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Abstract: In this study, we investigated the spatial
characteristics of the rate of soil distribution and the
mechanism of major element migration in a typical
karst hillslope in Guangxi Province, Southwestern
China. Soil redistribution was examined using 37Cs
technique under different hillslope components. With
the combination of geochemical methods, the
migration characteristics of major elements in soils of
three hillslope components in both the horizontal and
vertical directions were determined. Thirty-seven soil
samples were collected and analyzed for :37Cs and the
major elements were determined. By using the profile
distribution model the mean soil redistribution rates
were found to be -17.01, 0.40 and -23.30 t ha* yrt in
the summit (BYSD), shoulder (BYSY) and toeslope
(BYSJ) components of the studied hillslope,
respectively. In comparison to BYSD, the sesquioxides
of Fe.O; and TiO: tend to be enriched, whereas the
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alkalis (CaO, MgO, Na-O and K:O) tend to be depleted,
both in the shoulder and toeslope components. Due to
human and animal activities, the contents of CaO,
MgO, K-0 and Na.O have somewhat increased within
the topsoil. The results indicated that 37Cs activities
are significantly correlated with clay particles and
organic matter, and are affected by the pedogenic
process and vegatation. Overall, it maybe necessary to
use techniques such as 37Cs to investigate soil erosion
with the combination of geochemical methods.

Keywords: 37Cs; Karst; Hillslope components; Soil
erosion; Major element migration

Introduction

Soil erosion and its associated sedimentation
have been considered as one of the major forms of



human-induced soil degradation in karst areas
(Parise et al. 2008). Erosion and sedimentation are
natural landscape-forming processes, which can be
accelerated by human activities through
deforestation (Khormali et al. 2009; Ayoubi et al.
2011), overgrazing (Ayoubi et al. 2013) and poor
farming practices in different geomorphological
hillslope components (Nosrati et al. 2015). This
phenomenon causes loss in soil nutrients and land
degradation and exacerbates the frequency and
intensity of drought, floods, landslides, and other
disasters (Rickson 2014; Arnhold et al. 2014). Due
to their great impact on environmental
conservation and agricultural production, we
urgently need to obtain mechanism of the
distribution of soil erosion/sedimentation and the
migration of soil elements caused by soil
redistribution.

In southwestern China, karst areas cover an
area of 42.6 x 104 km2, which contains a
population of approximately 100 million people
(Feng et al. 2016). Soil erosion is one of the most

severe environmental problems in southwest China.

Many studies have explored a wide range of factors,
such as erosion force (Feng et al. 2011), erosion
processes (Edgington et al. 1991; Cao et al. 2012),
soil degradation (Guo et al. 2015; Feng et al. 2016),
and erosion mechanisms (Hancock et al. 2014).
However, many studies on soil erosion have
focused on non-karst areas (Fernandez and Vega
2016), and only a few researches have been
conducted in Kkarst areas. Dai et al. (2017)
measured both runoff and sediment yield
characteristics on the surface and underground of
karst bare slopes. They analyzed the impacts of
underground pore fissures and bedrock bareness
rates on soil erosion; their results showed that
rainfall intensity, bedrock bareness rates and the
degrees of underground pore fissure are the most
important factors affecting soil erosion processes
on karst bare slopes. Li et al. (2016b) examined soil
erosion in a karst basin using GIS technique and
discussed the impact of slope on the temporal and
spatial patterns of soil erosion; their results
showed that most erosion occurs in areas with
slopes of 8°-25°. Bai (2011) calculated recent
sedimentation rates in a karst depression; their
results showed that between 1963 and 2007 the
sediment deposition rates ranged from 0.91 to 1.97
mm yr-1. The existing approach for soil assessment
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in karst areas can be generalized into three main
categories: erosion measurements in the field (Guo
et al. 2015; Dai et al. 2017), integrating remote
sensing and geographical information system
(GIS)-based investigations (Feng et al. 2016;
Huang et al. 2016; Li et al. 2016b), and using
radionuclide tracers, such as 37Cs, 21°Pb, 7Be and
others (Zhang et al. 2009b; Li et al. 2010; Bai 2011;
Feng et al. 2016), which can be used to study soil
redistribution rates depending on the time-scale
involved. The first method, which includes studies
of field run-off plots (Dai et al. 2017), may produce
accurate measurements of rainfall-induced erosion
over a small area; however, obtaining good-quality
data requires a great deal of expenditure and
fieldwork and cannot be easily applied to a large
region. Techniques utilizing the second method,
such as the Revised Universal Soil Loss Equation
(RUSLE) model (Li et al. 2016b), can generally
evaluate the erosion risks in regional landscapes,
but they may not be practical in specific
environments due to the lack of detailed data that
are useful in modeling application (Kheir et al.
2008). Techniques utilizing the third method, such
as the 137Cs approach (Bai 2011), offer the potential
to quantify soil erosion over large temporal-spatial
scales in complex karst landscapes.

