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The chemical compositions and soil erosion characteristics of three soil profiles along a hillslope in karst area,
southwest China were investigated. The material sources, element behavior and relationship between soil ero-
sion and soil formation are discussed. Based on the '*’Cs technique, the mean soil redistribution rates were
KafSt found to be 11.88, —15.31 and —21.03tha™' year ™! in the summit (DSD), shoulder (DSY) and toeslope (DSJ)
:?;::::f:haviors profiles, respectively. The results show that the three profile soils are in situ weathering products of the un-

derlying bedrocks and have inherited relationships. The Al, rare earth elements (REEs) and high field strength
elements (HFSEs) contents increase with increasing clay content in DSY and DSJ profiles, indicating that these
elements could be loss with clay particles via soil erosion. Coarse particles contained Si accumulates at the DSJ
profile due to the migration of soil from upslope, resulting in Si enrichment. The REEs and HFSEs are mainly
transported from the deposition profile DSD as solutes by chemical weathering and from the erosion profiles DSY
and DSJ as particles by physical migration. The DSY profile has the thinnest soil layer and lowest clay contents,
which facilitate the chemical reaction between minerals and soil water. Above all, we believe that at some
intermediate soil erosion rate, that soils with the least input of fresh materials could experience the strongest
chemical weathering, resulting in vast dissolution of minerals such as feldspar. These results suggested that soil
texture, topographical features and vegetation coverage together affect the soil chemical weathering, physical

erosion and element behaviors in karst hillslope.

1. Introduction

Chemical weathering of bedrock occurs within the Critical Zone.
This is very important as it affected processes such as the cycling of
elements, CO, consumption, and soil erosion (Brantley et al., 2007;
Braun et al., 2005). Soil is the weathering product of bedrocks and is
critical for the sustainable development of ecosystems and human so-
ciety (Ma et al., 2011a). The study of watershed erosion, as well as
element migration, and the biogeochemical cycling of nutrient between
the systems of rock, soil and vegetation are usually based on the soil
research such as soil provenance and pedogenesis processes (Taylor and
Velbel, 1991; Taylor and Lasaga, 1999; Vance et al., 2009). Recently
the behaviors of elements during chemical weathering are becoming a
research topic of interest, and so various soil profiles on different
bedrocks have been studied (Acosta et al., 2011; Babechuk et al., 2014;
Gong et al., 2011; Ji et al., 2004; Lucke et al., 2014; Mee et al., 2004;
Wei et al., 2013). Chemical weathering produce soils and physical

erosion sculpt landscapes, they closely interact to influence the earth
surface. Chemical decomposition of bedrock supplies fresh material to
physical erosion, while the exposure of fresh material with active sur-
face chemical characteristics is benefit for chemical weathering (Riebe
et al., 2004). The weathering profiles formed on hillslopes face severe
soil loss due to the topographic gradient driving erosion. Moreover,
many human activities, such as cultivation, deforestation, mining and
construction of mountain roads, induce soil erosion and then shape soil-
mantled hillslopes in combination with chemical weathering.

The karst region (approximately 42.6 x 10*km?) of southwestern
China contains approximately 100 million people (Feng et al., 2016). In
southwest China, one of the severe environmental problems is soil
erosion (Song et al., 2018). Because of anthropogenic activities, the
area of this studied hillslope could be exposed to severe soil erosion.
The existing soil assessment methods could be grouped as following: the
field erosion monitoring (Guo et al., 2015; Jungers et al., 2009); using
remote sensing in conjunction with GIS techniques (Fernandez and
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Fig. 1. (a) Sketch map of geology in South China, with the distribution of Meso- to Neoproterozoic strata and magmatism within the Yangtze Block (modified after Gu
et al. (2013)); (b) a geologic sketch map illustrating the geological features of the Dafoyan bauxite deposits and sampling site.

Vega, 2016; Yang et al., 2013); and applying the radionuclide techni-
ques of 37Cs, 21°Pb and “Be (Lii et al., 2010; Song et al., 2018; Xiong
et al., 2018). Li et al. (2009) proposed that applying the current **’Cs
technique to investigate soil erosion on karst regions may be proble-
matic, which is because of the thin layers of soil and dissolution of
carbonate particles in soils. However, the much well-developed with
thick soil layers, within karst areas of southwest China might be sui-
table for soil erosion studies using the '*’Cs technique. Song et al.
(2018) have studied the relationship between major element behaviors
and soil erosion on different hillslope components using geochemical
methods and the '*’Cs technique in southwest China. *’Cs has a half-
life of 30.17 years. As an artificial radionuclide produced by nuclear
bomb testing, '3”Cs was released into the atmosphere first and then
deposited on the Earth's surface with precipitation at the period of the
1950s-1970s. Generally, precipitation is usually uniform within small
regions, resulting in limited variation of **’Cs inventory in soils. De-
posited *7Cs absorbed by fine soil particles (e.g. clay minerals and
humic materials) is resistant to chemical or biological removal from soil
particles (Rahimi et al., 2013; Zapata, 2002).

Here, we explore the relationship between chemical weathering and
physical erosion of hillslope soils with different topographic features
located in Chongqing City, southwest China. The specific research ob-
jectives of the present study are to (1) investigate the material sources of
the hillslope soils; (2) research the formation processes of soil profiles
and typical element behaviors during soil formation; and (3) explore the
relationship between soil physical erosion and chemical weathering.

2. Materials and methods
2.1. Description of the study area

This study was conducted on a hillslope located in vicinity of the
Dafoyan area (29°11’48”-29°15’30”N, 107°20’30”-107°23’00”E) in

Nanchuan County, southeastern Chongging City. The Dafoyan area,
which belongs to the Wulong-Nanchuan bauxite deposit cluster, is

located in the northwestern South China Block (Fig. 1a). The South
China Block includes the Yangtze Block in the northwest and the
Cathaysia Block in the southeast. Due to the mild subtropical monsoon
climate experienced, temperatures are usually higher during the rainy
season. The climate of the study area varies obviously with elevation.
The average annual temperature is approximately 17 °C, and the mean
annual precipitation is approximately 1400 mm, almost 70% of which
occurs from May to August. The mean annual relative humidity is ap-
proximately 90%, and the average annual fog period is 260 days.

