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Abstract: Soil chronosequences derived from
landslides with certain time series are the great
avenue to elevate our understanding on the processes
of pedogenesis, nutrient dynamics, and ecosystem
evolution. However, the construction of reliable soil
chronosequence from historical landslides remains
intricate. Here, we presented a 22,000-year soil
chronosequence from multiple landslides on the
upper reach of Minjiang River, western China. The
variation in a variety of pedogenesis indices and soil
nutrients  verified the reliability of the
chronosequence. The silica-alumina ratio and silica
sesquioxide ratio decreased significantly with soil age.
This reflected the enrichment of Al/Fe/Ti oxides but
the depletion of Si oxides with the soil development.
Meanwhile, the values of the Chemical Index of
Weathering and the Chemical Index of Alteration
increased significantly with soil age, especially from 5
to 89 years. These variations were attributed to the
soil weathering, which led to the destruction of soil
minerals with the rapid loss of most of cations (e.g., K,
Na, Ca, and Mg) during the soil development. The
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concentrations of carbon and nitrogen in topsoil
increased with soil age, and the carbon accumulation
rate slowed significantly from 5,500 to 22,000 years.
The total phosphorus concentrations decreased with
soil age, suggesting the gradual loss of soil
phosphorus with soil development. The results
indicate that the landslide chronosequence
established on the upper reach of Minjiang River is
reliable and delineates a long-term soil development
process, which will provide a great platform for
further improvement of biogeochemical theories and
understanding sustainable vegetation restoration.

Keywords: Soil chronosequences; Landslides;
Weathering indices; Pedogenesis, Soil nutrients

1 Introduction

Landslides have seriously threatened the safety of
mountain ecosystems worldwide (Ardizzone et al.
2007; Schlogel et al. 2015). However, landslides can
strikingly accelerate nutrient cycling via soil
development and sediment transport after the



exposure of new rocks or parent materials (Hilton et
al. 2011). Various landslide events are linked to severe
weather that continues to expand through climate
change in many regions of the world, while the
mechanisms of mutual feedback between landslides,
biosphere and climate remain unclear (Walker et al.
2010; Schulz et al. 2013; Blonska et al. 2018;
Hemingway et al. 2018; Olivia and Dirk 2022). Soil
chronosequences derived from landslides have a great
potential to explore soil development and nutrient
dynamics because of the well-recorded soil age and
successive vegetation development. This can not only
elevate the understanding of the interaction of
landslides with climate and biosphere, but also
improve the theory of primary succession. Therefore,
it is the priority to construct a reliable soil
chronosequence from historical landslides, especially
for a long-term temporal scale.

Soil chronosequences are soil continuums with
changes in vegetation, topography, and climate
(Jenny 1969; Harden 1982). The concept of “space for
time” in a chronosequence allows examining the
relationships among soil development, vegetation
succession, weathering, and geomorphological
processes (Stevens and Walker 1970; Yaalon 1983;
Huggett 1998; Beilke et al. 2013). The key to
constructing a chronosequence is to clarify soil ages,
which ensures that the chronosequence represents a
successive stage of one or several pedogenic processes
(Rode 1961; Vreeken 1975; Huggett 1998). Based on
the viewpoint, one of the most popular methods in
constructing chronosequences on the known age soils
(Birkeland 1990). Sites such as coastal sand dunes,
lava flows, moraines, and landslides provide soils of
the known ages, which are ideal for constructing soil
chronosequences. Several soil chronosequences have
been studied, such as the iconic Franz Josef post-
glacial chronosequence (Walker and Syers 1976),
basaltic chronosequence along the Hawaiian Islands
(Crews et al. 1995), the Northern Arizona Volcanic
Field chronosequence (Selmants and Hart 2010),
marine sedimentary chronosequence along the
Mendocino Terrace (Izquierdo et al. 2013), coastal
sand dunes chronosequence at Haast, New Zealand
(Turner et al. 2012), coastal sand dunes
chronosequence at Jurien Bay, Western Australia
(Turner and Laliberté 2015), and a post-glacial
chronosequence at Hailuogou, Southwestern China
(Wu et al. 2015). However, long-term landslide soil
chronosequence is rare. Most chronosequences
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derived from landslides were short-term and dated
back hundreds of years ago (Olivia and Dirk 2022).
Short-term landslide chronosequences are mainly
formed on several adjacent landslides, and the time
when the landslides occurred is accurately recorded
(Hilton et al. 2011; Ramos et al. 2012; Blonska et al.
2018; Hemingway et al. 2018). It is relative to the
short-term landslide chronosequences with the
accurate age (Guzzetti et al. 2012; Razak et al. 2013;
Vinduskova et al. 2019) challenging to construct a
long-term landslide chronosequence.