137Cs is an artificial radionuclide with a half-
life of 30.17 years. 137Cs was released into the
atmosphere as the result of nuclear bomb testing
and was primarily deposited on the earth’s surface
due to precipitation during the 1950s-1970s.
Regionally, the concentrations of deposited 37Cs
vary with rainfall intensity; however, the
precipitation is usually uniform within small areas.
The deposited 137Cs is strongly and rapidly
adsorbed by fine soil particles such as clay minerals
and humic materials in the topsoil, and is resistant
to chemical or biological removal from soil
particles (Zapata 2002; Afshar et al. 2010; Rahimi
et al. 2013; Gheysari et al. 2016). 137Cs can provide
retrospective estimates of long-term soil erosion
(since approximately 1963) and deposition rates
over large spatial scales. It can also be used to
obtain detailed analyses of sediment migration on
hillslopes with different topographic features and
land use types (Walling and Quine 1993; Ayoubi et
al. 2012a). Previous studies (Li et al. 2009)
indicated that it may be problematic to apply the
current 137Cs technique to investigate surface

1893



J. Mt. Sci. (2018) 15(9): 1892-1908

erosion on karst hillslopes in southwest China. This
may due to the thin soil cover and the carbonate
grains dissolution present in soils. However, well-
developed soil exists on the gentle slopes within
slight rocky desertification areas or at the edges of
karst areas in southwestern China due to the lack
of human intervention, perennial vegetation cover,
suitable climate, and wuniform rainfall. The
presence of local land use history and climate
condition provided the opportunity to investigate
soil erosion using 137Cs technique.

The chemical weathering of rocks supplies
mineral nutrients to soils, ground water, rivers and
the oceans; it is thus an important component in
many biogeochemical systems (Riebe et al. 2003).
Due to the serious soil erosion in karst areas, the
analysis of the migration of mineral nutrients
under soil erosion on different landforms has
remained a meaningful research topic. Liu (2009)
studied the effects of different landforms on the
soil in situ erosion and weathering pedogenesis of
karst limestone in southwestern China; their
results showed that the topsoil of the foot slope has
a lower pH value and lower concentrations of CaO,
TiO,, Al,Os, and Fe,O5; compared with the top slope.
Zhang et al. (2009a) evaluated the soil erosion
rates of uncultivated and cultivated land and
analyzed the relationship between soil chemical
matter (SOC and TN) and soil erosion rates in the
Dian Lack catchment in southwestern China. Their
results demonstrated that the soil erosion rate is
significantly different on different parts of the slope,
as it increases from the top to the foot and the
middle slope. Additionally, they observed that sites
with severe erosion usually have lower SOC and TN
contents. Studies in western Iran have revealed
that slope gradient significantly influenced the SOC
and TN contents, and that steep slopes usually
have the lowest values of SOC and TN presumably
coincide with accelerated soil erosion (Ayoubi et al.
2012b; Karchegani et al. 2012).

This study investigated a typical karst hillslope
in southwestern China. Research on soil erosion
and the migration of mineral nutrients has been
insufficient in these areas. The specific research
objectives of this study were to: (1) measure soil
redistribution rate over several spatial and
temporal scales on a karst hillslope using 37Cs
techniques; (2) assess the impacts of different land
use and hillslope components on the variability in
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137Cs inventory; and (3) relate soil erosion to the
migration of major elements in this area, analyze
the main factor influencing the migration of major
elements, and discuss the source of soil material in
erosion areas.

1 Materials and Methods

1.1 Description of the study area

This study was conducted in Nandan County
(24°42’-25°37'N, 107°1’-107°55’E), Guangxi
Province, southwest China. This area experienced a
warm subtropical monsoon climate. With a mean
annual temperature and precipitation of 17.2°C and
1470.2 mm respectively, with almost 65.7% of the
rainfall occurs from May to August. The county
covers an area of approximately 3916 km2and has
an altitudinal range of 500-1000 m above sea level.
The main soil type is Brown Rendzina formed from
limestone base.

The hillslope studied here is located in Lihu
Village (25°07'N, 107°41’E) (Figure 1a). The
characteristics of the sampling sites are
summarized in Table 1. This hillslope has an
altitudinal range of 714.25-764.57 m above sea level,
and the distance from the toeslope ranges from o-
175.3 m. The hillslope has a slope gradient of 0°-20°
with a parochial road passed at the base. The slope
gradient is largest at the toeslope and decreases
with elevation; the summit of the hillslope is
relatively flat. The hillslope has been covered by
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Figure 1 Location of reference (black pentagon) and
hillslope sampling sites (black triangle) in Guangxi
province, Southwest China (a), and the transection of
the studied hillslope (b).
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Table 1 The characteristics of the sampling sites in the studied hillslope (BYSD, summit; BYSY, shoulder; BYSJ,

toeslope)
Sample Land use Hillslope components Aspect Elevation (m) Distance” (m) Gradient (°)
BYSD G/B Summit NW 764.57 175.3 <5
BYSY F Shoulder NW 750.30 105.8 11.85
BYSJ B Toeslope NW 714.25 o# 19.93

Notes: G: Grassland; B: Bare land; F: Forestland; NW: Northwestern; * the distance from the foot of the hillslope; #
next to a mountain road, where there is a river across the road.

native forest, following the deforestation of some
parts more than 50 years ago due to road
construction. No signs of cultivation were found on
the hillslope in the last 50 years, although animal
excrement was found.

1.2 Soil sampling and measurement

In this study, soil samples were collected in
August 2014 from a hillslope containing different
land use cover, including forests, grassland and
bare land, at its summit (BYSD), shoulder (BYSY)
and toeslope (BYSJ) hillslope components,
respectively. The transection of the studied
hillslopes is illustrated in Figure 1b. Care was taken
to ensure that no soil samples were taken from
exposed rocks and the concave depositional hollow
regions, which were present in each hillslope
component. Three even sampling sites were

selected, which were located along a water flow line.

