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Abstract
Soil erosion is a global environmental issue that can lead to the loss of nutrient-rich topsoil and even soil desertification, 
which is more severe in vulnerable and sensitive karst areas. Currently, it is imperative to explore the soil erosion mechanism 
and the weathering process to help prevent soil degradation in the karst area. In this study, we estimated the soil erosion 
rate of a representative karst slope in Shilin area of China by 137Cs tracer method. We also analyzed the changes of soil total 
organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) along the soil profiles. The results show that there is 
mild to moderate intensity erosion in this area, and erosion rates in different locations of slope are in the following order: 
hilltop > hillside > bottom. The 137Cs content has a certain correlation with TOC, TN and TP content in the soil profile, which 
indicates they may have similar loss pathways. Furthermore, the chemical index of alteration (CIA), Na/K value and their 
relation with soil erosion are analyzed and reveal that the studied area is seriously affected by physical erosion and chemical 
weathering under a hot and humid environment area. 
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Introduction

Karstic geological and ecological systems, which provide 
approximately 20–25% of the world’s drinking water (Parise 
et al. 2015), are important parts of the earth’s surface sys-
tem and their changes will have an impact on other regions 
and even the entire Earth system. However, currently the 

soil erosion in karst areas has seriously threatened the local 
agriculture and livelihoods of local residents (Bai 2011), 
especially when the soil erosion is not considered in the past 
planning of urban and industrial development (Bathrellos 
et al. 2012, 2017; Papadopoulou-Vrynioti et al. 2013). In 
fact, quantifying the soil erosion rate and chemical weath-
ering intensity in karst areas can provide data support for 
future industrial upgrading and the conservation of water 
and soil (Buttafuoco et al. 2012; Rozos et al. 2013; Perović 
et al. 2013). In the past several years, despite many works 
studied the soil erosion in karst areas (Kheir et al. 2008; 
Bai 2011; Feng et al. 2016), relatively few works focused 
on both soil erosion and chemical weathering in these areas 
(Millot et al. 2002; Gabet 2007; Krishnaswamo and Gyana 
2012). Exploring the relationship between physical erosion 
rates and chemical weathering can help us to understand 
the formation and long-term evolution of weathering pro-
files in karst areas. Generally, physical erosion accelerates 
chemical weathering by weakening bedrock and providing a 
fresh mineral surface for chemical weathering, while chemi-
cal weathering accelerates physical erosion by dissolving 
primary minerals (Ferrier and Kirchner 2008; Clift et al. 
2014). Accordingly, it is widely accepted that physical ero-
sion enhances chemical weathering in geology (Schoonejans 
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et al. 2016) and vice versa (Blanckenburg 2005; Braun et al. 
2005). For example, in landslide-dominated landscapes, the 
theoretical model by Gabet (2007) shows the rate of chemi-
cal weathering do increase with erosion rates and is propor-
tional to the erosion rate raised to the ~ 0.6 power. By cos-
mogenic nuclide methods, Kirchner et al. (2006) measured 
the rates of physical erosion and chemical weathering in gra-
nitic terrain. They found the “Weathering Intensity Factor” 
(WIF), ratio of the chemical weathering rate to the physical 
erosion rate, is temperature dependent, which is attributed 
to the biologically mediated weathering. In fact, chemical 
weathering begins when organisms (microbes, moss, etc.) 
emerge from the hard rock surface, and the weathering 
reactions can be further efficiently catalyzed by vegetation 
and microbes. The substances generated by the biological 
metabolism process, such as oxygen and organic acids, 
would further accelerate the process of chemical weather-
ing and affect the soil erosion rate (Kirchner et al. 2006). In 
addition, the precipitation can lead to both soil erosion and 
chemical weathering (Chetelat et al. 2008).

From the geochemical perspective, the physical erosion 
and weathering of the surface drives the material circula-
tion. Chemical weathering is mainly limited by the supply 
of fresh minerals by erosion especially in areas with steep 
slopes (Kirchner et al. 2006). The more intense the physi-
cal erosion is, the more severe the chemical weathering is 
(Anderson et al. 2007). However, Gabet and Mudd (2009) 
pointed out that the relationship of weathering intensity and 
erosion rates is not simply a linear one. As the erosion rates 
increase, the potential increases in weathering rate due to 
the exposure of fresh minerals are offset by the decrease 
in the total volume of minerals exposed. Accordingly, at 
high erosion rates, the weathering rate increases slowly and 
sometimes even decline (Gabet and Mudd 2009). Many pre-
vious researches were focused on the primary and moderate 
weathering in the temperate zone (Chen et al. 2008; Shao 
et al. 2012), whereas studies on soils under the extreme 
weathering conditions were few. The elements (e.g. Ti, Zr) 
that were considered stable in temperate study areas are now 
proved to occur obvious movement under strong chemical 
weathering (Kurtz et al. 2001). In fact, the migration of ele-
ments in strong chemical weathering areas is quite different 
from that in moderate areas (Xu and Liu 2007). For the Yun-
nan Karst area, which is strongly influenced by karst envi-
ronmental heterogeneity, the geochemical composition of 
karst surface must be affected by the weathering of rock and 
soil (Tang et al. 2010). However, the physical erosion and 
chemical weathering of watersheds vary between localities 
due to different regional hydrodynamic conditions, topog-
raphy, ecology, seasonal climate, and other factors (Yang 
et al. 2014). This increases the difficulty of exploring the 
mechanism of soil erosion in the karst area. Therefore, it is 
of great importance to study the soil erosion and weathering 

in the carbonate area and understand the trends of soil and 
water loss in this region.