A standard method to construct a long-term
landslide chronosequence is based on geological
chronology (Bronk 2009; Reimer et al. 2013; Olivia
and Dirk 2022), and the indices of soil development
and the characteristics of soils at different ages can be
used to verify the reliability of a chronosequence. The
indices of soil development include silica-alumina
ratio (Sa), silica sesquioxide ratio (Saf) (Zhao et al.
1983; Alexandre et al. 1997; Huang et al. 2002; Derry
et al. 2005), chemical index of weathering (CIW), and
chemical index of alteration (CIA) (Birkeland 1974;
Guggenberger et al. 1998; Daniel et al. 2001; Huang
and Gong 2001; Martha et al. 2008). The values of Sa
and Saf can indicate the processed silicon (Si) loss
and aluminum (Al) enrichment in soils (Zhao et al.
1983), and extensive research showed the decreased
values of Sa and Saf with soil development (Parker
1970; Zhao et al. 1983; Alexandre et al. 1997; Huang
et al. 2002; Derry et al. 2005). Yang et al. (2010)
found that the values of Sa and Saf increased slowly at
the later stages of soil development. The indices of
CIW and CIA, the ratios of Al.O; to unstable oxides,
have been widely used to evaluate the chemical
weathering strength of feldspar quantitatively
(Nesbitt and Young 1982; Yang et al. 2010). The
higher values of CIA and CIW exist, the more
elements such as K, Na, and Ca in silicate minerals
are apt to be leached from the parent materials
(Nesbitt and Young 1984). Moreover, the changes in
soil carbon (C) during soil development have been
extensively studied on both decadal and centennial
scales (Lugo and Brown 1993; Post and Kwon 2000;
Poeplau et al. 2011; Yang et al. 2016). Current
research has established that soils eventually reach a
specific soil C saturation capacity during soil
development. In other words, further C inputs do not
lead to the accumulation of C in the soil at later stages
of soil development (Peltzer et al. 2010; Newman et al.
2020). The concentrations of nitrogen (N) were

1283



J. Mt. Sci. (2023) 20(5): 1282-1292

significantly correlated with soil age, and many
terrestrial ecosystems are devoid of N at the
beginning of the succession (Walker and Syers 1976;
Dahlgren 1994; Holloway and Dahlgren 2002).
Accordingly, biological processes in many ecosystems
on young soils may be limited by low supplies of N,
but soil N concentrations increase rapidly with soil
development (Vitousek and Farrington 1997;
Newman and Hart 2015). Moreover, total phosphorus
(Pt) concentrations also showed a significant
relationship with soil age (Walker and Syers 1976;
Kouno et al. 1995; Wardle et al. 2004). The Pt
concentrations increased at the early stages of soil
development, decreasing rapidly with soil
development (Wu et al. 2015; Vinduskova et al. 2019).

The study area is located in western China, and
the wunique physical geography and geological
environment make it one of the areas in China with
the highest occurrence rate, the most extensive scope,
the most types, the highest frequency, and the worst
effect of landslides and debris flows (Lu et al. 2021).
This provides an ideal site for constructing a landslide
soil chronosequence. We selected fourteen landslides
with short-term sequences with long-term geological
dating methods to construct a 22,000-year landslide
soil chronosequence on the upper reach of Minjiang
River, western China. To verify the reliability of the
chronosequence, we investigated various indices of
soil development (e.g., Sa, Saf, CIA, and CIW) and the
concentrations of soil C, N, and P with different soil
ages. If the values of Sa and Saf decreased along the
chronosequence, and the values of CIW and CIA
increased along the chronosequence, it represented
the changes in soil properties along the
chronosequence following the pedogenesis rule. We
expected that the changes in the concentrations of
topsoil C, N, and P along the chronosequence
followed the patterns that soil C and N accumulate
rapidly at the early stages of soil development. The
concentrations of soil Pt increased with soil age at the
early stages of soil development and then decreased
with soil development.