Representative soil profiles were selected from different compo-
nents of the hillslope (29°12’45”N, 107°23’46”E), which is located in
the Changba syncline (Fig. 1b). The dominant lithology in this hillslope
is the dolomite limestone of the Feixianguan and Jialingjiang Forma-
tions of the Lower Triassic and the carbonaceous shale of the Hanjia-
dian Formation of the Early-Middle Silurian. Surveys have revealed that
this hillslope was once covered by permanent vegetation, while defor-
estation occurred at the shoulder and toeslope some 50 years ago due to
road construction. Presently there is a mining road at the foot of the
studied hillslope. The characteristics of the profiles are summarized in
Table 1. The hillslope has an elevation range of 1674 to 1705 m above
sea level, and the distance from the toeslope ranges from 0 to 124 m.
The slope gradients for the different components, toeslope, shoulder
and summit were calculated to be 28.89°, 6.91° and < 5°, respectively.
The toeslope profile (DSJ) is located on the side of a mining road with
little vegetation coverage, the shoulder profile (DSY) has no vegetation
coverage and is located in the center of a relatively flat area with a
minor gradient slope, while the summit profile (DSD) is located on the
upper slope, on relatively flat area surrounded by scrubland vegetation
with a number of trees. Due to the ruggedness of the terrain and ele-
vation, no signs of cultivation on this hillslope.

2.2. Sampling and analytical methods

The soil and bedrock samples were collected in 2014 from three
profiles located at the summit (DSD profile), shoulder (DSY profile) and
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Table 1
The characteristics of sampling sites in the studied hillslope.

Sample Land use® Hillslope Elevation (m) Distance” (m) Gradient (%)
components

DSD S/F Summit 1704.08 123.2¢ <5

DSY B Shoulder 1694.10 40.2 6.91

DSJ G/B Toeslope 1674.68 0 28.89

2 B: bare land; G: grassland; S: scrubland; F: forestland.
> The distance from the foot of the hillslope.

toeslope (DSJ profile) of this hillslope. A scraper plate with an internal
soil sampling area of 100 cm? was used to collect samples at incre-
mental depths (Walling and Quine, 1993), of 2, 5 and 10 cm to a depth
of > 25 cm until the bedrock was collected. We also collected two other
soil profiles (DFY and ZMXR), which are developed limestones, with
depth increments of 20 cm to compare the soil formation processes and
element behaviors with those of the hillslope soils. The DFY profile was
collected on a flat area near the hillslope, which experienced no obvious
soil erosion or deposition. The ZMXR profile, also with no soil erosion
or deposition, was sampled farther away from the studied hillslope.
Successive rock samples (DFYB) were obtained as chips from a rock
profile at approximately 30 cm intervals. Due to the inconsistency of
rock outcrops, we collected two types of bedrock in the three soil
profiles (DSD, DSY and DSJ): carbonaceous shale (DSD-0) in the DSD
profile and dolomite limestone in the DSY and DSJ profiles. Considering
the same lithology of bedrocks in DSY and DSJ profiles, we collected
one bedrock sample (DSJ-0) for analysis of both soil profiles (DSY and
DSJ).

All samples were air-dried and ground to a grain size of 200 mesh.
The major element contents of all samples were measured using X-ray
fluorescence spectrometry (XRF) (Philips PW2404 X-ray fluorescence
spectrometer) and referring to the GB/T14506.28-2010 silicate rock
chemical analytical procedure. The trace and rare earth element con-
tents of all samples were analyzed using high-resolution inductively
coupled plasma mass spectroscopy (HR-ICP-MS) (Element I, Finnigan
MAT Company) according to the DZ,/T0223-2001 ICP-MS procedure at
a temperature of 20 °C and a humidity of 30%. All these measurements

Table 2
Surface soil properties in the studied hillslope.
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were conducted in the Beijing Research Institute of Uranium Geology.

250 g or more of each soil sample was air-dried and sieved using a 2-
mm mesh sieve, then was sent for measurement at the Chengdu
Institute of Mountain Hazards and Environment, CAS. A gamma spec-
trometry system with a hyperpure coaxial germanium detector and a
multichannel analyzer was used to measure the '*’Cs activity
(Bqkg 1. '¥7Cs activity was detected from the 662keV peak on the
spectrum using counting times > 50,000s. The analytical precision
was kept at approximately + 5% at the 95% confidence level.

Particle-size distributions of soils were determined followed the
hydrometer method (ASTM D422-63), where the proportion of sand,
silt and clay in soils were calculated on the basis of hydrometer read-
ings at 40s and 2h. Soil pH was determined using a combined glass
electrode in deionized water (the ratio of soil (g) to H>O (mL) was 1:5).
We selected surface soil samples (with '*’Cs activity) to test particle-
size distributions and soil pH. The selected properties of soils are pre-
sented in Table 2. The soil in this studied hillslope is classified as
mountain yellow soil (Argosols) based on Chinese soil taxonomic clas-
sification, which is equivalent to Luvisols in Food and Agriculture Or-
ganization (FAO) Taxonomy or Alfisols in United States Department of
Agriculture (USDA) Taxonomy (Lin, 2002). The dominant soil texture
of the surface soil was determined to be silty loam.

2.3. Elemental mobility

Mass balance calculation, which indicates the loss or enrichment of
an element from the soils, is one of the best methods to estimate the
element behaviors during various geochemical processes. The tau ()
mass transport model (Anderson et al., 2002; Brimhall and Dietrich,
1987) was applied for mass balance calculations:

Tij = {[(q,w)/(cjp)]/[(clw)/(clp)]} -1 (@D)]

where C; ,, and C;, , are the concentrations of element j in soil sample
and the parent material, respectively, and C; ,, and C; , are the contents
of the relatively most immobile element (i) in the soil sample and the
parent material, respectively. Positive and negative values of 7; ; in-
dicate that the element j was enriched and depleted in the soils re-
spectively, relative to the parent material. A 7; ; value of zero indicates
the immobility of the element j in soil samples. Although some studies