To save costs and guarantee the accurate
measurements of samples, five points in a 9-m2
area were selected at each hillslope component.
Four of them were located at the vertices of a 3
mx3 m square, and the fifth was located at the
center. A scraper plate with an internal soil
sampling area of 100 cm=2 was used to collect
depth-incremental samples (Walling and Quine
1993), using a 2 cm interval from surface to the
bedrock approximately more than 30 cm in depth.
The same volume of soil was collected at the same
interval and was evenly mixed so as to reduce
micro-variability. A total of 37 soil samples were
collected from the three hillslope components (i.e.
summit, shoulder and toeslope) include 13, 11 and
13 soil samples, respectively.

As it was difficult to find completely flat sites
with no evidence of soil loss or soil deposit in the
study area, an appropriate location for reference
sampling was selected in the Huanjiang
Observation and Research Station for Karst
Ecosystems of the Chinese Academy of Science

(CAS), which was located approximately 100 km
from the study area (Figure 1a). The reference site
was located on a flat area on the top of a hillslope
with  relatively  high  soil  development
characteristics. This site had similar parent
material (limestone), aspect (Northwestern) and
climate condition (subtropical monsoon climate) as
the study site. This reference site had not been
affected by severe soil erosion or deposition over
the last 50 years and had a permanent grass and
shrubs. The annual rainfall values of the study site
and reference site are closely comparable (1470.2
mm-1886 mm), and the variation in latitude across
these three areas is limited (24°50’N-25°14'N).
Three soil profile samples were collected from the
reference site at 4 cm depth interval down to the
bedrocks (approximately 40 cm).

All samples were air-dried and sieved using a
2-mm mesh sieve and then sent to the Chengdu
Institute of Mountain Hazards and Environment,
CAS. The 137Cs activity (Bq kg) was measured by a
gamma spectrometry system using a hyper-pure
coaxial germanium detector and a multichannel
analyzer. All samples had a weight of 250 g or more.
137Cs activity was detected from 662 keV peak on
the spectrum using counting times of greater than
50000 s. The analytical precision was kept at
approximately +5% at the 95% confidence level.

The major element oxide concentrations (SiO,,
Al,O,, total Fe as Fe,0;, MgO, CaO, Na,O, K0,
MnO, TiO,, P,Os, LOI and FeO) of the soil samples
were provided by the Beijing Research Institute of
Uranium Geology. The soil samples used for the
major element analyses were ground to a particle
size of 200 mesh using a ball mill and an agate
mortar. The element contents of the soil samples
were measured using X-ray fluorescence
spectrometry (XRF) using a Philips PW2404 X-ray
fluorescence spectrometer and referring to the
GB/T14506.28-2010  silicate rock chemical
analytical procedure.
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1.3 Elemental mobility

Depletion and enrichment factors, which
indicate the loss or gain of an element in a soil
sample in comparison with the parent material,
were calculated following the procedures of Nezat
et al. (2004).

Xij = (Cij/Cip)/(Ti;/Tiy) (1)
where C;; and C;,, are the concentrations of element
1 in soil sample j and the parent material p,
respectively, and Ti; and Ti, are the concentrations
of Ti in soil sample and the parent material,
respectively. Although some studies have used Zr,
Ti, Nb, or Al as the conservative component (Riebe
et al. 2001; Schaller et al. 2009), here, we use Ti as
the immobile element because Ti is a major
element in common rock-forming minerals and is
less likely to suffer from heterogeneity due to its
distribution in a trace phase, unlike zirconium. The
lowermost soil sample in each sample site was
selected to represent the unweathered reference
sample.

The enrichment factor can be defined as the
loss of an element in samples of rocks, soils and
plants (Song et al. 2006):

EFX = X,/X,—1 (2)
where X, and X, are the concentrations of element
X in soil samples and reference samples,
respectively. In this study, we used the BYSD
samples as reference samples. The values of EFX =
0, EFX > o and EFX < o denote the lack of
enrichment (or depletion), enrichment or depletion
of element X, respectively, in soil samples relative
to reference samples.

1.4 Estimation of soil erosion and

deposition rates

For uncultivated soils, calculating soil erosion
and deposition rates commonly employs a
theoretical profile distribution model (Walling and
Quine 1990; Zhang et al. 1990; Porto et al. 2001).
In most cases, the vertical distribution of 17Cs in
uncultivated soils exhibit an exponential decline
with depth, described in the following function
(Zhang et al. 1990):

A' (%) = Arer (1 — e7/0) (3)

where x is the maximum depth of the soil from
surface (kg m=2); A'x, is the concentrations of 37Cs
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above the depth x (Bq m2); and h, is the coefficient
describing profile shape (kg m=2). The greater the
value of h,, the deeper the 137Cs penetrates into the
soil profile.

Assumed that the total fallout of 37Cs occurred
in 1963 and that the depth distribution of 137Cs in
the soil profile is independent of time, then erosion
rate (Y) for an eroding point (total 137Cs inventory
of A (Bq m2) minus the local reference inventory
Arer (Bq m2)) can be calculated as follows:

Y = ——In(1 - )k, 4)

" t-1963 100

where Y is the annual soil loss (t ha? yr?) (negative
value); t is the year of sample collection (yr); X is
the percentage compared with the local 137Cs

reference inventory (Af:ﬂ- 100) and A is the
ref

measured total 137Cs inventory at the sampling site
(Bq m=2).

The model application is simple, and it has
been widely used to determine soil erosion rates
from 137Cs measurements in areas with undisturbed
soils. Only one parameter h, needs to be estimated.
This measurement can be derived from the vertical
distribution of 37Cs in the soil profile at the
reference site by fitting the following exponential
function to the data:

A(x) = A(0)e~*/Mo (5)
where x is the maximum depth from the soil
surface (kg m2), A(x) is the concentration of 37Cs
at depth x (Bq kg1) and A(0) is the concentration of
137Cs in the surface soil (Bq kg).