2 Materials and Methods

2.1 Study area and soil sampling

The study area (103°32’-104°15’'E, 30°45’-
30°09’N) is located on the upper reach of Minjiang
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River, eastern Tibetan Plateau (Fig. 1). The climate in
the study area is dominated by an arid river valley
climate (Fang et al. 2003). The mean annual
temperature is 12°C, the mean annual precipitation is
approximately 700 mm, with most of the
precipitation occurring in the summer, and the
annual evaporation is 1725 to 2,570 mm (Fang 1994).
The mountains are the dominant landform in the
study area, with elevation ranges of 762-5,963 m (Fig.
1). The parent rocks in the study area are dominated
by sandstone and conglomerate (Table 1). Since the
Cenozoic, the Tibetan Plateau has been a geologically
active region uplifted by the collision between the
Eurasian and Indian plates (Han et al. 2015; Zhong et
al. 2022). This results in complicated geological
conditions, frequent geological hazards, and a fragile
ecological environment in the study area (Lu et al.
2021).

103°E
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Fig. 1 Study area and sampling sites in the upper reach
of the Minjiang River in Sichuan province of western
China.

In total, 14 landslide sites were selected where
landslides occurred 5 to 22,000 years before (Table 1).
Soil samples were derived from landslides wholly
reset by the landslide event. In order to select



Table 1 The basic characteristics of the study area

Location .

ID Full name g}g)f Longitude  Latitude éi’gtude
(E,°) N, °)

1 Xinmo 5 103.655140 32.068647 2250
2 Tasi 12 103.143368 31.679613 2100
3  Luhua 15 102.989604 32.083414 2350
4 Jianshan 42 103.340866 31.557639 1900
5 Fotangbaz 58 103.528527 31.241238 1670
6 Chayuan2 74 103.529226  31.536676 1350
7  Diexi 89 103.688266 32.047831 2325
8 Fotangbai 110 103.528527  31.241238 1670
9 Chayuani1 134 103.529226  31.536676 1350
10 Huahong 300 103.831129  31.762311 1810
11 Shimenkan 1000 103.494763 30.999352 1510
12 Qiangyang 5500 103.728402 32.115634 2180
13 Koushan 14000 103.645949 31.506586 1500
14 Wenzhen 22000 103.691390 31.542233 1825
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. . e published
Sampling area Predominant parent rock pH 21’(?’5 + Ii)n
headscarp sandstone/conglomerate  8.53 Xuetal. 2017
headscarp sandstone/conglomerate  8.36 Gan et al. 2015
headscarp sandstone/conglomerate  8.38 Wang et al. 2007
headscarp sandstone/conglomerate  7.92 Xie et al. 2004
headscarp Sandstone 7.78 Xie et al. 2004
headscarp sandstone/conglomerate  7.72 Wang et al. 2011
headscarp Claystone 7.94 Nie et al. 2004
headscarp sandstone/conglomerate  7.19 Xie et al. 2004
headscarp sandstone/conglomerate  7.72 Wang et al. 2011
headscarp Sandstone 6.99 Chai 2002
headscarp Conglomerate 7.14 Chai et al. 1995
headscarp sandstone/conglomerate  7.11  An et al. 2008
headscarp Conglomerate 7.08 Chai et al. 1995
headscarp sandstone/conglomerate  7.15 Wang et al. 2007

landslides without apparent disturbance from soil
erosion and human activity, we avoided sampling on
large intact landslide blocks, where lower central parts
were preferred (Table 1). All sampling sites were
selected in flat and similar topographic positions. At
each sampling site, we established a representative 10
x 10 m plot and collected soil samples from the surface
horizon (0-10 cm) and C horizon. Each soil sample was
composed of three random sub-samples. The litter
layers were removed when collecting the soil in the
surface horizon. Due to high rock content in the C
horizon, larger rocks (>5 cm) and soil were weighed
separately, and a representative soil sample of about
1kg was taken for laboratory analyses. Their volume
was estimated and recorded when the pit contained
large rocks that could not be easily extracted from the
pit. Another undisturbed core sample was collected by
steel cylinders (100 cm3) to measure soil bulk density.
Before analysis, plant roots and rock gravels were
removed, and the fresh soil sample was passed through
a 2 mm sieve and divided into two sub-samples. One
was kept at 4°C for the analysis of soil C, N, and P. The
other was air-dried for the analysis of the soil physical
and chemical properties.