Sample no. Sand (2-0.02 mm) (%) Silt (0.02-0.002 mm) (%) Clay (< 0.002 mm) (%) pH Soil texture
DSD-1 32.22417 56.96322 10.81261 5.05 Silty loam
DSD-2 14.20129 73.63703 12.16169 5.12 Silty loam
DSD-3 48.98819 42.88181 8.130006 5.43 Loam
DSD-4 17.24167 69.07538 13.68295 5.28 Silty loam
DSD-5 15.78102 69.60208 14.61689 5.56 Silty loam
DSD-6 43.94643 46.50959 9.543978 5.49 Silty loam
DSD-7 15.03217 72.16187 12.80596 5.32 Silty loam
DSD-8 49.98725 39.63309 10.37967 5.52 Loam
DSD-9 77.54953 18.3623 5.088168 5.79 Sandy loam
DSD10 42.09225 47.80695 10.10081 5.65 Silty loam
DSY-1 12.10816 76.19183 11.70001 6.19 Silty loam
DSY-2 11.67306 75.91682 12.41012 5.97 Silty loam
DSY-3 14.95412 74.79691 10.24897 6.23 Silty loam
DSY-4 11.73725 76.58906 11.67369 5.89 Silty loam
DSY-5 50.1158 43.5401 6.344094 6.36 Loam
DSY-6 44.73591 47.87955 7.384539 6.57 Silty loam
DSY-7 15.96308 72.90047 11.13645 6.79 Silty loam
DSJ-1 25.45452 67.18363 7.361852 5.96 Silty loam
DSJ-2 28.42334 63.98197 7.594695 6.12 Silty loam
DSJ-3 14.60613 73.83325 11.56063 6.34 Silty loam
DSJ-4 14.39751 73.99538 11.60711 6.47 Silty loam
DSJ-5 15.10946 72.28953 12.601 6.35 Silty loam
DSJ-6 15.61089 71.89093 12.49819 6.51 Silty loam
DSJ-7 19.85003 66.98189 13.16808 6.44 Silty loam
DSJ-8 27.41642 59.46671 13.11687 6.67 Silty loam
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have used Zr, Th and Nb as the immobile reference element assessing
mass balance (Babechuk et al., 2014; Braun et al., 2012; Ma et al.,
2007), here, we used Ti as the immobile reference element because Ti is
a major element in common rock-forming minerals and is unlikely to
suffer from heterogeneity due to its distribution in a trace phase, unlike
zircon.

2.4. Estimation of soil erosion and deposition rates

Using the geochemical methods in combination with measurement
of the '*”Cs activities, we attempted to understand the spatial-temporal
distribution of soil erosion and deposition, and the source of sediment.
We can estimates of soil redistribution rates of each sampling site by
comparison of the '*’Cs inventory for an individual sampling site and
the '37Cs reference inventory (Quijano et al., 2016).

In this study, assuming that the total fallout of *’Cs occurred in
1963 and that the '*Cs depth distribution in the soil profile is time
independent, then the erosion rate Y for an eroding site can be calcu-
lated as follows:

_ L) ho

Y = L ln(l
t — 1963 100 2

where Y is the annual soil loss (tha=*a™!) (negative value), t is the
year of sampling (year), X is the decreasing relative percentage com-
pared with the local '*”Cs reference inventory (A’jim;A.lOO), A is the
total 3”Cs inventory at the sampling site by measurement and calcu-
lation (qu_z). hg is an coefficient describing profile shape (kg m~?)
driven from an empirical equation (A’ = Apd1 — e /M), where x is
the mass depth from soil surface (kg m~2), A’( is the concentrations of
137Cs above the depth x (Bqm™2) (Porto et al., 2001; Walling and

Quine, 1990; Zhang et al., 1990).

-1

3. Results
3.1. 137Cs records

The vertical distribution of '*’Cs activity in the DSD, DSY and DSJ
profiles located at the summit, shoulder and toeslope, respectively, of
the studied hillslope are illustrated in Fig. 2a, b, and c. Fig. 2a shows
that the '*”Cs concentration tends to be distributed evenly within the
upper 8 cm. At the peak below in activity concentration at depths of
2-4cm (26.4Bqkg™ "), the profile shows an exponential decrease in
137Cs activity with depth and reaches 0.51 Bq kg ™! at a depth of 21 cm.
Similar depth distribution profile of *3”Cs were observed in Fig. 2b and
¢. The '*7Cs concentration peaks are located at depths of 0-2 cm. Below
the peak activity concentration in the topsoil (14.04 Bq kg~ 1), the **’Cs
activity decreases exponentially with increasing depth and reaches
0.53Bqkg ! at a depth of 14 cm. Fig. 2c shows an distinct exponential

—

1

Depth (cm)
7

[3o3
Q
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decrease in '®Cs activity with depth. Below the '*’Cs concentration
peak in the surface layer at 2cm (10.43Bqkg™!), '*’Cs activity de-
creases exponentially with depth and reaches 0.27 Bq kg ™! at a depth of
16 cm.

3.2. Major elements

The major oxide concentrations of samples from the study profiles
(DSD, DSY and DSJ) are listed in Table 3. The major element contents of
the DFY, DFYB and ZMXR samples are listed in Supplementary Table 1.
As shown in Table 3, the oxides SiO,, Al,03, Fe;03, and MgO and the
loss on ignition (LOI) are present in major quantities in all samples from
the three sampling sites (accounting for > 97% of the total rock mass),
while the other oxides are quite low.

Normally, the accurate isolation and purification of silicate minerals
from soils and sediments 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/Na,O in the soil sample,
assuming that for CaO* the molar CaO/NayO ratio of silicates is
not > 1. If this ratio is < 1, the CIA is calculated directly from the
molar content of CaO, which is equivalent to m CaO* = m CaO. On the
other cases, the CaO content of silicates is supposed to be equivalent to
the Na,O content. The relationship between the chemical index of al-
teration (CIA) and oxides is shown in Supplementary Fig. 1. The var-
iations in major oxide contents with the CIA indicate the following: (1)
The samples from the DSJ profile have higher CIA values, while the CIA
values in the samples from the DSD profile are relatively low, (2)
compared with the DSD and DSJ profiles, DSY samples are more en-
riched in less mobile oxides Al,03, TiO, and Fe,O3 and depleted in the
mobile element MgO, (3) the samples from the DSJ profile have widely
distributed CIA values, while the samples from the DSY profile are
confined within a relatively narrow range of CIA values.