The 137Cs tracer method can be used to accurately com-
pute the average soil erosion rate over long periods. It has, 
therefore, been widely used in many countries and regions 
(Takahashi et al. 2015; Li et al. 2016; Molla and Sisheber 
2017). Verheijen (2009) first suggested that there is a close 
relationship between the redistribution of 137Cs in the soil 
and the migration of the eroded soil for areas with small soil 
erosion. This provides the fundamental theory for tracing 
soil erosion via 137Cs. Gaspar et al. (2013) used the fallout 
radionuclides 137Cs, 210Pbex, and 7Be as tracers of sediment 
mobilization and redistribution, which makes it possible to 
estimate soil redistribution rates within both undisturbed 
and cultivated landscapes over a range of timescales. An 
elegant theoretical soil erosion model set up by Zhang et al. 
(1990) can be used to obtain soil erosion rate from the dis-
tribution of 137Cs along the soil profile. Yang et al. (2014) 
investigated the specific activity and distribution of 137Cs 
in Karst hillslopes of the central Guizhou plateau and then 
discussed the main influencing factors. The study found that 
the specific activity of 137Cs in Guizhou was higher than that 
in western Yunnan. Due to the severe rock desertification 
of Shilin Karst slopes in Yunnan, uneven soil distribution, 
and widely exposed bedrock, 137Cs would enter soils in the 
bedrock crevice with rainfall, which leads to the distribution 
of 137Cs in the karst slopes different from other areas.

The objectives of this study are: (1) to reveal the mecha-
nism of soil erosion in the karst areas; (2) to show the migra-
tion of soil nutrients along the karst slope under long-term 
soil erosion, and (3) to clarify the relationship between the 
soil erosion rate and the chemical weathering intensity in 
the karst areas. Our results show that both physical erosion 
and chemical weathering play an important role in the soil 
erosion process in the karst areas.

Materials and methods

Study area

The sampling site is in the Karst area of Shilin Yi Autono-
mous County (24°48’N, 103°19’E) which is 78 km away 
from Kunming, China. It is characterized by peak cluster 
depression, limestone, and sandy soil. It experiences 2250 h 
of average annual sunshine, and the annual average tempera-
ture is approximately 16.3 °C. It is also an area influenced 
by the intersection of monsoons (Indian Ocean southwest 
monsoon and Pacific southeast monsoon). The frost-free 
period is 240 days annually. The annual average rainfall 
is between 800 and 850 mm, with the May–October rainy 
season precipitation accounting for 86% of annual precipi-
tation. It is marked by a subtropical low-latitude mountain 
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plateau monsoon climate. The elevation is in the range of 
1600–1900 m, with higher terrain in the southwest and lower 
terrain in the northeast. From east to west, the Karst moun-
tain road that leads to the southern basin is gently inclined 
and transitions into Karst slope. The upper part of the slope 
is mostly steep with inclination of approximately 30°, the 
lower part of the slope is gentler at substantially less than 
10°, and the middle slope is within the range of 15°–20°.

Soil sampling and data analysis

Samples were collected in April 2015. The sampling points 
are located in surrounding natural secondary forest low 
mountain slopes in Shilin. The various cracks or karren 
karsts of stone pillar is one of the habitats for plants, also the 
place for vegetation closely related to Shilin area to grow. As 
for zonal vegetation under present situation, first, the most 
evident characteristic of stony habitat growing vegetation 
lies in a small area of semi-humid broad-leaved forest, with 
diagnostic species as Cyclobalanopsis glaucoides schottky, 
Castanopsis orthacantha and Lithocarpus dealbatus. Sec-
ond, shrubby vegetation is relatively stable in this area. Cal-
cium-preferred ferns have the strongest presence, due to their 
features such as small, shade preferred, calcium preferred, 
and their preference to grow on epiphytic rocks. The repre-
sentative species are Sophora davidii, Pistacia weinman-
nifolia, Diospyros mollifolia, etc. The topographic map of 
the sampling area is shown in Fig. 1. The topographic profile 
method is used to collect samples. For each study site, sam-
ples are collected from the top of the slope to the foot, and 
then five typical soil profiles are selected with an interval of 
5 m. A total of 73 research samples are collected. For each 
sample, the soil profile was dug vertically downwards with 
a shovel and continuously sampled downwards from the top 
soil at a 3-cm interval, each collecting about 2 kg. The sam-
pling point profile is shown in Fig. 2. The basic information 
such as elevation data of each sample was also documented. 
Sampling depth is generally at the 35–40 cm layer. When 
cross-sectional soil deposition occurs, the sampling depth is 
greater than 40 cm, which may exceed the depth of the soil 
containing 137Cs (Li et al. 2009).