2.2, Physical and chemical analysis

Values of pH of soil samples were measured by a
pH monitor (HACH HQ30D, USA) with a ratio of soil
to water of 1:2.5 (w/v). In the soil samples, the
concentrations of major elements (e.g., Al, Ca, Fe, K,
Mg, Mn, Na, and Ti) were measured by an American
Leeman Labs Profile inductively coupled plasma
atomic emission spectrometer (ICP-AES). The soil C
and N concentrations were measured by Elementar

Vario ISOTOPE cube (EA-IRMS, Germany). The
concentrations of soil Pt were measured after acid
digestion (HNOjz;, HCIO,) by the molybdenum blue
method using spectrophotometry at 889 nm (Murphy
and Riley 1962).

2.3 Indices of soil development

The general index of soil development can clarify
the degree of soil development (Janzen et al. 2011).
The values of Sa and Saf can indicate the processed
silicon (Si) loss and aluminum (Al) enrichment in
soils (Huang 1996), which are empirically represented
as:

_sio,
Sa = Lo (1)

Si0,
Al, 03+ Fe,03 )

Saf =

Degree of weathering is classified based on CIA
value, i.e., if the CIA value is between 40 and 66, the
samples are low to moderately weathered, whereas if
it exceeds 66, the samples are extensively weathered
(Nesbitt and Young 1982; Harnois et al. 1988). This
suggests the effective transformation of rock into soil
by chemical alteration forming secondary minerals,
i.e., clay minerals. CIA is represented by the below-
mentioned empirical formula calculated by using
molar proportion:

ClA = 100 x | Al305 ] (3)

Al,03+Ca0+Na,0+K,0

We have also calculated the value of the chemical
index of weathering (CIW) using the molar proportion,
which is empirically represented as:
ot yerws )

CIW =100 x [A1203+CaO+Na20
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2.4. Statistical analysis

Before data analysis, all the data were checked for
normality and logarithmically converted if necessary.
Only a regression model using the age of landslide as a

single predictor and providing the best fit in the figures.

All parameter coefficients were normalized using a z-
score conversion to make the parameter estimates
comparable. Both independent samples t-test and
Kruskal-Wallis test were conducted in SPSS 19.0 (IBM
SPSS, USA), while other statistical analyses were
conducted in R version 4.0.5 (R Core Team 2020).

3 Results

3.1 Soil chronosequence derived from
landslides on the upper reach of the
Minjiang River

There were significant differences in the soil
properties along the chronosequence. In soil aged 5 to
74 years, the soil depth varied between 5 and 20 cm,
dominantly composed of sand (58%-73%), the soil
color was yellowish brown, and the mean value of soil
pH was 8.12. The land covers transited from bare land
to herbaceous plants (Fig. 2). In soil aged from 74 to
1000 years, the soil depth was 25 to 40 cm major
composed of silt (53%-58%), the soil color is dark
brown, and the mean value of soil pH was 7.46.
During this period, the land covers transited from
herbaceous plants to woody plants (Fig. 2). For the
soil aged from 1,000 to 22,000 years, the thickness
was 40 to 300 cm, the color was blackish brown, the
mean value of pH was 7.12, and silt (59%-74%) was
the major composition, of the land covers were
herbaceous and woody plants (Fig. 2).

3.2 Indices of soil development

The Sa values varied between 0.017 and 0.023 (Fig.

3a), while the values of Saf were between 0.010 and
0.013 (Fig. 4a) in C horizon. For the topsoil, the Sa
values were 0.0040 to 0.0203 and decreased with soil
age (Fig. 3b). The topsoil had Saf values of topsoil also
decreased from 0.0024 to 0.0128 with the soil age (Fig.
4b). The CIA obviously increased with soil age in the
topsoil (Fig. 5a), while it changed a little in C horizon
(Fig. 5b). The CIW had a similar change as CIA both in
the topsoil (Fig. 6a) and C horizon (Fig. 6b).
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Fig. 2 Plants cover succession (upper) and changes in
particle size composition (lower) along the landslide soil
chronosequence on the upper reach of Minjiang River,
western China.