3.3. Trace elements

The trace element concentrations of all samples are listed in Table 4.
The Upper Continental Crust (UCC)-normalized abundances of trace
elements for the different samples are shown in Supplementary Fig. 2.
The UCC-normalized trace element distribution patterns of DSD, DSY
and DSJ soil samples are quite similar as a whole. Most samples from
the three profiles are enriched in Li, Bi, W, Cd, Sb and Cs and depleted
in Cu, Be, Ga, Sc, Rb, Zr, Y, Sr, Ni, T, Ba and Hf. However, for in-
dividual groups of samples, the concentrations of Cu, Be, Ga, Sc, Rb, Zr
and Hf in DSY samples are higher than those in DSD and DSJ samples.
Among the three soil profiles, DSY soil samples show higher con-
centrations of Nb, U, Th, Ta, In, Mo and Zn, and only DSY samples are
enriched in these trace elements. DSD soil samples are slightly depleted

2
25 2
(2) DSD DSY o DSJ
T T 71— 28 |(b)' i L 20 |( ) T T T T T
0 5 10 15 20 25 30 00 25 50 75 100 125 150 0 2 4 6 8 10 12

137

“7Cs activity (Bq kg™)

Cs activity (Bq kg™

¥7Cs activity (Bq kg™)

Fig. 2. Depth distribution profiles of 137¢g activity in (a) the summit (DSD), (b) shoulder (DSY) and (c) toeslope (DSJ) component of the hillslope, respectively.
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Table 3

The depth distribution of major oxides contents, chemical index of alteration (CIA), and chemical index of weathering (CIW) values of bulk samples from the Dafoyan

profiles.
Sample no. Depth (cm) Major elements (wt%)

SiO, Al,03 Fe,03" MgO CaO Na,O K;0 MnO TiO, P,0s LOI CIA® cw?

DSD-0° 51 61.39 1.05 0.342 30.66 0.045 0.051 0.071 0.004 0.042 0.012 5.96 81.23 88.46
DSD-1 1+2 51.78 6.9 3.01 8.52 0.289 0.233 0.883 0.033 0.469 0.188 27.68 80.02 93.77
DSD-2 3+2 53.83 7.1 2.76 8.85 0.243 0.232 0.902 0.029 0.486 0.177 25.08 80.32 94.67
DSD-3 5+2 52.21 6.88 291 8.69 0.266 0.221 0.858 0.033 0.473 0.166 27.06 80.60 93.86
DSD-4 7+2 53.94 6.71 2.84 9.62 0.22 0.224 0.854 0.03 0.46 0.148 24.36 80.15 94.19
DSD-5 9+2 58.1 6.74 3.07 10.65 0.223 0.219 0.819 0.03 0.444 0.134 19.3 80.75 93.81
DSD-6 11+5 57.46 6.92 3.02 10.66 0.208 0.239 0.836 0.028 0.455 0.13 20.03 80.50 93.77
DSD-7 16 +5 56.77 7 4.83 9.81 0.201 0.207 0.793 0.033 0.446 0.114 19.41 81.97 94.17
DSD-8 21+5 62.03 7.23 3.3 13.4 0.188 0.229 0.792 0.028 0.451 0.087 12.17 82.11 93.41
DSD-9 26 +5 63.35 6.97 3.25 14.97 0.178 0.2 0.827 0.033 0.458 0.064 9.45 81.83 93.31
DSD10 31+10 62.37 5.87 2.59 19 0.156 0.134 0.652 0.026 0.341 0.053 8.51 83.66 93.96
DSD-11 41 +10 63.89 4.11 1.67 21.29 0.142 0.106 0.364 0.017 0.191 0.036 7.85 84.69 92.23
DSD-12 51 59.88 3.41 1.68 26.44 0.088 0.087 0.279 0.013 0.13 0.034 7.71 85.29 93.90
DSY-1 1+2 60.55 9.49 7.34 2.67 0.237 0.237 0.937 0.122 0.54 0.163 17.63 84.10 95.66
DSY-2 3+2 58.59 10.96 6.54 2.41 0.241 0.295 1.29 0.153 0.7 0.186 18.51 82.53 95.82
DSY-3 5+2 58.23 11.66 6.68 2.75 0.235 0.297 1.34 0.115 0.747 0.182 17.61 83.13 96.05
DSY-4 7+2 57.22 11.7 6.32 2.47 0.228 0.311 1.4 0.123 0.76 0.181 19.19 82.74 95.96
DSY-5 9+2 60.16 10.76 6.16 2.24 0.227 0.29 1.28 0.122 0.696 0.161 17.88 82.55 95.52
DSY-6 11+5 59.38 12.17 5.88 2.61 0.233 0.325 1.45 0.128 0.778 0.175 16.72 82.80 95.76
DSY-7 16 +5 61.83 12.05 6.91 2.72 0.226 0.295 1.4 0.125 0.771 0.143 13.37 83.32 95.61
DSY-8 21+5 70.49 9.25 6.81 2.12 0.228 0.214 1.01 0.127 0.561 0.085 8.78 83.73 94.26
DSY-9 26 65.91 11.15 7.29 2.28 0.211 0.255 1.28 0.13 0.732 0.094 10.32 83.59 95.07
DSJ-0* 61 43.99 0.416 0.155 19.63 17.7 0.07 0.04 0.004 0.023 0.009 17.79 60.32 64.37
DSJ-1 1+2 66.1 7.48 2.78 5.15 0.25 0.177 0.929 0.07 0.537 0.126 16.17 82.49 94.40
DSJ-2 3+2 66.87 8.27 3.73 3.71 0.212 0.185 1.05 0.073 0.617 0.131 14.88 82.57 95.65
DSJ-3 5+2 68.12 9.25 3.47 3.04 0.231 0.206 1.16 0.069 0.68 0.132 13.39 82.71 95.43
DSJ-4 7+2 69.49 9.07 3.59 3.15 0.204 0.186 1.15 0.061 0.681 0.121 12.03 83.01 95.91
DSJ-5 9+2 69.55 9.55 3.83 3.02 0.205 0.193 1.22 0.052 0.728 0.112 11.31 83.00 95.77
DSJ-6 11+5 71.59 9.42 3.94 2.76 0.205 0.179 1.2 0.043 0.728 0.093 9.55 83.31 95.49
DSJ-7 16 +5 73.87 9.04 3.63 2.92 0.263 0.157 1.12 0.025 0.675 0.072 7.82 83.95 94.13
DSJ-8 21+5 71.67 8.32 3.26 7.2 0.238 0.137 1.02 0.022 0.615 0.06 7.07 84.26 94.18
DSJ-9 26 +5 73.31 7.61 4.24 6.35 0.274 0.103 0.749 0.026 0.476 0.05 6.49 86.88 93.28
DSJ-10 31+5 63.79 5.26 3.26 18.67 0.221 0.092 0.476 0.017 0.26 0.038 7.58 86.54 91.92
DSJ-11 36 +5 58.16 7.48 6.07 17.89 0.187 0.1 0.646 0.129 0.321 0.05 8.74 87.91 95.11
DSJ-12 41 + 10 65.07 6.94 4.08 13.93 0.226 0.117 0.692 0.073 0.378 0.06 8.14 85.96 93.79
DSJ-13 51 +10 63.91 4.35 1.81 21.67 0.198 0.112 0.343 0.024 0.179 0.033 7.03 85.47 90.34
DSJ-14 61 61.88 3.83 1.65 23.88 0.277 0.087 0.285 0.035 0.142 0.031 7.6 86.56 87.00