Soil samples were air-dried. Weeds and pebbles were 
removed, and then samples were subjected to sieving 
(sieve opening size 2.0 mm). Samples were then dried to 
constant weight at 110 °C. After these samples cooled, 
380 g were extracted using a balance with accuracy of 
0.001 g and then be put in the plastic containers of the 
same specifications. These subsamples were placed in 
plastic containers and kept the surface flat. 137Cs specific 
activity analysis uses an energy-dispersive spectrometer 
(eds). We used a 16,384 multi-channel analyzer of the 
S-100 series made by Canberra in USA. It exhibits high 
stability. Main technical indicators of the spectrometer: the 

energy resolution of γ spectrometer measurement system 
is 2.25 keV at 60Co1.33 MeV, peak/compton ratio higher 
than 60:1, relative detection efficiency at 62%, measure-
ment time for each sample is 28800s (real time), meas-
urement error controlled under 95%, data test deviation 
smaller than 5%. The specific activity of 137Cs is obtained 
from the γ-ray spectrum area at 661.6 keV. The activity is 
then multiplied by the soil volume and thickness, which 
produces area-specific activity with the units of Bq/m2. 
Total amount of 137Cs (Bq/m2) is the sum of 137Cs area-
specific activity in all soil layers from the surface to the 
depth where it is completely undetected. The method uses 
the following formula:

CPI (137Cs Point Inventory) represents the total amount 
of 137Cs in sample, i indicates the layer number, n repre-
sents the layer numbers of sample, Ci stands for specific 
radioactivity of 137Cs in the ith sample layer (Bq/g), Bi 
indicates soil bulk density of the ith sample layer (g/cm3), 
and Di for thickness of the ith sample layer (cm).

We prepared the samples before the measurement and 
completed the experimental procedure as follows. First, 
we picked out all plant roots from surface soil, then left 
them for natural drying, crushed the clods and quartered 
them as in common practice. For each time of reduction, 
we mixed the test samples evenly. The final sample was 
around 200 g. We spread the sample on the foil and put 
it into a dryer at a temperature below 50 °C for 48 h. The 
dried sample would then be handled by an automatic ball 
grinder to 200 mesh, and preserved in a self-sealing bag or 
sealed bottle for later testing. Before grinding each sample, 
the mortar of ball grinder shall be scrubbed and cleaned 
with water repeatedly, dried with dryer, wiped with etha-
nol and then blow-dried.

Constant element determination is conducted by Philips 
PW2402 model X-ray fluorescence spectrometer. The meas-
urement of TN and TP in soil samples is taken by persulfate 
digestion method (Mitchell et al. 1996). TOC is the amount 
of carbon found in an organic compound, and is an impor-
tant material basis for soil, and is also one of the important 
indexes for measuring soil quality. A TOC analyzer (Shi-
madzu, TOC-LCSH) and a solid sampler (SSM-5000-a) 
were used to analyze TOC in soil samples. 200 mg dried 
soil samples is transferred to ceramic boat after through a 
200-mesh sieve. The test samples together with purified air 
are put into the high-temperature combustion tube to meas-
ure the amount of total carbon (TC) and low-temperature 
reaction tube to measure the amount of inorganic carbon 
(IC). TOC is calculated by subtraction of the IC value from 
the TC value in the sample.

(1)CPI =

n
∑

i=1

10
3 × C

i
× B

i
× D

i
.
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The determination of background value

137Cs background value is the total amount of 137Cs per 
unit area of ground settlement (Bq/m2). It is necessary 

to determine the background value of 137Cs in a research 
area to apply the tracer method to estimate soil erosion, as 
this directly affects the accuracy of soil erosion modulus 
or soil erosion rate. There are two ways to determine the 

Fig. 1  Simulated landform map of sampling sites
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background value: one is to directly measure 137Cs content 
in a sample from an undisturbed area with relatively little 
erosion and deposition; and the other one is to record the 
background value directly in the same basin. This sec-
ond method can only be applied if weather conditions and 
137Cs spatial distribution are consistent. In general, the 
selected benchmarks are sites that have experienced rela-
tively little erosion or deposition for more than 50 years. 
In this research area, it is difficult to find such sampling 
points. In fact, it will produce a great loss of 137Cs under 
weak erosion. And in this area the precipitation is concen-
trated, so the soil is severely lost by hydraulic erosion, and 

it is even lower than the estimated values. Therefore, it is 
not suitable as a reference point. Landscape and the pitch 
of the slope are important factors affecting local soil ero-
sion rate. Owens acquired an estimate of annual settlement 
of 137Cs from 1954 to 1990 in the northern hemisphere. 
Based on the geographical coordinates and precipitation, 
Qi and Zhang obtained the background value of 137Cs in 
different regions of China by computational simulation, 
and the background value of Dongchuan area near our 
study area is 1269 Bq/m2 (Zhang et al. 2010). According 
to the global simulation by Walling and Owens (1996), it 
can be concluded that the 137Cs background value in this 

Fig. 2  The profile information of Shilin, China
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region is 860 Bq/m2. In contrast, Niu et al. (2014) and oth-
ers measured the background value of Dianchi lake area 
in Yunnan as 906 Bq/m2. Considering that this research 
area and Dianchi lake area are at the same latitude with 
50.66 km of separation and experience almost the same 
average annual rainfall, we set the 137Cs background value 
of the research area as 906 Bq/m2, which has also been 
adopted and considered as reasonable by other researchers.

Mathematical model for calculation of soil erosion 
with 137Cs method

The key issue in the application of 137Cs tracer technique to 
the estimation of soil erosion is the conversion of the change 
in 137Cs content to soil erosion rate. There are two important 
components to this method: one is the need to accurately 
measure the local 137Cs background value, and the other is 
a reasonable soil erosion model. In this study, we selected to 
collect soil samples in the slope land which is in long-term 
lack of human disturbance. In most occasions, 137Cs gath-
ers in the surface layer, and its distribution exponentially 
decreases with depth in the undisturbed soil. Based on the 
report of many researchers on the exponential distribution 
of 137Cs in non-farming soil profiles, Zhang et al. (1990) 
provides a function for 137Cs profile distribution:

x represents the soil depth (cm), is the total amount of 137Cs 
between 0 and x in depth (Bq/m2), and is the profile expo-
nential of 137Cs depth distribution  (cm−1).