0.0251 (a)
00201 T :
0.015{ adi.k=0.19
a adj R=0.04
0.010 » Measured values
0.005 —— Fitted values

0
0 20 40 60 80100100 1000 10000

100000
Age (year)
0.025] (b)
+ Measured values
0.0201 =2
\“\\ ——  Fitted values
~1
0.015 ~
o3 S
© adj k=094 T Th |
0.010
0.005 adj.R=0.96

0
0 20 40 60 80 100100 1000 10000
Age (year)

100000

Fig. 3 Changes in the indices of Sa along the landslide
soil chronosequence on the upper reach of Minjiang
River, western China. The values are means + SE, n=3.
(a) Values of Sa in C horizon soil; (b) Values of Sa in
topsoil.

3.3 Carbon, nitrogen, and phosphorus
concentrations and their stocks in topsoil

The concentration of C in the topsoil increased
with soil age from 2.67 to 16.19 g/kg and more rapidly
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Fig. 4 Changes in the indices of Saf along the landslide
soil chronosequence on the upper reach of Minjiang
River, western China. The values are means + SE, n=3.
(a) Values of Saf in C horizon soil; (b) Values of Saf in
topsoil.

increased before 5500 years (Fig. 7a). The
concentrations of N in the topsoil had a similar trend
as C and increased from 0.2 to 1.8 g/kg (Fig. 7b). The
Pt concentrations varied between 0.13 and 1.16 g/kg
and showed a decreasing trend with the soil
developed (Fig. 7c).

The stocks of C, N, and P of topsoil were
calculated per square meter’s contents with 10 cm soil
depth, bulk density, and concentrations. The stocks of

C and N increased from 0.21 kg/m2 to 1.34 kg/m2 (Fig.

8a) and o.11 kg/m2 to o.15 kg/m2 (Fig. 8b),
respectively. Both stocks of C and N showed increased
trends with the soil age. In contrast, stocks of P
decreased significantly with soil age, from 0.086
kg/m2 to 0.011 kg/m2 (Fig. 8c). It implied that about
84% of phosphorus in the topsoil was lost during the
soil development.

4 Discussion

4.1 Validation of landslide soil
chronosequence by weathering indices

J. Mt. Sci. (2023) 20(5): 1282-1292
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Fig. 5 Changes in the indices of CIA along the landslide
soil chronosequence on the upper reach of Minjiang
River, western China. The values are means + SE, n=3.
(a) Values of CIA in topsoil; (b) Values of CIA in C
horizon soil.

The values of the Sa and Saf in soil C horizon
were uncorrelated with soil age (Fig. 3a, 4a), and they
have no significant difference along the
chronosequence. It demonstrated that the parent rock
for soil development might have similar silica-
alumina and silica sesquioxide ratios. Meanwhile, the
approximations of CIW and CIA in soil C horizon
along the chronosequence (Fig. 5b, 6b) indicated that
the soil parent materials at each landslide might have
a similar degree of weathering. However the early
stages of soil development (soil age < 100 years), the
values of the CIW and CIA in soil C horizon were
remarkably correlated with soil age (adj. R2 0.92, 0.78
respectively; Fig. 5b, 6b), but the correlation
weakened at the later stages (soil age > 100 years)
(adj. R2 0.53, 0.40 respectively, Fig. 5b, 6b),
suggesting that their relationship with soil age is not
linear along the whole chronosequence, and the C
horizon might be impacted by leaching of elements
from topsoil as soil developed.

The changes in the values of CIA and CIW in the
topsoil were consistent with our hypothesis (Fig. 5a,
6a). In the study area, frequent earthquakes and
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intermittent neotectonics movements have led to
rapid soil weathering, which might favor the leaching
of mobile elements (Xu et al. 2017). As the soil
developed, the differences between the values of the
CIW and CIA of the topsoil from the C horizon
increased significantly, further indicating that the
intensifying weathering along the chronosequence
(Fig. 5, 6), which resulted in the significant loss of
most of the K, Na, Ca, and Mg with time. The values
of the Sa and Saf in topsoil were significantly
correlated with soil age (Fig. 3b, 4b) along the
chronosequence. The changes in the values of Sa and
Saf in the topsoil indicated the loss of Si and the
accumulation of Fe and Al during pedogenesis.
Typically, the release of ash elements (including Si)
from plants and returning into the soil at the later
stages of development decreases the loss of soil Si,
resulting in a slower rate of decrease in the values of
Sa and Saf (Yang et al. 2010). In our study, the values
of Sa and Saf still showed a rapidly decreasing trend
(Fig. 3b, 4b), implying that the amount of bio-silicon
returned by plants was insufficient because of the
lower litter decomposition rate caused by the arid
climate.