Using the Laniarius least squares regression,
Eq. (3) was fitted to the vertical distribution of 37Cs
activity (Bq kg?) for the reference site. Then the
parameters value A(0) and h, were determined.

2 Results

2.1 Reference site

Zhang et al. (2017) reported a 137Cs reference
inventory as 891.6 Bq m= measured in 2009 for
this reference site. Li et al. (2010) calculated
another reference inventory as 998 Bq m=
measured in 2006 in Luoyang Town which is about
6 km away from the reference site. These two
reference inventories for 2014 were 793.68 and
828.49 Bq m= corrected for radioactive decay,
respectively. Considering the short distance



between these reference sites, we used all five
reference inventories for calculating the mean
reference inventory. The coefficient of variation
(CV) of total 137Cs inventory for five sites was 7.67%
with mean value of 883.86 Bq m= and variance of
5740.23. Minimum number of reference samples
with less than 10% error at the 95% confidence
level and coefficient of variance of 10% is four
(Pennock et al. 2007). In this study, the minimum
number of reference samples needed to obtain the
mean reference inventory with less than 10% error
at the 95% confidence level is one, which was
estimated using the Survey Software developed by
The Creative Systems (2016).

The maximum depth of 37Cs penetration
ranged from 32-36 cm in the first reference core
(Figure 2). A large quantity of 137Cs activity (~80%)
was concentrated in the upper 12 cm of this site
and the profile demonstrated near-exponential
decline in 137Cs activity with depth (Collins et al.
2001). The 137Cs inventories of the five other sites
were similar. The 137Cs reference inventory
measured in 2009 in the Yaji experimental site in
Guilin City, which was located approximately 250

km from the study area, was 1038.4 Bq m-2 (Li et al.

2016a), and the reference inventory measured in
2014 was 924 Bq m=2 when -corrected for
radioactive decay. It is well-known that the
deposition flux of 137Cs from the atmosphere is
predominantly controlled by precipitation, latitude,
and local climate (Shi et al. 2012). All of the sites
located in northern Guangxi Province are
characterized by a subtropical monsoon climate.
The annual rainfall values of these three areas are
closely comparable (1470.2 mm-1886 mm), and the
variation in latitude across these three areas is
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Figure 2 Vertical distribution of 137Cs inventory in the

reference site, core NO. 1, in the selected reference site
in southwest China.
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limited (24°50’N-25°14'N). Hence, it appeared to
be reasonable to use a reference value of 883.86 Bq
m-2 for this study area.

2.2 137Cs records

Figure 3a, b, ¢ show the vertical distribution of
137Cs activity in BYSD, BYSY and BYSJ profiles
located in the summit, shoulder and toeslope,
respectively of the studied hillslope. Figure 3a
shows that the 137Cs concentration tends to be
evenly distributed within the upper 6 cm. Under
the peak in activity concentration at a depth of 4-6
cm (2.95 Bq kg1), the profile shows an exponential
decrease in 137Cs activity with depth, which drops to
0.06 Bq kgt at a depth of 14 cm. The depth
distribution profile of :37Cs in Figure 3b is similar
to the profile shown in Figure 3a. The 137Cs
concentration peak is located at a depth of 0-2 cm.
The 137Cs concentration tends to be evenly
distributed within the upper 8 cm; it then
decreases exponentially with increasing depth and
drops to 0.69 Bq kg at a depth of 16 cm. Figure 3¢
shows an obviously exponential decrease in 137Cs
activity with depth. Below the 137Cs concentration
peak at the surface layer of 0-2 cm (3.63 Bq kg), it
decreases exponentially with depth and drops to
0.19 Bq kg at a depth of 16 cm.

2.3 Major element analysis

The major element contents of these samples
are listed in Table 2, as are the corresponding
mean values of major elements in the upper
continental crust (UCC) (Taylor and Mclennan
1985). These data showed that the most abundant
compounds found within the soil samples in the
three components (BYSD, BYSY and BYSJ) are
SiO,, Al,O5 and Fe,O4, with the mean values of 85.2,
85.7 and 87.3 weight percentage (wt.%),
respectively. The contents of MnO, P.O; and Na,O
in the three profiles are within the ranges of
0.031%-0.157%, 0.06%-0.121% and 0.032%-
0.132%, respectively, which are close to their
detection limits. The profiles have the similar
average concentrations of K,O, CaO and MgO,
which are within the ranges of 0.22%-0.51%,
0.30%-0.41% and 0.21%-0.49%, respectively. The
mean LOI for the BYSD, BYSY and BYSJ profiles
were found to be 10.92%, 10.65% and 9.42%,
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respectively and the CIA values were also found to
be 0.954%, 0.969% and 0.969% respectively in this

studied hillslope.
Because these three groups of soil samples
have statistically similar major element

compositions, as is demonstrated above, the 37 soil
samples collected from these three sampling sites
are grouped into one. Descriptive statistics (n = 37)
show that MnO, MgO and K,O have the highest CV
(coefficient of variation) values, whereas TiO.,
Al,O4 and SiO, have the lowest CVs. For individual
groups of samples, MgO has the highest CV
(31.45%) and Al,O5 has lowest CV (7.84%) in the
BYSD soil samples (n = 13); Na,O has the highest
CV (58.52%) and TiO. has the lowest CV (10.39%)
in the BYSY soil samples (n = 11); and Na,O has the
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highest CV (26.87%) and TiO, has the lowest CV
(5.36%) in the BYSJ soil samples (n = 13). The
relatively low values of the CVs of the major
elements in these three groups suggest that these
major element compositions are relatively
consistent within these three groups of samples,
and the major element with the highest CV in each
group indicates that the content of this major
element mostly varies with depth within each
sampling profile.