For example, assume that the sedimentation of 137Cs 
occurred in 1963 and its distribution and depth in the 
soil profile were not influenced by temporal changes. The 
annual erosion thickness h of the erosion pitting can be 
calculated by the following equation:

where h is the erosion rate (cm/a), t is the sampling year, and 
x is the decreased percentage compared to background value 
(Aref−A)/Aref × 100.

Soil erosion modulus indicates the intensity of soil ero-
sion, showing the intensity of erosion intensity in a certain 
region per unit time.

The modulus of the soil erosion is calculated as follows:

Y is for soil erosion modulus (t/km2/a) and D is for soil 
capacity (Kg/m3).

If the background value is input into the equation, the 
137Cs content in the soil profile is more than the point of 
background value. This indicates that there is soil deposition.

(2)A
� (x) = Aref

(

1 − e
−�x

)

.

(3)h = −
1

(t − 1963)�
ln

[(

1 −
x

100

)]

,

(4)Y = h × D × 10000.

Chemical Index of Alteration

The change in absolute content of a single element can-
not accurately reflect the evolution of chemical weathering 
intensity as it is influenced by elemental leaching migration 
and re-deposition. This is why chemical weathering degree 
is often measured by an element content index or ratio.

The Chemical Index of Alteration (CIA) is widely applied 
as a geochemical indicator of chemical weathering degree. 
The CIA value is proportional to the amount of feldspar 
that transforms into clay minerals by weathering. Hence, 
the chemical weathering degree of silicate minerals can be 
quantitatively explained. The stronger weathering of sedi-
ment is followed by a higher CIA. The formula for CIA is 
as follows (Nesbitt et al. 1982):

In the formula,  Al2O3, CaO,  K2O, and  Na2O are input 
moles of oxide molecules, CaO* is the molar content of 
silicate minerals. The combined Ca (Nesbitt et al. 1989) in 
the carbonate, phosphate, and other minerals is not included. 
It is clearly observed in the geochemical movement of ele-
ments in the surface that CIA reflects the degree of clay 
minerals weathered by aluminosilicate minerals, especially 
feldspars (Kautz and Martin 2007). A higher CIA indicates 
more leaching of Na, K, and Ca in the silicate minerals from 
parent rocks, as well as a stronger effect of chemical weath-
ering (Nesbitt and Young 1996). During the study, the accu-
rate isolation and purification of silicate minerals from sedi-
ments has proven difficult. Therefore, the correction method 
proposed by McLennan (1993) is applied in this study. The 
CIA is calculated based on the average composition of Na 
and Ca in natural silicate minerals and the molar ratio of 
CaO/Na2O in the sediment sample. The CaO is replaced by 
the molar content of  Na2O if the ratio is more than 1. If the 
ratio is less than 1, the CIA is calculated directly from the 
molar content of CaO, which is equivalent to m CaO* = m 
CaO.

Results and discussion

Caesium distribution in soil profile

Five soil profiles were analyzed in this study, and the dis-
tribution of 137Cs in these soil profiles is shown in Fig. 3. 
From the distribution of 137Cs activity in different soil pro-
files, we can see that the soil erosion rates and deposition 
rates vary greatly in different locations. Figure 3a shows 
soil samples collected on the top of slope (hilltop), with a 
soil sampling depth of 40 cm and an area-specific activity 

(5)
CIA = [Al2O3∕(Al2O3 + Na2O + K2O + CaO

∗] × 100.
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of 428.5 Bq/m2. Figure 3b shows soil samples collected 
in the middle of the slope (hillside), with the sampling 
depth of 48 cm and an area-specific activity of 645.9 Bq/
m2. Figure 3c shows soil collected on the lower part of the 
slope (bottom), with the sampling depth of 40 cm and an 
area-specific activity of 983.7 Bq/m2. As shown in Fig. 3a, 
b, the 137Cs content is lower than the background value on 
the hilltop and hillside, and it is mainly distributed in the 
soil with the depth of 0–6 cm, similar to previous studies 
(Pumpanen et al. 2016) that there is a relative enrichment 
layer of 137Cs in the range of 3–6 cm. Below 3 cm, the 
137Cs content decreases exponentially with the increase 
of soil depth, indicating that the upper soil particles move 
slowly to the lower layer. There are several reasons for 
these patterns. First, the distribution is related to the sedi-
mentation history of 137Cs. From the beginning to the com-
pletion of sedimentation, 137Cs sedimentation flux is basi-
cally a single-peak curve with the highest sedimentation 
flux in the mid-1960s. Second, 137Cs are mainly adsorbed 
in the fine particles of the soil with half of them in the 
soil particles with diameters less than 0.001 m (Henry 
et al. 2013). The fine soil particles are easy to migrate to 
the deep soil under the action of gravity and leaching of 
rainwater, and the fine particles are vulnerable to wind 
erosion. In Fig. 3a, the peak of 137Cs on the hilltop is not 
located in the topsoil, which may be related to diffusion 