2 Stands for bedrock.
b Total iron, expressed as Fe,Os.

¢ Chemical index of alteration (CIA) = Al;03/ (Al;03 + CaO* + Na,O + K,0), where CaO* only represents the Ca in silicate (calculation reference to McLennan

(1993)).

4 Chemical index of weathering (CIW) = Al,03 / (Al,03 + CaO* + Na,0), where CaO* only represents the Ca in silicate (calculation reference to Harnois (1988)

in Cr and V relative to DSY and DSJ samples. Most of the trace elements
in all soil samples have experienced no significant fractionation, but Co
and Pb experienced relatively obvious fractionation. Compared with
soil samples, shale rock samples show a large variation range and have
relatively lower contents of the same trace elements but enrichments in
Cd and W similar to those in soil samples. The concentrations of Li, Co,
Sb and Sr in carbonate rock samples display different enrichment and
depletion characteristics.

3.4. Rare earth elements

The REE concentrations and other associated parameters are listed
in Table 5. The total REE content (XREE) varied within soil profiles
which ranges from 50 ppm to 150 ppm with a mean value of approxi-
mately 100 ppm. For individual profiles, the mean total REE contents
are 70 ppm in DSD samples, 120 ppm in DSY samples, and 92 ppm in
DSJ samples. Although the samples have the different REE abundances,
the chondrite-normalized REE distributions (Supplementary Fig. 3) of
three profile samples are characterized by steep light REE (LREE) pat-
terns. The higher REE concentrations in DSY soil samples are probably
present because of the lower concentration of quartz (Hu and Yang,

2016). DSD-11 and DSD-12 have the lowest REE content among DSD
soil samples (64.8 ppm and 47.2 ppm, respectively), but they have the
highest concentration of SiO» (64% and 60%, respectively), consistent
with the REE contents of DSY-1 and DSY-8 among DSY soil samples.
Among DSJ soil samples, DSJ-12, DSJ-13 and DSJ-14 have the highest
REE contents with relatively lower SiO, concentrations. The lower
contents of REEs in shale rock samples than in soil samples might be
associated with the dilution effect of SiO, and CaO. Although the shapes
of REE patterns are similar, the three soil profiles differ in Ce anomalies.
Soil samples from the DSD and DSJ profiles have significant positive Ce
anomalies, while samples of the DSY profile do not have distinct Ce
anomalies. The bedrock sample from the DSD has positive Ce anoma-
lies, but the bedrock sample from the DSJ profile has negative Ce
anomalies.

4. Discussion
4.1. Soil redistribution assessment of the studied hillslope

Zhang et al. (2008) reported a '*’Cs reference inventory
(1650Bqm™~?) in Kaixian County, Chongqing City. This reference
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Table 6
The '*7Cs inventories and soil redistribution at different hillslope components.

Sample  Hillslope 137Cs inventory Soil redistribution
components (Bqm~™ 2) (tha™ 1 year D)

DSD Summit 2698.56 11.88

DSY Shoulder 875.55 —15.31

DSJ Toeslope 690.82 —21.03

profile was collected in 2004 and is located in flat grassland. The county
has a subtropical climate similar to that of Nanchuan County, with an
average annual rainfall of 1100 mm. Considering the short distance
between the reference site and this study area and the similar climate
conditions, we use this reference inventory to calculate the soil redis-
tribution rates. The '*’Cs inventories and soil redistribution rates of
three soil profiles are shown in Table 6. The '*’Cs inventories are
2698.56, 875.55, and 690.82Bqm 2 at the DSD profile, DSY profile
and DSJ profile, respectively. The **”Cs inventories of the DSY and DSJ
soil profiles are lower than the !*’Cs reference inventory
(1650 Bq m~2). This result indicates that soil erosion occurred at the
DSY profile and DSJ profile, whereas soil deposition occurred only at
the DSD profile. From Eq. 2, the annual redistribution rates were cal-
culated to be 11.88, —15.31 and —21.03tha ™! yearf1 at the summit,
shoulder and toeslope of the studied hillslope, respectively. These re-
sults are different from other scholars, who proposed that the highest
degree of soil erosion occurred at the shoulder and the lowest at the
toeslope (Ayoubi et al., 2012; Rahimi et al., 2013). While those phe-
nomena often occurred in single-factor cases, which are different from
this studied hillslope due to various of topographical features, land use
types in each hillslope component (Song et al., 2018).

Song et al. (2018) have reported that soil deposition occurred at the
shoulder of a karst hillslope in Guangxi province, due to good vegeta-
tion coverage. Similarly, summit component, with relatively flat terrain
and good vegetation coverage lead to the lower velocity and flux of
surface runoff, which reduce soil erosion in hillslope. Although this
component is relative flat, it is located at the middle of an unapparent
depression. We suggest that the sediment transported from the sur-
rounding area via runoff and animal activities lead to the deposition.
The soil erosion in the shoulder component could be attribution to
surface soil erosion due to no vegetation coverage that can protect the
soil against erosion. On the toeslope component, the low vegetation
coverage coupled with the high slope gradient could contribute to the
greatest erosion rate. Especially a mountain road exists at the foot of the
hillslope, resulting in frequent human activities near the toeslope
component. It is thus reasonable to assume that eroded material from
higher components is easier to be carried away from soil surface by
runoff, especially fine particles. The open environment of the toeslope
component due to the construction of road is more suitable for soil
solution and soil particles migration from the lower section of toeslope
profile. These results indicate that the **’Cs activity and inventory, as
well as erosion/deposition, were significantly affected by terrain factors
(i.e., slope gradient, land use type and amount of vegetation cover) and
the interference of human activities (i.e., deforestation and the con-
struction of roads). The organic matter and fine soil particles contribute
to the calculation of deposition rate in summit component, because
137Cs is easily and strongly absorbed by humic materials and clay mi-
nerals (Zapata, 2002). While, the good vegetation coverage enhanced
the clay formation via chemical weathering and organic matter de-
composition, we also suggest that the increasing efforts of vegetation
protection, rehabilitation, reforestation and reducing interference of
human activities are the important approaches to reduce soil erosion in
karst hillslopes in this area.
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4.2. Effects of clay content and profile characteristics on soil elements