3 Discussion

3.1 Soil redistribution assessment of the
studied hillslope
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The 137Cs inventories and soil redistribution of
different hillslope components are shown in Table
3. The 137Cs inventories were 363.0, 902.7, and
261.3 Bq m at the summit, shoulder and toeslope,
respectively. As is shown in Figure 4, except for the
137Cs inventory at the shoulder, the other two 137Cs
inventories were less than the local reference
inventory (889.8 Bq m=—=). This indicates that soil
erosion occurred at the summit and toeslope of the
hillslope, whereas soil deposition only occurred at
the shoulder. According to the profile distribution
model (Zhang et al. 1990), the annual
redistribution rates were -17.01, 0.40, and -23.30 t
ha-t yr at the summit, shoulder and toeslope of the
studied hillslope, respectively. These results are
contrary to other scholars, which indicated that the
highest degree of soil erosion occurred at the
shoulder and the lowest degree of erosion occurred
at the toeslope (Afshar et al. 2010; Ayoubi et al.
2012a; Rahimi et al. 2013). We suggest that this
apparent discrepancy is caused by terrain factors
and the effects of human activities. Afshar et al.
(2010) reported that significantly positive
correlations were detected between 137Cs
inventories and some topographic attributes such
as slope, sediment transport index and specific
catchment area. Rahimi et al. (2013) has reported
the highest erosion rates of 3.94 - 90.1 and 86.41 -
159.3 t hat yr in the shoulder components of the
natural pasture and the cultivated soils,
respectively. While these phenomena always
appeared in single-factor cases, the results could be
different in this studied hillslope due to the
different land use type and slope in each hillslope
component.

Our observations are similar to those obtained
by Popa et al. (2011). Popa et al. (2011) reported
that soil deposition occurred at the middle hillslope
position inside forest belts, while most of the
sampling sites outside forest belts had lower 137Cs
inventories than the reference inventory. On the
shoulder of the hillslope, the surface runoff from
the summit of the hillslope has a lower velocity and
flux due to the obstructions of the forest root
system and litter fall. Ayoubi et al. (2012a)
reported that the soil erosion occurred in the
summit position and that soil cultivation and
tillage practices are the major factors affecting soil
loss from the summit position. By visiting
aborigines and field surveys, we confirmed that the
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Table 3 The 37Cs inventories and soil redistribution at
different hillslope components (BYSD, summit; BYSY,
shoulder; BYSJ, toeslope)

. Soil
137
Sample (Ef)lrlzldgﬁf:nts (BCsnig\)ientory redistribution
p q (thatyr?)
BYSD Summit 363.0 -17.01
BYSY Shoulder 902.7 0.40
BYSJ  Toeslope 261.3 -23.30
1000 60
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Figure 4 137Cs inventories of the three soil profiles and
the characteristics of these sampling sites. (a) BYSD
(summit) profile; (b) BYSY (shoulder) profile; (¢c) BYSJ
(toeslope) profile.

hillslope has not been cultivated since the initial
isotope fallout. The observed soil erosion in the
summit position of this studied hillslope could be
attribution to surface soil erosion induced by low
vegetative coverage and animal activities, which
may be supported by the presence of animal
excrement on the hillslope. On the toeslope of the
hillslope, there is no vegetative cover that can
protect the soil against erosion; this site also has
the greatest slope gradient, especially because a
mountain road exists at the foot of the hillslope,
with a river located on the opposite side. It is thus
reasonable to assume that eroded material from
higher components will be carried away to the river
by runoff. These results indicate that the 137Cs
activity and inventory, as well as erosion/
deposition, were significantly affected by terrain
factors (i.e., slope and hillslope components) and
the interference of human activities (i.e.,
deforestation and the construction of roads). In
other words, the human interference such as road
constructions and deforestation, can accelerate soil
erosion, which is confirmed in the BYSY (shoulder)
and BYSJ (toeslope) sites.

The soil formation rates in karst areas in
southwestern China have been estimated to range



from 0.04 to 1.2 t hat yrt (Li et al. 2006; Cao et al.
2008). According to our measurements, the mean
annual soil erosion rates of the summit and
toeslope components in this hillslope are 20 times
higher than the soil formation rates. This implies
that a large proportion of sediments may have
reached the river system. The high erosion rates at
the summit and toeslope components must have
been due to the combined effects of runoff and
deforestation. Soil erosion hazards in this study
area should not be ignored. Man-made measures of
natural vegetation protection and the assessment
of the environmental impact of road construction
are suggested to be the first important approaches
to reduce soil erosion on karst hillslopes in this
study area.

3.2 The characteristics of major element
migration

3.2.1 The inheritance of erosion materials

Compared with the mean chemical
composition of the Upper Continental Crust (UCC)
(Figure 5), the distribution patterns of major
elements in the soils of the BYSD, BYSY and BYSJ
sampling sites are, overall, quite similar. The BYSD
samples are enriched in MgO, K,O and MnO
compared with the BYSY and BYSJ samples. The
BYSJ samples are slightly depleted in CaO and
Na,O relative to the BYSJ samples. The SiO,, MgO,
CaO, Na,O, K,O and P,O; contents of all samples
are lower than those of the UCC, and the Fe,O; and
TiO. contents of all samples are higher than those
of the UCC. The remarkable enrichments of Ti and
Fe in all three soil profiles reflect the existence of
Ti-bearing minerals, such as ilmenite, rutile and
titanite, and Fe-oxides, such as magnetite, hematite
and goethite, respectively. The MnO content of the
BYSD samples is higher than that of the UCC, while
the MnO contents of the BYSY and BYSJ samples
are lower than that of the UCC. Overall, the
distribution patterns of the major elements in the
BYSY and BYSJ samples are more similar to each
other due to the accumulation of erosion materials
from the summit of the hillslope. In contrast, the
soil of the BYSD site is provided by the weathering
of overlying carbonate rocks; thus, relative to the
BYSY and BYSJ samples, the distribution patterns
of major elements in the BYSD samples are closer
to the UCC curve. These observations indicate that
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the soils of the three profiles have a good affinity to
each other.