and migration of 137Cs with rain. If the sampling sites 
have been corroded by rain for a long time with strong soil 
leaching, migration infiltration rate of 137Cs in soil pro-
file will be greater than its own diffusion infiltration rate, 
and 137Cs concentration in subsurface soil will be higher 
than that in the topsoil. The distribution depths of 137Cs 
in different soil profiles are in in the following order: hill-
top < hillside < bottom. According to Nearing et al. (2015), 
the specific activity of 137Cs is affected by many factors, 
such as climatic conditions, vegetation, topography and 
so on. The sampling slope is slower with a thicker cover 
of leaves and branches in Fig. 3b, c. At the bottom of the 
slope (Fig. 3c), there is a peak of 137Cs under the topsoil 
(12–15 cm) with a concentration of 4.52 Bq kg−1 and the 
activity of total area is higher than the background value, 
indicating that there is some sedimentation at the foot of 
the slope. This may be due to soil erosion on the slopes, as 
the 137Cs in the topsoil particles migrates down via gravity 
or rain, wind, and other mild erosion. Figure 3d, e shows 
soil collected in the washland (lake 1 and lake 2). 137Cs 
in these profiles is deeply distributed in the soil with a 
sampling depth of 50 cm. The specific activities of the 
areas are 1038.8 and 1109.7 Bq/m2, respectively. These 
activities are 14.7 and 22.5% higher than the local 137Cs 
background value of 906 Bq/m2, which indicates sedimen-
tation occurred at these two sampling points. The 137Cs 

Fig. 3  137Cs depth distribution features. Sampling depth is 40 cm, a cross-sectional soil deposition occurs, and the sampling depth is greater than 
40 cm, more than likely contain soil depth of 137Cs
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content in the washland profile exhibits an exponential 
increasing trend, although there is some fluctuation along 
the profile. This is because sedimentation and erosion 
occur alternately under the influence of water erosion at 
different flow rates during the formation and evolution of 
the washland.

Using the soil erosion and sediment models presented 
above, the soil erosion rates of hilltop, hillside and bot-
tom are 0.216, 0.188 and 0.067 cm/a, respectively. This 
shows that in the sampled slope, the soil erosion intensity 
decreases as the elevation decreases. The sediment rates 
of lake1 and lake2 are − 0.105 and − 0.117 cm/a, respec-
tively, less than the sum of the erosion rates on hilltop 
and hillside. This suggests that part of the eroded soil is 
deposited on bottom and washland, and the rest may flow 
into the river. Overall, the 137Cs concentration varies sig-
nificantly along the slope. Compared with the background 
value, the loss is quite large. One possible reason is that 
rocky desertification is serious in the study area, and 137Cs 
is not easily adsorbed by bedrock, which leads to the loss 
of 137Cs with rainfall. The other possible reason is that the 
migration of 137Cs along the slope is mainly affected by the 
downward flux of rainwater and the organic matter in the 
soil. The adsorption or immobilization of 137Cs by organic 
matter makes it accumulate in the topsoil, whereas rainfall 
makes it migrate downward.

Due to the shallow and scattered soils with bare rocks in 
the Shilin area, the soil erosion mechanisms are different 
at each site. Previous studies have shown that the spatial 
distribution of 137Cs may be affected to some extent by the 
underground soil loss (Peng and Wang 2012; Wang et al. 
2014). However, in the present study, the specific activity 
of 137Cs did not show a discontinuous trace distribution in 
the profile. This phenomenon indicates that soil particles 
did not run off the ground with the negative surface topog-
raphy along the rainfall, and the soil formation process in 
the area is a combination of hilltop erosion and hillside 
sedimentation. Also, this soil formation process shows 
the spatial distribution of 137Cs caused by profile erosion 
and is not affected by underground soil loss. Therefore, 
when investigating the soil erosion in karst areas by 137Cs 

tracing method, the surface topography needs to be fully 
considered.

Soil erosion modulus estimation

According to the Eq. (4), soil erosion modulus of this region 
can be calculated and the results are shown in Table 1. In 
the study area, the soil erosion rate and the 137Cs content are 
closely related to the local slope and topography. Slope is an 
important factor affecting soil erosion. Generally, the slope 
is positively related to soil erosion rate, i.e. the amount of 
137Cs loss and the erosion modulus increases as the slope 
increases.

As shown in Table 1, from the hilltop to the bottom the 
137Cs content in the soil is increasing and the amount of soil 
loss is decreasing. The soil erosion rates at different topog-
raphy are as follows: hilltop > hillside > bottom. And the soil 
erosion modulus at the hilltop reaches 3345.4 t/km2/a. This 
is because the hilltop is steeper and the vegetation coverage 
is worse than that on the hillside and the bottom. In addition, 
80% of the annual precipitation is concentrated in the rainy 
season, resulting in large surface runoff and flow velocity, 
and large scouring force on the slope. At the bottom and 
washland, the soil erosion is relatively light, and even soil 
sedimentation occurs. On the one hand, it may be due to the 
smaller slope gradient at the bottom and correspondingly 
lower water flow velocity, resulting in partial soil sedimenta-
tion on the bottom and washland. On the other hand, Kavian 
et al. (2014) and Lanznaster et al. (2010) have shown that 
vegetation cover is usually negatively correlated with soil 
erosion. There are only grass plants on the top of the slope, 
but there is rich vegetation coverage at the bottom of the 
slope with dry branches and fallen leaves, weeds, and shrubs 
which may greatly reduce soil erosion.