Soil texture (usually soil clay content) has been used to study the
physical, chemical and biological processes that occur in soils and
ecosystems (Bruun et al., 2010). Ge et al. (2019) examined the influ-
ences of soil texture on the distribution of Organic Carbon and nutrients
of aggregates over various land use. In this section, we investigate the
effect of soil texture (clay content) on soil element behaviors in erosion
profiles (DSY and DSJ) and deposition profile (DSD). As shown in Fig. 3,
we observed significant increases in the contents of Al,03;, HFSEs and
REEs in the erosion profile (DSY and DSJ) and decreases in the SiO,
contents in the DSD and DSY profiles with clay content. The clay ma-
terials is easily loss from soil surface during erosion process due to
runoff and topographical features (Quijano et al., 2016; Walling and
Quine, 1990; Zapata, 2002). Considering the soil erosion characteristics
in these three soil profiles (as discussed in Section 4.1), soil deposition
occurred at summit component (DSD) of this hillslope and erosion oc-
curred at the shoulder (DSY) and toeslope (DSJ). In the erosion profiles
(DSY and DSJ), the increase in Al content with increasing clay content
was primarily due to the physical migration of an Al-rich phase (e.g.,
clay minerals) with soil erosion (Maynard, 1992; Young and Nesbitt,
1998). Clay mineral adsorption plays an important role in distribution
of trace element including HFSEs (Liu, 2009). REEs usually adsorbed
onto clay minerals after released in solution and are then transported
along with clay minerals (Ma et al., 2011b; Su et al., 2017). The re-
lationships of HFSEs and REEs in the DSY and DSJ profiles might be due
to the physical migration of HFSEs and REEs with clay minerals during
soil erosion process. As discussed above, clay minerals significantly
affected the redistributions and behaviors of Al, HFSEs and REEs due to
the Adhesive properties (binding sites) and chemical charge cation AI®*
(Ge et al., 2019). However, the concentrations of Al, HFSEs and REEs in
the deposition profile (DSD), were relatively low in clay content in-
dicating that chemical migration might be responsible the transporta-
tion of minerals via soil solution. The low pH values and well vegetation
coverage of the DSD profile enhance the migration of Al, HFSEs and
REEs as solutes in soil water (Braun et al., 2017; Jin et al., 2010). The Si
contents, however decreases with increasing of clay content in the DSD
and DSY profiles, suggesting that clay may not be the main carrier. The
loss of Si might be due to the dissolution of feldspar by soluble loads.
These results further highlighted the importance of soil texture and
profile characteristics in the redistributions and behaviors of soil ele-
ments especially trace elements. The behaviors of soil elements in each
hillslope component during chemical weathering and soil erosion were
discussed below (in Sections 4.4 and 4.5).

4.3. The material sources of the soils

Among the major elements, Ti, Al and Fe are considered to be less
mobile (Ji et al., 2004) and possesses the lowest solubility in natural
water (except in the Fe(II) form) (Hu and Yang, 2016). The TiO,/Al,03
ratio is generally used to determine the material sources of sediments
and sedimentary rocks (Young and Nesbitt, 1998), and Fe;03/Al,03 is
also an effective indictor in tracing material sources (Ji et al., 2004).
The relationships between Al,O; and TiO, (Fig. 4a) show that soil
samples from the DSD, DSY and DSJ profiles have significant positive
correlations (R? = 0.93) with their underlying substrates, but the con-
tents of Al,O3 in DFY samples have no significant correlation with the
increasing TiO, contents (distributed as a horizontal line). The suc-
cessive rock samples have higher TiO, and Al,O3 concentrations with
no visible correlation between the two major oxides. The relationships
between Al,03 and Fe,;O3 (Fig. 4b) show that the soil samples of these
three profiles and their underlying bedrocks have a good positive cor-
relation (R? = 0.88), similar to that between Al,O3 and TiO,. Further,
the DFY soil profile and DFYB rock samples show no obvious correla-
tion between Al,O3 and Fe,O3. The rock samples have relatively higher
contents of these immobile elements, probably due to the loss of highly
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Fig. 3. Plot of Al,O3, SiO,, HFSE and REEs concentrations vs. clay content for bulk samples in the DSD, DSY, DSJ soil profiles.

mobile elements such as alkalis and alkali earth elements in the for-
mation process (Gu et al., 2013). The samples have relatively smaller
correlations between Fe,O3; and Al,O3 than between TiO, and Al,Os,
possibly because Fe in the Fe(II) form is relatively mobile (Muhs et al.,
2013). The trend of Al accumulation in DFY and DFYB samples are most
likely due to the retention of clay and Al-rich minerals, respectively. In
addition to these immobile elements, there are good correlations be-
tween MnO,, Fe,03, K;0, MgO and TiO, (Supplementary Fig. 5), sug-
gesting a similarity in host minerals between different profile samples.
The above characteristics indicate that the three profile soils are pos-
sibly the in situ or quasi-in situ products of the underlying substrates
(carbonaceous shale and dolomite limestone), and they possibly have a
cognate relationship. However, it is difficult to distinguish between the
soils developed on shale and carbonatite within this small region.