10
‘-“"’" \.‘
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Figure 5 The distribution patterns of major elements
in the three soil profiles (BYSD, summit; BYSY,
shoulder; BYSJ, toeslope) compared with the mean
chemical composition of the Upper Continental Crust
(UCO).

Al and Ti are the least mobile elements during
chemical weathering, TiO,/Al,O; ratios have been
used as a provenance indicator (Young and Nesbitt
1998). There is a positive correlation (R2 = 0.607)
between TiO. and Al,Oj; in all samples (Figure 6a)
of the three soil profiles, thus reflecting that they
may have a cognate relationship. The positive
correlation (R2 = 0.980) between TiO, and Al,O5in
the BYSY and BYSJ samples (Figure 6b) is more
significant than that in three profile samples, which
is probably due to the migration of Al as a result of
chemical dissolution or the physical migration of
an Al-rich phase (e.g., clay minerals) with soil
erosion (Maynard 1992; Young and Nesbitt 1998).
There is a significant correlation between the upper
four soil samples of the BYSD profile and the BYSY
and BYSJ soil samples (R2 = 0.963) (Figure 6c).
Mubhs et al. (2013) assessed whether Fe in that size
fraction is potentially bioavailable in seawater and
proposed that dust with a relatively high bulk Fe
content may yield little soluble Fe to the marine
environment if most of the Fe-bearing minerals are
in the form of Fe oxides. There is a positive
correlation (R2 = 0.632) between Fe,0; and TiO, in
all samples (Figure 6d) in this study, which may be
due to the fact that Fe (III) is the dominant cation.
We recognize that unlike most immobile elements
(e.g., Ti and Al), K and Mg are potentially mobile in
near-surface soil zones (Muhs et al. 2010).
Lanzarote Island, the study area of Muhs, has a
mean annual precipitation of only 100-200 mm yr!
and a substrate that is only c. 21 ka old; thus, these
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soils have probably experienced minimal chemical
weathering. Almost all samples show a significant
correlation between K,O and MgO (Figure 6e),
suggesting the intense and synchronous chemical
weathering of K-bea ring minerals (e.g., K-feldspar
and illite) and Mg-bearing minerals (e.g., calcite
and dolomite). The correlation rate between SiO,
and Fe,O; is 0.592 (Figure 6f), which may be a
result of fine mineral inclusions and/or the
precipitation of SiO. on the surfaces of Fe-bearing
minerals (Bischoff 1969; Taitel-Goldman et al.
2004). It is obvious that the lower samples (dashed
area in Figure 6a, d, e, f) in the BYSD profile show
weaker chemical weathering relative to the upper
four samples; this may be due to intense soil
erosion creating a thin layer of highly weathered

1 « BYSD
3d & Bysy|
* BYSIJ Aa

TiO, (Wi.%)

3.0
2,5 -

2,0

1,0

TiOy (Wt.%)

0,5
(©

25

0,0

K50 (wi.%)

©

0,6 0.8

04
MgO (wt.%)
Figure 6 Relationships between Al.O3 and TiO., K20 and MgO, Fe-03 and TiO-, SiO- and Fe.Os in three soil profiles.
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soil.

Combined with the erosion characteristics of
this hillslope discussed above, these results show
that the soils from these three profiles may have
been derived from an identical material. They also
demonstrate that the BYSY (shoulder) and BYSJ
(toeslope) profiles record the inheritance of erosion
material from the BYSD (summit) profile.

3.2.2 Lateral migration of major elements

To show the lateral migration of major
elements along the hillslope under the action of soil
erosion and deposition, we calculated the
elemental enrichment factors of the BYSY
(shoulder) and BYSJ (toeslope) samples relative to
the BYSD (summit) samples (Figure 7). Figure 7
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reflects, to some extent, the migration
characteristics of major elements from the summit
of the hillslope to the toeslope of the hillslope. The
contents of MnO, MgO, K,0O, Ca0, Na,O and Al,O4
in the BYSY and BYSJ samples are significantly
depleted relative to those in the BYSD samples.
These elements, except for Al, are highly soluble in
soil solutions and can be exported along the
hillslope by rainfall; thus, they are unlikely to be
enriched on the shoulder and toeslope of the
hillslope. Because Al is less mobile, it should be
enriched in the BYSY and BYSJ samples; however,
it is likely depleted in the BYSY and BYSJ samples
due to organic matter, especially organic acid,
playing a role in transporting Al. Land and
Ohlander (2000) observed very high dissolved
concentrations of Al in the E-horizon of a soil
profile with a low pH value and high
concentrations of complexing organic acids. TiO»
and Fe,O; (in which, as discussed above, Fe(III)
may be the dominant cation) are enriched in the
BYSY and BYSJ samples because they are less
mobile and can be enriched in depositional areas
where soil erosion occurred at the summit of the
hillslope. P,O; and SiO, are enriched in the BYSJ
samples, and they are neither enriched nor
depleted in the BYSY samples, although soil
deposition occurred at the BYSY site and soil
erosion occurred at the BYSJ site. These results
indicate that the major elements of Fe and Ti tend
to be enriched in the lower part of the hillslope
relative to the summit of the hillslope due to
physical migration, although soil erosion occurred
at the toeslope of the hillslope; Mn, Mg, K, Ca, Na
and Al tend to be depleted in the lower parts of the
hillslope relative to the summit of the hillslope due
to soil erosion; P and Si show no obvious trends of
enrichment or depletion on the hillslope
components.