According to the soil erosion intensity classification 
standard issued by the Water and Soil Conservation Moni-
toring Center Of China’s Ministry of Water Resources and 
the Institute of Remote Sensing of the Chinese Academy 
of Sciences, mild, moderate, severe erosion, and extreme 
strength erosion modulus are defined as < 500, 500–2499, 
2500–4999, 5000–7999, 8000–15,000, and > 15,000  t/

Table 1  Landscapes, gradient, 137Cs Content and soil erosion modulus of typical longitudinal profile sampling site

Sampling 
site

Land-use type Landscapes Gradient (°) 137Cs content
(Bq/m2)

Soil erosion 
modulus
(t/km2.a)

a Natural secondary forest in low mountains and hills Hilltop 28 428.5 3345.4
b Natural secondary forest in low mountains and hills Hillside 17 645.9 1765.2
c Natural secondary forest in low mountains and hills Bottom 5.5 983.7 73.5
d Natural secondary forest in low mountains and hills Lake 1 0 1038.8 − 857.3
e Natural secondary forest in low mountains and hills Lake 2 0 1109.7 − 1321.8
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km2/a, respectively, in low hilly areas of South China. 
Soil erosion in this area belongs to the mild and moderate 
erosion.

Change in soil erosion rate and the chemical 
substance content of soil

The water content, soil capacity, and soil texture are closely 
related to chemical substance content of soil. Therefore, the 
change in soil quality caused by soil erosion will affect the 
chemical content in soil. By investigating the relationship 
between the soil erosion rate and the change of chemical 
content in soil, we can predict the change of soil chemical 
content when we monitor the 137Cs content change. Gener-
ally, TN, TP and TOC, which influences the stable structure 
of soil, are selected as indicators of soil quality, because 
these substances will affect the local and surrounding eco-
logical environment with the soil erosion. In this study TOC, 
TN, and TP are measured in soil samples at different slope 
position. The variation of these chemical elements along the 
soil profiles is shown in Fig. 4.

TOC change in soil

As shown in Fig. 4, the topsoil has the largest TOC content, 
and the TOC content declines with the increase in soil depth, 
which indicates that topsoil is more conducive to the storage 
of soil TOC (Lenka et al. 2012). Meanwhile, the decrease 
of TOC content is different at different slope positions. At 
the hilltop (H1), the TOC content is decreased: from 5.49 to 
0.27%, a decrease of 95.08%; at the hillside (H2), from 6.25 
to 0.99%, a decrease of 84.16%; at the bottom(B), from 4.57 
to 1.18%, a decrease of 74.17%; at the lake 1 (L1), from 4.64 
to 1.86%, a decrease of 59.91%; and at the lake 2 (L2), from 

4.85 to 1.98%, a decrease of 59.17%. In profiles H1 and H2, 
the TOC content drops sharply with increasing depth, drop-
ping to 0.30 and 0.99% at 30 cm, respectively, while remain-
ing relatively stable without apparent fluctuation from 35 to 
50 cm. The reason for this pattern is the serious soil erosion 
of the first two profiles. The TOC content in the surface 
layer is the largest due to the role of vegetation retention. 
The TOC content decreases rapidly with depth because of 
the small amount of nutrients that are infiltrated into deeper 
soil. The TOC content of profile B still presents a downward 
trend with the increase of depth, but this trend is not obvious 
as in the first two sample locations. There is slight fluctua-
tion at 20 to 30 cm, but the overall content is relatively stable 
due to the good vegetation coverage at the foot of the slope 
foot and the soil sedimentation at this location.

The changes of TOC content in L1 and L2 profiles are 
small with a range of 23.6–25.1%. TOC here also shows a 
decreasing trend and then remains stable with the increase of 
sediment depth, which may be associated with the deep soil 
moisture. Since both profiles are washlands, high soil mois-
ture can dissolve more TOC into the soil; and some organic 
carbon from microbial decomposition can also migrate via 
the water permeability and add to deep soil organic carbon.

To better understand the relationship between soil erosion 
and soil nutrient content change, correlation analysis was 
performed between 137Cs activity and soil TOC in the study 
area. Figure 5 shows that there is an extreme positive cor-
relation between 137Cs content and TOC content in soil, with 
a correlation coefficient of 0.98. This supports the idea that 
the change of soil erosion degree has a huge impact on soil 
TOC content in the study area. As the soil erosion increases, 
the loss of the TOC content also will increase significantly.

Fig. 4  Characteristics of soil TOC in different portions of the slope
Fig. 5  Relationship between 137Cs and TOC content in secondary for-
est slopes
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TN change in soil

As shown in Figs. 4 and 6, the change of TN content in 
soil is highly consistent with that of TOC along the soil 
profiles. This phenomenon has been confirmed by many 
researchers, i.e. the TOC content and TN content in soil 
have a significant positive correlation (Fu et al. 2010; 
Gelaw et al. 2014; Tripathi et al. 2014). In this study, the 
TOC and TN content show an extremely significant posi-
tive correlation (Fig. 5), and the correlation coefficient 
values are r1 = 0.96, r2 = 0.89, r3 = 0.88, r4 = 0.86, and 
r5 = 0.83, respectively, for profiles H1, H2, B, L1, and L2. 
At the hilltop and hillside, the TN content in topsoil is 
generally higher than that in deep soil, where the nitrogen 
is relatively stable (Fig. 6). This is because the nitrogen 
in soil mainly comes from the  N2 in the atmosphere, the 
degradation of some animal and plant residues, and the 
biological nitrogen fixation of atmospheric nitrogen and 
precipitation. Therefore, the nitrogen is relatively concen-
trated in the 0–10 cm soil layer which represents the plant 
root system distribution area. The superior ability to store 
TN is also consistent with previous studies (Yang et al. 
2013; Zhang et al. 2013). For profiles B, L1 and L2, the 
TN content does not drop sharply with the depth of the 
soil, which is due to its low elevation and soil sedimenta-
tion. H1 and H2 are washlands, and TN content does not 
exhibit large differences between layers due to higher soil 
saturation, stronger aggregation capability, and decom-
position of animal feces. To understand the relationship 
between soil erosion and TN content, correlation analysis 
was carried out. Results show that there is a significant 
negative correlation between the soil erosion rate and TN 
content (R = 0.95, P < 0.01), and higher soil erosion rates 
generally result in lower soil TOC and TN content.