As shown in Supplementary Fig. 1, the DSD profile soil has lower
CIA values and that some DSJ samples have the same CIA values as DSY
samples with the same K;0, MgO and TiO, contents, while other DSJ
samples seem to resemble other profile samples. As shown in Fig. 4, DSJ
samples are distributed widely relative to DSD and DSY samples. From
the perspective of geomorphology, the DSY and DSJ profiles, which are
located at the lower positions on this hillslope, cannot remain un-
disturbed or uneroded. Muhs and Budahn (2009) also struggled to find
undisturbed or uneroded soil profiles on the lower terraces along the
north coast of Jamaica. To compare possible soil sources, we employ
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plots of Si05/Al,05 vs. K;0/Al,03, following Ji et al. (2004) and Wei
et al. (2013) (Fig. 5). The SiO,/Al,03 ratios and K;O/Al,O3 ratios of
DSD, DSY and DSJ soil samples are consistent and only slightly variable
(~10 and 0.1, respectively). In addition, samples from the above three
profiles are all concentrated in a relatively small region, which is far
away from that of the DFYB samples. The major element data indicate
that the DSD, DSY and DSJ soil profiles act as a whole, although they
have different types of bedrock. Meanwhile, due to the different topo-
graphical features of the profiles driving soil erosion, the behaviors of
elements during chemical weathering may be different in various hill-
slope positions.

As similar crustal incompatible elements, Zr and Hf can be used to
distinguish different crustal processes (Hu and Yang, 2016). The ratios
of crustal incompatible elements, such as the Zr/Hf ratio, in soil profiles
and bauxite can be employed to identify parent materials (Calagari and
Abedini, 2007). When plotted in a cross plot, the ratios of crustal in-
compatible elements can generate highly correlated liner arrays that are
consistent through to the origin of the plot, which is a part of the parent
materials (MacLean, 1990). The concentrations of Hf and Nb in all three
profile samples (including their bedrocks) are significantly correlated
with the concentrations of Zr and Ta, respectively (Fig. 6), also in-
dicating that the soils and the bedrocks have a cognate relationship.

The geochemical tracer methods discussed above show that the
three soil profiles were possibly derived from the underlying bedrock.
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Although the underlying carbonaceous shale and dolomite limestone
provide the weathering products directly for DSD, and DSY and DSJ, the
topographic features and inconsistency of bedrock lithology also play a
nonnegligible role in soil genesis in this area. Furthermore, we found no
correlation between the soil in this area and the eolian source related to
the Emeishan basalt, indicating that this component is not a major
material source. The data show that there is a close affinity among these
three profile soils, which indicates that the three profile soils have si-
milar material. Topographical features (e.g., slope, soil thickness) have
been suggested to influence the inheritance relationships of the topsoil
in the three profiles through physical erosion and sedimentation, and
this point is consistent with the data discussed above. Although we
cannot rule out the possibility of input from other sources, the above
geochemical characteristics indicate that the three profile soils are
possibly the in situ of the underlying shale and carbonatite substrates.
Many scholars proposed that the soils of karst regions in southwestern
China are the in situ products of the underlying carbonatite substrates
(Ji et al., 2004; Wei et al., 2013). Although two types of bedrock are
present in this studied hillslope resulting in difficulty to distinguish
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Fig. 6. (a) Hf vs. Zr concentrations, (b) Nb vs. Ta concentrations for the DSD, DSY and DSJ soil profiles.
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DFYB rock samples.

each profile provenance, while we insist that the weathering products
of the underlying carbonatite are the main source of these profiles
which overlying carbonatite substrates. Considering the soil erosion
characteristics of the hillslope, we suggest that the soil source of de-
position area on karst hillslopes could be influenced by the input of soil
from upslope via soil erosion.

4.4. Element geochemical behaviors in soil formation

4.4.1. Major element behaviors in soil formation

A-CN-K ternary diagrams portray the molar proportions of the molar
ratios of Al,O3 (A apex), CaO* + Na,O (CN apex) and K,O (K apex) for
the bulk soil samples (Fig. 7), which have empirically and kinetically
predictable weathering vectors for in situ weathering profiles (Fedo
et al., 1995; Nesbitt and Young, 1984; Nesbitt and Young, 1989). The
CaO contained in phosphorite and carbonate minerals should be de-
ducted from the total CaO content before drawing such a diagram of
molar ratio. Here, we deducted calcium carbonate content in carbonate
minerals. As shown in Fig. 7, the overall weathering vector of the DFYB
rock samples is parallel or subparallel to the A-CN axis and then tends
to the A apex, reflecting a process in which CaO* + Na,O and K,O are
leached out and Al,O; is increased in these samples. All three soil
profiles (DSD, DSY and DSJ) are distributed along the A-CN axis and
show enrichment in K. The enrichments in K in the ZMXR and DFY soil
samples are significant and are attributed to preferential adsorption on
clay minerals due to the larger ionic radius of K than those of Na and
other elements, which more easily remain in solution during the
weathering process (Panahi et al., 2000). The overall weathering vector
of all soil samples indicates the significant destruction of feldspar (al-
bite and anorthite) especially in the DSY profile, indicating the strong
chemical weathering during incipient pedogenesis process. Considering
the topographic feature of soil thickness, the shallower soil favors
feldspar dissolution (Jin et al., 2010). Furthermore, this weathering
trend leads to higher CIA and chemical index of weathering (CIW)
values in DSY soils than in DSD and DSJ soils.

Scholars have proposed many behavior patterns for major elements
during chemical weathering, such as “the decrease in SiO, and con-
stancy in TiO,” “the decrease in SiO, and increase in Al,O03” and “the
decrease in K,0 and increase in Al,O5” (Ji et al., 2004). Fig. 8 shows the
concentrations of SiO,, Al,03, TiO, and K,O with sampling depth in the
DSD, DSY, DSJ and DFY profiles. As stated above, these four profile soils
do not display “the decrease in K,O” pattern. In the undisturbed profile
(DFY), the SiO, contents decrease while Al,03, TiO, and K,O contents
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increase from the lowest soil sample to the upper soils during the
weathering process. Similar results are observed for the DSD and DSY
soil profiles. In the toeslope profile (DSJ profile), the behavior of SiO, is
different from those in the DSD, DSY and DFY profiles, which decrease
from the lowest soil sample to the upper soils during weathering.
Comparing the other profiles with the undisturbed profile (DFY profile),
we suggest that the weathering trends of the DSD and DSY profiles are
normal and that the “the decrease in SiO, and increase in TiO,” “the
decrease in SiO, and increase in Al,O3” and “the decrease in SiO, and
increase in K,O” are ubiquitous in this study area. Feldspar constitute a
fair amount of Si is and the rest incorporated in quartz (resistant to
chemical weathering), leading to a loss of Si by both soluble and par-
ticle loads. As shown in Table 2, the clay contents (%) of the DSJ upper
profile is less than that of the DSD and DSY profile. Usually, the fine soil
particles have less SiO, content, due to reducing of quartz and feldspar
concentrations. Considering the topography of the hillslope, coarse
particles from the upper slope could be transported and accumulated in
the lower region (toeslope) (Anderson et al., 2002; Jin et al., 2010),
while the fine particles (such as clay minerals) loss via soil migration,
resulting in the abnormal behavior of Si in DSJ soils.