3.2.3 Vertical distribution of major
elements

In order to assess the enrichment mechanisms
of major elements in soil samples, the depletion
and enrichment factors were calculated (Taylor and
Blum 1995; Nezat et al. 2004). The depth
distributions of the depletion and enrichment
factors based on the major element concentrations

in the three depth profiles are shown in Figure 3d-i.

In the BYSD depth profile (Figure 3d and g), SiO,,
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Enrichment factor

MnMg K Ca Na Al P Si Ti Fe
Major elements

Figure 7 The elemental enrichment factors of the BYSY
(shoulder) and BYSJ (toeslope) profiles relative to the
BYSD (summit) profile.

Al,O5 and CaO show depletion factors ranging from
0.5-0.9, and Fe,O;, Na,O and P,O; are neither
enriched nor depleted. MgO, MnO and K.O are
depleted to values as low as 0.3. TiO, is most enr
iched (1.45) at a depth of 4-6 cm, while the highest
value of 137Cs is observed at the same depth. As
mentioned earlier, 137Cs is strongly adsorbed to fine
particles in the surface soil, especially clay minerals
and humic materials (Zapata 2002). TiO. might
migrate to this depth combined with humic
materials. This indicates that a large amount of
humic materials may exist at this depth in the
profile. Na,0O, K,O, CaO, MgO, MnO and SiO, are
most depleted at a depth of 4-6 cm because these
elements are highly soluble and can be
preferentially exported from the soil profile in soil
solution (Ji et al. 2004). This phenomenon
indicates that a large amount of soil water may
exist at this depth in the soil profile. In the BYSY
depth profile (Figure 3e and h), TiO,, Fe,O5; and
Al,O;3 are neither enriched nor depleted because
these elements are less mobile and tend to be
concentrated in typical weathering products, such
as clay minerals and oxides. Yousefifard et al.
(2012) stated that immobile element are
redistributed within weathered profile and can be
leached out of the weathering profiles under
certain conditions. MnO, K,O and P,O; are also
neither enriched nor depleted, and the changes in
the depletion and enrichment factors of these
mobile elements with depth indicate that
supplements of these elements exist that can
counteract their removal by leaching. SiO,, MgO,
CaO and Na,O show enrichment factors between 1
and 4.8, and Na,O is most enriched (4.8) at a depth
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of 2-4 cm. These results also indicate that
supplements of these mobile elements exist due to
the soil erosion of the BYSD site and the soil
deposition of this site. In the BYSJ depth profile
(Figure 3f and i), TiO. and Al,O; are neither
enriched nor depleted. MgO, SiO,, and K,O show
depletion factors ranging from 0.6-0.9. Fe,O4
shows enrichment factors ranging from 1-1.7. MnO,
P.O; and CaO are enriched in the upper soil profile
(0-6 cm) and depleted in the lower part of the soil
profile. Na,O shows no clear tendency; this may be
because soil erosion occurs at this site, whereas soil
deposition occurs due to the site location i.e
toeslope of the hillslope.

These results show that the depletion and
enrichment factors of major elements in different
hillslope components varied significantly, perhaps
due to the impacts of topography and leaching. The
depletion and enrichment factors of most major
elements in the BYSY profile are higher than those
in the BYSD and BYSJ profiles, which probably
indicates that the intensity of the chemical
weathering of the BYSY profile is higher than those
of the BYSD and BYSJ profiles. Less mobile
elements, such as Al, Ti and Fe, exhibit no obvious
differences in their depletion and enrichment
factors in three soil profiles, while Al is depleted in
the BYSD profile (Figure 3d) (Hill et al. 2000;
Kurtz et al. 2000). Under supergene conditions, Ti
was deposited in slope sediments in the form of
titanium hydroxide (TiO.-nH,O) during the
weathering of titanium minerals; then, part of this
compound lost its water and was recrystallized.
Therefore, during crustal weathering, relative
increases in titanium are due to decreases in the
contents of mobile elements (Mou 1999). The
solubility of iron is controlled by oxidation-
reduction conditions; reduction conditions and an
acidic medium favor the transport of iron, whereas
iron is easily decomposed under oxidation
conditions and in an alkaline medium. Schroth et
al. (2009) obtained consistent results when they
confirmed that minerals in which Fe is in its
ferrous, or Fe(II) form, yield much more Fe in
leaching experiments than minerals in which Fe is
in its ferric, or Fe(III), form. This may explain the
enrichment of Fe,Oin the BYSJ profile (Figure 3f).
Al is an important soil element, and its ionic charge
does not change; therefore, the migration and
transformation of Al during crustal weathering is
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not directly affected by oxidation-reduction
conditions. Generally, it is hard to dissolve Al in
water, and it is hard for Al to migrate downwards
in solution (Nesbitt and Wilson 1992). However,
the migration of Al is mainly affected by the
degradation of organic matter in subtropical
climates, and the degradation of organic matter is
affected by oxidation-reduction conditions (Viers et
al. 2000; Braun et al. 2005). Under oxidation
conditions, many organic colloids continue to
break down, leading to the decreased adsorption
capacity of Al and resulting in the accumulation of
Al. Perhaps due to human and animal activities,
the contents of CaO, MgO, K,O and Na,O
somewhat increased within the topsoil; a similar
observation was made by Feng et al. (2009). The
temporal and spatial variations in the dissolved Si
in soil water resemble those of Na, Ca, Mg and Sr,
and Mn appears to be more mobile further down in
the soil compared with Fe and Al (Land and
Ohlander 2000). These results are consistent with
the observations made in this study (Figure 3d-i).
In mid-latitude soils, total P typically exhibits
enrichment at the surface (due to biocycling),
depletion just below this zone (due to both leaching
and plant uptake), and relatively high values below
the zone of depletion, where neither leaching nor
the plant uptake of P are active processes (Runge et
al. 1974). This “high-low-high” depth function also
appeared in this study (Figure 3d-i).