TP change in soil

Compared to TOC and TN in soil, the change in TP exhibits 
a much gentler decline. As a sedimentary mineral, TP has 
the least material migration in weathered shells (Dai et al. 
2015). As shown in Fig. 7, the TP content exhibits irregular 
fluctuations along the soil profiles. TP content of profile H1 
ranges from 0.104 to 2.31 mg/g, with a mean of 0.55 mg/g. 
TP content of H2 ranges from 0.10 to 2.47 mg/g, with a 
mean of 0.51 mg/g. TP content of B ranges from 0.12 to 
2.45 mg/g, with a mean of 0.49 mg/g. TP content of L1 
ranges from 0.29 to 1.77 mg/g, with a mean of 0.56 mg/g. 
TP content of L2 ranges from 0.39 to 1.43 mg/g, with a mean 
of 0.54 mg/g, which is consistent with the usual level of TP 
content in southern acidic soil (according to the second soil 
census, TP content of soil in South China is generally less 
than 0.56 mg/g). Phosphorus is a typical sediment cycle 
element and a sedimentary mineral, which has the smallest 
migration among the weathering crust. TP exhibits some 
correlation with 137Cs content (R = 0.64, p < 0.01), and its 
loss and transfer should also be concerned. The phosphorus 
lost via soil erosion may eventually accumulate in the lake 
and cause eutrophication in the watershed.

The 137Cs migrated along the soil profile are mainly 
affected by the downward flux of rainwater and the soil 
organic carbon content (Niu et al. 2014). The adsorption or 
fixation of organic carbon makes 137Cs enrichment in the 
topsoil and its downward migration is limited (Ritchie et al. 
2007). In this study, 137Cs in all profiles showed a significant 
positive correlation with soil TOC content, which is consist-
ent with the general law. The distribution characteristics of 
soil nutrients TN and TP were also investigated, and the 
results show that the specific activity of 137Cs is consistent 
and correlated with the distribution of TOC, TN and TP 

Fig. 6  Characteristics of soil TN in different portions of the slope Fig. 7  Characteristics of soil TP in different portions of slope
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along the soil profile in the Shilin area, indicating they may 
have the same loss pathways. In addition, it also shows that 
the topography has an important influence on soil develop-
ment, and the soil at the foot of the slope is more likely to 
accumulate TOC, TN and TP.

Chemical weathering intensity (CIA)

Generally, there is a close relationship between physical 
erosion and chemical weathering. Erosion can accelerate 
or slow down weathering, and weathering is the prerequi-
site of erosion. The rate of soil formation by weathering 
is also the major theoretical basis to formulate allowance 
of soil erosion loss. A CIA value between 50 and 65 rep-
resents low chemical weathering intensity under cold and 
dry weather; values between 65 and 85 represent moder-
ate chemical weathering intensity under warm and humid 
weather; and values between 85 and 100 represent strong 
chemical weathering intensity under hot and humid weather 
(Babechuk et al. 2014).

According to the definition of chemical weathering inten-
sity, it can be seen that the chemical weathering intensity 
of the soil samples in the five soil profiles are relatively 
high (Fig. 8). The lowest value is 91.2, the highest value 
is 97.4, and the average value is 95.1. The CIA value indi-
cates that the area undergoes intense chemical weathering 
under subtropical conditions. The feldspar, plagioclase 
in particular, is rich in Na. Potassium feldspar, illite, and 
mica contain K. The weathering resistance of plagioclase 
is much weaker than potash feldspar; therefore, the Na/K 
value can be used as an indicator of weathering degree in 
plagioclase samples and can also be used to indicate the 

chemical weathering degree of sediments (Bian et al. 2014). 
The CIA was inversely proportional to the Na/K value in this 
study. The correlation coefficients (R) were − 0.87, − 0.91, 
− 0.95, − 0.89 and − 0.86, respectively, indicating that the 
Na/K value in these areas can serve as a sound indicator 
of chemical weathering intensity (Fig. 8). CIA values are 
highest at the hilltop and hillside, which indicates the chemi-
cal weathering is strongest there. Low vegetation coverage, 
exposed bedrock, and low maturity rate of soil in the two 
slope positions are the major causes. Note the soil erosion 
is also very strong at the hilltop and hillside.