Generally, soil properties varied along the
chronosequence following the pedogenesis rule.
Weathering indices changed smoothly with the soil
development in 14 landslide sites without any
remarkable abnormal variation along the soil
chronosequence, which verified the reliability of the
chronosequence.

4.2 Validation of landslide soil
chronosequence by soil indicators

The changes in the concentrations of topsoil C
along our chronosequence followed the patterns
reported in previous studies that soil C concentrations
reach a specific saturation capacity during soil
development and further C inputs afterward do not
lead to the accumulation of C in soil (James 1988;
Hassink 1997; Stewart et al. 2007). In our soil
chronosequences, soil C concentrations and stocks
reached their saturation around 5,500 years (Fig. 7a,
8a). However, the long-term capacity of soils to store
carbon and the rate at which soils approach this
capacity remains to be determined (Six et al. 2002).

Rapid N accumulation occurs at the early stage of
soil development when N is fixed biological fixation
(Vitousek et al. 2004). After the rapid increase, soil N
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Fig. 6 Changes in the indices of CIW along the landslide
soil chronosequence on the upper reach of Minjiang
River, western China. The values are means + SE, n=3.
(a) Values of CIW in topsoil; (b) Values of CIW in C
horizon soil.

concentrations continuously increases till a certain
peak (Lugo and Brown 1993; Post and Kwon 2000;
Poeplau et al. 2011; Yang et al. 2016). The
concentrations and stocks of topsoil N in the
chronosequence demonstrated a rapid increase at the
early stage and kept the increase trends afterward
(Fig. 7b). No decrease trends of N concentration and
stocks emerged in 22,000 years at the landslide sites,
which might be attributed to unique N cycling in the
study area. The weak correlation of topsoil Pt with soil
age at the early stages of soil development (Fig. 7¢c)
might be due to the rapid weathering and soil erosion
that disturbed soil development (Wu et al. 2015). In
the long term, the concentrations of topsoil Pt were
negatively correlated with soil age (Fig. 7c), which
might be resulted from the continuous loss of P.
Overall, the changes in the concentrations of soil Pt
along the chronosequence were in line with the
dynamic pattern of soil Pt during pedogenesis
(Walker and Syers 1976; Kouno et al. 1995; Wardle et
al. 2004; Wu et al. 2015).

The temporal patterns of topsoil C, N, and P
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stocks in topsoil along the soil chronosequence (Fig. 8)
were similar to those observed for other long-term
chronosequences (Crews et al. 1995; Wardle et al.
2004; Turner and Laliberté 2015; Vinduskova et al.
2019). These patterns were consistent with the result
of the database analysis on the C, N, and P
transformation as a function of pedogenesis (Yang
and Post 2011), which further verified the reliability of
the chronosequence.

The topsoil total C stocks came to a steady state
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Fig. 8 Changes in the stocks of C, N, and P of topsoil
along the landslide soil chronosequence on the upper
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of N of topsoil; (¢) Stocks of P of topsoil.

440 years after dune formation in Lake Michigan
(Lichter 1998) and 566 years in Mt. Shasta volcanic
mudflows (Dickson and Crocker 1953). In the
chronosequence, the total C stocks in the topsoil
maintained a slower increase or a relatively steady
accumulation rate around 5,500 years (Fig. 8a). The
possible interpretation for this lag is that the dry
climate in the study area resulted in a slower
succession of vegetation, lower productivity, and slow
decomposition of litter. The rate of decreasing topsoil
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Pt stocks in soil age from 100 to 22,000 years was
much faster than other chronosequences (Fig. 8c)
might be attributed to the steep slope of the study
area (Wu et al. 2015).

In summary, the changes in soil C, N, and P in 14
landslide sites were similar to other soil
chronosequences, which further verified the reliability
of the landslide chronosequence. The decreased pH
value trends and particle size composition variation
also demonstrated this coherence.

5 Conclusion

In this work, a 22,000-year soil chronosequence
was constructed using 14 landslides on the upper
reach of Minjiang River, western China, based on the
assumption that the time of landslides occurred was
the beginning of the pedogenesis. However, the study
area is frequently subject to geological hazards, which
disturbed the soil development. The values of CIW,
CIA, Sa, and Saf in C horizon for each landslide is
similar, which supports that the selected landslides
had similar soil parent rocks. As the soil develops, in
the topsoil, the values of CIW, CIA increased, and the
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