3.3 Relationships between 137Cs and major

element
Recent studies have investigated the
correlation  between  soil  physico-chemical

parameters and 137Cs in different regions including
cultivated and uncultivated fields. For example,
Rahimi et al. (2013) reported statistically
significant positive correlations between 137Cs
inventory and mass magnetic susceptibility in both
pasture and cultivated lands. Nosrati et al. (2015)
found statistically significant positive correlations
between 137Cs inventory and soil organic carbon
tock in both cultivated and forest soils.

There was a positive correlation (R2 = 0.836)
between 137Cs activities and the chemical index of
alteration (CIA) in the BYSD (summit) soil samples
(Figure 8a). The CIA predominantly tracks feldspar
dissolution and the concomitant release of Ca, Na,



and K relative to Al, since the latter is typically
retained within pedogenetic clays (Babechuk et al.
2014). This result indicates that 37Cs is strongly
and quickly adsorbed to clay particles within the
soil. There was no significant correlation between
137Cs activities and CIA values in lower positions
(BYSY and BYSJ), this may be as a result of the
BYSY and BYSJ soils have the supplements of these
mobile elements (Ca, Na and K) by soil erosion. As
shown in Figure 3, Al;O;, retained within clay
particles, was depleted reflecting the clay particles
loss in the BYSD profile. This result is in agreement
with the negative correlation (R2 = 0.922) between
137Cs activities and Al,05/TiO, ratios in BYSD
profile (Figure 8b). The Al.O5/TiO, ratios of soil
samples in the BYSY and BYSJ profiles are
decreasing with depth, this is in agreement with
the positive correlations between 137Cs activities
and AlLO;/TiO, ratios in the BYSY and BYSJ
profiles (R2 = 0.504 and 0.548, respectively). This
result reflects the notion that clay particles from
the summit component are transported to the
shoulder and toeslope components. It is obvious
that the lower three samples (dashed area in Figure
8a and b) in the BYSD profile show that the
deposited 137Cs is resistant to downward leaching
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(Zapata 2002).

The volatile content of a soil sample measured
by the loss on ignition (LOI) is considered
proportional to the amount of hydrated minerals
(mainly clay materials) and organic matter (Ji et al.
2004; Babechuk et al. 2014). As shown (Figure 8c),
the relationship between 137Cs activities and LOI
values are positive and significantly correlated. The
highest positive correlation (R2 = 0.965) between
137Cs activities and LOI values in BYSY indicates
the effects of the forest belt located at the shoulder
component on the soil organic matter. There was
no positive correlation between 137Cs activities and
LOI values in the BYSD profile perhaps due to the
loss of clay particles. Figure 8d showed the positive
correlations between 137Cs activities and FeO
contents in all three soil profiles. Considering that
the organic matter is the important reductant in
soil profile (Ma et al. 2007), the positive
correlations between 137Cs activities and FeO
contents may be closely associated with organic
matter.

These results showed that 137Cs activity was
significantly positive correlated with clay particles
and organic matter, and are in agreement with
those reported by other researchers (Zapata 2002;
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Figure 8 Relationship between 137Cs activity (Bq kg?) and the major element parameters in three soil profiles

(BYSD, summit; BYSY, shoulder; BYSJ, toeslope).
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Afshar et al. 2010; Rahimi et al. 2013; Gheysari et
al. 2016). Furthermore, the pedogenic process and
vegatation have an influence on distribution of
137Cs. Overall, it maybe necessary to use 37Cs
technique for researching soil erosion along with
combination of geochemical methods.

4 Conclusions

The results of this study highlight severe soil
erosion (up to 23.30 t hat yr in the toeslope of the
hillslope) in a karst hillslope in Guangxi Province,
Southwestern China, using 137Cs radionuclide
measurements. The soil redistribution rates were -
17.01, 0.40 and -23.30 t ha? yrt at the summit,
shoulder and toeslope respectively of this studied
hillslope. This emphasizes that the effects of
human activities, such as the construction of
mountain roads and deforestation, can significantly
accelerate soil erosion. Therefore, the soil erosion
hazard of this study area is high and should not be
ignored due to human interference coupled with
the low soil formation rate.

Generally, the migration of soil elements was

strongly correlated with soil erosion and deposition.

These three soil profiles may have been derived
from an identical material, and the shoulder and
toeslope profiles of this studied hillslope record the
inheritance of erosion materials from the summit
profile of this hillslope. Relative to the summit of
this hillslope, the sesquioxides (Fe,O; and TiO.,)
tend to be enriched in the low part (shoulder and

toeslope) of this hillslope due to physical migration.

The alkalis (CaO, MgO, Na,O and K,O) tend to be
depleted in the lower part of the hillslope, whereas
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