The chemical weathering trend is usually represented by 
a ternary diagram of A–CN–K  (Al2O3–[CaO*+NaO]–K2O), 
which can also reflect the change in the composition of main 
minerals during chemical weathering. A–CN–K ternary dia-
gram  (Al2O3–CaO*+NaO–K2O) can present different stages 
of chemical weathering clearly as well as changes in some 
main elements at different stages. Based on the difference 
of element activity, chemical weathering can be divided into 
three stages: the initial stage of Na and Ca removal, the mid-
dle stage of K elimination, and the late stage of Si elimina-
tion. The ternary diagram in Fig. 9 shows that the trends in 
the five profiles of our study area are basically parallel to 
A–K boundary, far from K apex, and close to A apex, with 
a quite long distance to the UCC (upper continental crust). 
This suggests that the soil has gone through the first two 
stages and is entering the late stage of Si removal and Fe 
enrichment. The plagioclase in the profile has been almost 
completely removed via weathering. The weathering trend 
is parallel to the A–K boundary, and gradually approaches 
the A apex. This clearly illustrates a clear trend of K removal 

Fig. 8  Scatter graph of CIA vs. Na/K molar ratio in the karst slope 
of Shilin. Chemical Alteration Index (CIA) is the use of constant ele-
ments (silicate oxide) in the  Al2O3,  Na2O,  K2O, and CaO changes as 
a measure of the degree of chemical weathering

Fig. 9  A–CN–K ternary diagram of the karst slope in Shilin (arrows 
indicating weathering trend). This can reflect the chemical weather-
ing trends and chemical weathering process of principal components 
and mineralogy changes where, A, CN, and K, respectively, represent 
 Al2O3, CaO + Na2O (CaO refers to the silicate part of the Ca), and 
 K2O molecular ratio
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and Al enrichment. With increases in climate temperature 
and humidity, leaching migration leads to decreased content 
of CaO,  Na2O, and  K2O while  Al2O3 and  Fe2O3 is relatively 
stable. In summary, the soil in the area has undergone rela-
tively intense weathering. The figures of the five profiles 
are all converging to one point in the diagram, suggesting a 
similar weathering process.

Chemical weathering occurs and new minerals form 
when rocks undergo chemical reactions, which break down 
the bonds holding the rocks together and cause rocks to fall 
apart. Oxidation, hydrolysis and carbonation are three most 
common types of chemical weathering. Generally, water is 
important for many chemical reactions and temperature can 
speed up these chemical reactions. Therefore, the average 
annual precipitation and temperature are two most important 
climatic factors that affect chemical weathering intensity. 
Recently, the chemical weathering intensity and element 
migration features of a loess profile in Eastern China has 
been studied (Chen et al. 2008). The results showing pre-
cipitation play a more important role than temperature in 
influencing the process of chemical weathering in warm and 
moist climate conditions. In this study area, Shilin, the aver-
age annual temperature is 16.3 °C, and the average annual 
precipitation is 800–850 mm. Moreover, the precipitation 
occurs from May to September, which accounts for more 
than 70% of the total annual precipitation, mostly in the form 
of showers and rainstorms. The scouring force exerted by 
rainfall coupled with chemical weathering can weaken and 
even breakdown the rocks. A thin, porous covering and new 
soil particles are formed during this process (Anderson et al. 
2007). At the same time, the impact of raindrops on the soil 
surface can also break down soil aggregates and disperse the 
aggregate material. Moreover, in karst slope raindrops are 
prone to runoff due to the steep slopes, accordingly soil par-
ticles and organic matter are easily removed, which leads to 
soil erosion. Therefore, chemical weathering can accelerate 
physical erosion. After physical erosion, the fresh mineral 
surface can contact with the air and water, which will also 
accelerate chemical weathering. That is why the physical 
erosion and chemical weathering are positively correlated 
in this study.

Conclusions

In the eroded soil profiles, the 137Cs are mainly distributed 
in the topsoil between 0 and 6 cm with a negative exponen-
tial. At the hillside, the maximum of 137Cs appears in the 
topsoil, whereas at the hilltop, the maximum appears in the 
subsurface of the soil. Meanwhile, the specific activity of 
137Cs increases along the slope. Therefore, topography and 
slope are two factors that affect the rates of soil erosion. 
Also, a classical soil erosion model was used to estimate 

the soil erosion and sedimentation rates at different loca-
tions of the slope. The results show the soil erosion intensity 
decreases along the slope, and sedimentation locates at the 
bottom and the washland, indicating the formation of soil is 
a combination of hilltop erosion and bottom sedimentation 
in this area. The soil erosion intensity falls within the range 
from mild to moderate erosion. However, the nutrients in 
the surface soil will be lost with the erosion, and the soil 
material circulation may be in an unbalanced state. All these 
could bring direct harm to the local ecology, which shall 
draw a great attention. The distribution of TOC, TN and TP 
contents along the soil profiles are similar in this study. And 
the carbon and nitrogen storage capacity of 0–5 cm soil are 
better than that of 20–40 cm. Moreover, the 137Cs distribu-
tion of all profiles is positively correlated with the TOC, 
TN and TP contents. This is because there is a large amount 
of soil nutrient loss in areas where soil erosion rates are 
high. As the soil erosion proceeds, the soil quality declines 
with potential damages to the ecological environment in 
the surrounding area. The chemical index of alteration and 
Na/K value both show that the soil in the study area is at the 
stage of strong chemical weathering under the subtropical 
conditions, and their changes along the slope are basically 
consistent with the changes of soil erosion rates. A–CN–K 
ternary diagram illustrates a similar weathering process 
among five profiles, that is, the early leaching of Ca, Na, K 
and later enrichment of Al and Fe. In addition, the study on 
the relationship between soil erosion rates, chemical weath-
ering intensity and nutrient elements is preliminary, and it 
is necessary to do more research on the correlation between 
the slope length, the soil geochemical characteristics and soil 
erosion rates in the future. The soil erosion model, which 
establishes the relationship between soil erosion rates and 
the distribution characteristics of 137Cs along the soil profile, 
also needs to be improved to better estimate the soil erosion 
rates and obtain its pattern of spatial differentiation.
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