq y =10.6291n(x) — 4.226 0.688 <0.001 y=21.885In(x) —16.509  0.837 <0.001

can conclude that the higher the content of organic matter is,
the stronger the anti-erodibility of the soil will be. Thus, our
research provides a theoretical basis for the prevention and
control of collapsing gully by using green manure to improve
soil organic matter in these areas.

3.3.3 Cation exchange capacity (CEC)

As shown in Table 6, there was a strong positive correla-
tion between soil Atterberg limits and CEC (R2 =0.657,
P <0.001 for plastic limit; R?=0.767, P <0.001 for liquid
limit). Similar results were reported by Cathy et al. (2008),
who proposed that CEC can be used as an indicator for the
mineral type and that it is highly correlated with plastic limit
and liquid limit.

3.3.4 Free iron oxide (Feq)

A positive significant correlation was observed between soil
Atterberg limits and Fed (R? =0.688, P <0.001 for plastic
limit; R =0.837, P <0.001 for liquid limit; Table 6). This
is consistent with the finding of Stanchi (2015), who reported
that Atterberg limits were also affected by CEC. Therefore,
Feq acts as an inorganic binding agent in structure formation
and participates in reducing horizon vulnerability, as pro-
posed by Sposito (1989).
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3.3.5 Particle-size distribution (PSD)

Regression analyses were performed to determine the
strength of relationships between soil Atterberg limits and
the contents of gravel, coarse sand, fine sand, silt and clay
in the soils of collapsing gullies (Table 6). The nonlinear
regression analyses showed a strong positive correlation of
the soil Atterberg limits with the clay content (R? =0.795,
P <0.001 for plastic limit; R* =0.827, P <0.001 for liquid
limit), a remarkable negative correlation with the content of
sand (R?>=0.569, P <0.001 for plastic limit; R =0.644,
P <0.001 for liquid limit) and a weak negative correla-
tion with the silt content (R2 =0.314, P =0.001 for plastic
limit; R?2 =0.213, P =0.010 for liquid limit), gravel con-
tent (R? =0.258, P =0.004 for plastic limit; R? =0.219,
P =0.009 for liquid limit), coarse sand content (R2 =0.208,
P =0.011 for plastic limit; R? =0.362, P <0.001 for liquid
limit) and fine sand content (R2 =0.155, P =0.031 for plas-
tic limit; RZ =0.178, P = 0.020 for liquid limit). The signif-
icant negative correlation between soil Atterberg limits and
sand may be attributed to porosity and specific surface area.
When the sand content increases, the soil pores will increase
and surface area will decrease, resulting in poor soil perfor-
mance and facilitating water movement. Meanwhile, sandy
soil is low in viscosity, loose and difficult to expand, lead-
ing to the slow rise of capillary water during water erosion.
Therefore, the soil plastic limit and liquid limit will decrease
with increasing sand content. Our results show that with de-
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clining weathering degree, the sand increased and the finer
soil particles declined, which causes the decrease in soil At-
terberg limits, and the subsoil layers are the first to be eroded
(Zhuang et al., 2014).

Furthermore, there was a significant positive correlation
between soil Atterberg limits and clay content, indicating
that the clay content, despite its modest amount, plays a ma-
jor role in determining the values of plastic limit and liquid
limit. This also shows that, in the weathering profiles, the
soil Atterberg limits increased with the increase in clay con-
tent, which is also reported by several other studies (Poli-
dori, 2007; Baskan et al., 2009; Keller and Dexter, 2012).
This result may be due to the effect of clay on soil plastic-
ity in changing the arrangement of soil particles and cation
exchange capacity. The connection form, the arrangement of
soil particles and soil pore size will vary greatly with the clay
content. Additionally, soil clay has a larger specific surface
area, which will affect the soil water storage capacity. There-
fore, the huge specific surface area enables the clay to have
strong adsorption capacity, which affects the speed of water
flow in the soil. Meanwhile, the mosaic of clay particles to
the larger pores can also block the flow channels in the soil.
All of these will affect the soil Atterberg limits, with the high
clay content contributing to the directional arrangement of
soil particles, leading to the increase in weakly bound water
content, thereby increasing the plastic limit and liquid limit
of the soil.

Overall, soil is a sphere of the earth system with a special
structure and function. From the point of view of the earth
system, soil science should not only study the soil material
but also change towards the relationship between the soil and
the earth system, which has a profound impact on the human
living environment and global change research (Brevik et al.,
2015; Keesstra et al., 2016). The results show that the re-
lationship between soil Atterberg limits and the occurrence
mechanism of collapsing gully, which can be used as a refer-
ence for the assessment of natural disasters occurring in the
interaction between water and force in nature.

4 Conclusions

Based on the analyses of soil Atterberg limits, soil physico-
chemical properties, the influence factors on collapsing gully
and the relationships between soil Atterberg limits and soil
physicochemical properties of different weathering profiles
of the four collapsing gullies in the hilly granitic region, the
conclusions are summarized as follows.

Different weathering profiles exhibit a significant effect
on soil Atterberg limits and soil physicochemical properties.
The topsoil layers show the highest plastic limit, liquid limit,
plasticity index, SOM, CEC and Feg; finer soil particles; and
the lowest liquidity index, PD, and BD. As weathering de-
gree decreases (from the surface layer to detritus layer), there
is a sharp decrease in the plastic limit, liquid limit, plasticity
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index, SOM, CEC and Feq; a gradual increase in liquidity
index; and a sharp increase in PD and BD first, followed by
a slight decline. Additionally, the finer soil particles (silt and
clay) decrease, and especially the clay contents decline no-
ticeably, whereas the gravel and sand contents increase con-
siderably. Therefore, the soils of subsoil layers very easily
reach the soil Atterberg limits during rain, and coupled with
the looser soil structure, it is easy for them to be eroded,
resulting in the hollowing-out of these soil layers and the
formation of a concave pit called a “niche” in engineering
geology. After the niche formation, the topsoil layers lack
support, leading to a total collapse in the soil by the soil self-
weight and causing the formation of the collapsing gully. The
regression analysis shows that soil Atterberg limits are sig-
nificantly positively correlated with SOM, clay content, CEC
and Feq; remarkably negatively correlated with sand content;
and not obviously correlated with other properties. The re-
sults of this study demonstrate that soil Atterberg limits can
be regarded as an informative indicator to reflect the weather-
ing degree of different weathering profiles of the collapsing
gully. Future research will include the relationship between
soil Atterberg limits and soil mechanical properties.
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