4.4.2. High field strength element behaviors in soil formation

In any case, the high field strength elements (HFSEs) are found in
highly resistant minerals (such as Zr and Hf in zircon) hence are sui-
table to address the issues concerning the sources of materials for se-
dimentary rocks, terra rossa, loess and deep-sea sediments (Gu et al.,
2013; Hu and Yang, 2016; McLennan, 1989; Muhs and Budahn, 2009;
Mubhs et al., 2007; Olivarez et al., 1991). In addition to this application,
the high field strength elements can also be used to trace transport
paths due to their reduced solution and physical migration.

As shown in Fig. 6, there are significantly positive correlations be-
tween Zr and Hf (R? = 0.99) and between Nb and Ta (R? = 0.99), in-
dicating that these elements have a cognate relationship. As stated
above, DSY soils have higher CIA and CIW values. From bedrock to
profile soils, the contents of Zr, Hf, Nb and Ta increase with chemical
weathering intensity, which indicates that these elements are highly
stable in the process of supergene weathering (Wei et al., 2013). While
the upper soils of DSJ (dashed area in Fig. 6) have concentrations si-
milar to those of the DSY samples, the best explanation is probably that
DSJ topsoil has an allochthonous origin by soil erosion from the upslope
site (such as the DSY profile). In karst region, the distribution and be-
havior of trace elements could be influenced by clay mineral adsorp-
tion, soil pH values, organic matter adsorption (Liu, 2009). As stated
above, the DSJ upper profile acquired accumulation of coarse particles
due to transport from upslope (such as the DSY), resulting in the re-
lative lower contents of Zr, Hf, Nb and Ta elements in the DSJ topsoil.
The coarse particles contain less organic matters, which also account for
the low contents of these four trace elements. The acid environment
enhances the decomposition of the primary minerals, and organic
matter may form organic colloids which significantly improve the
transportation of insoluble elements such as Ti, Zr, and Th in aqueous
solution (Ma et al., 2007). The acid environment (low pH values) of the
DSD profile enhances the transportation of these trace elements, re-
sulting in the lower contents.

Th is a stable element in almost all soil profiles, while chemical
leaching may result in the output of U from weathered soil profiles (i.e.,
insoluble U** can be oxidized to soluble U®* by weathering process).
Hence, Th/U ratios tend to decrease in soil profiles (Ji et al., 2004). As
the weathering degree increases, the U/Th ratios decrease from bedrock
to DSY soils (Supplementary Fig. 5). DSY soils and the topsoils of the
DSJ profile have the highest Th contents and constant U/Th ratios
within a certain range. This result illustrates that Th is hosted in heavy
immobile minerals, which resist chemical weathering, and that U could
be lost from soils during profile formation.
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Fig. 8. The concentrations of SiO,, Al,03, TiO, and K,0 with sampling depth in the DSD, DSY, DSJ and DFY profiles.

4.4.3. REE behaviors in soil formation

REEs tend to be mobile and to undergo fractionation during che-
mical weathering processes (Babechuk et al., 2014; Laveuf and Cornu,
2009). 71y, rER> T1i, A1, LOI, Feo03(T) vs. FeO contents, 77y pm and P05
contents in the DSD, DSY and DSJ profile soils are shown in Fig. 9. All of
the DSD and DSJ profiles show negative values for REEs, and most of
these values decrease towards the surface (Fig. 9a, c), which is con-
sistent with the loss of REEs towards the surface (Ma et al., 2011b). As
demonstrated above, the 77; ; values for both LREEs and HREEs change
dramatically in the lower parts (26-51 cm and 31-61 cm) of DSD and
DSJ profiles and change minimally in the upper parts. Meanwhile,
unlike the smooth depletion trends shown for DSD and DSJ profiles, the
DSY profile shows “zig-zag” patterns with inconsistent trends in the zg;
ree values. Overall, the DSY profile experienced less REE loss than the
DSD and DSJ profiles. The 7; ; values of LREEs and HREEs in the DSJ
profile are similar and are approximately —0.9 in the upper part. The
7y, j values of La, Pr and Nd in the DSD profile reach approximately
—0.3, but the 73, ; values of Sm, Eu and Gd are similar to the 7 ; of
HREESs and equal approximately — 0.6 in the upper part, showing more
depletion in the middle REEs (MREEs) and HREEs than in the LREEs.

The ability of REEs to absorb onto mineral surface, especially Mn-Fe
hydroxides, secondary phosphate minerals and clay minerals, de-
termines their adsorption in soils (Braun et al., 2017; Jin et al., 2017; Su
et al., 2017). In Fig. 10, there are significantly positive correlations
between REEs and Al,O3, REEs and Fe,O3, REEs and MnO and REEs and
P,0s. These results are consistent with the observation in these samples
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at the sampling depth (shaded band in Fig. 9). The positive correlation
between the REE-Ce and Al,O3 in all three profile soils is the most
significant (R = 0.902), implying that the clay minerals are the most
common host of REEs in all soil samples. This result suggests that the
REE-Ce could physically migrate along with clay minerals. Overall, the
Mn-Fe hydroxides and secondary phosphate minerals also have a sig-
nificant effect on the mobility of REE-Ce, especially in the DSD profile
(R? = 0.932 between REE-Ce and MnO). Considering the erosion si-
tuation and vegetation coverage in the DSD profile (deposition profile),
the REE-Ce in the DSD profile could be transported by chemical mi-
gration via soil solution. Similar to the high field strength elements, the
transport of REEs can be significantly enhanced by low pH value and
high organic matter content (Braun et al., 2017). As shown in Table 2,
the DSD profile soils have lowest pH values, which are influenced by
the overlying vegetation, and in general have more organic matters
than the DSY and DSJ profiles, resulting in the vertical transport of
REEs and the lateral migration with organic colloids via soil solution.
This may explain the high 77; rgr values and the lowest REEs content (as
shown in Table 5 and Fig. 10) of the DSD profile relative to other two
profiles especially for the DSY profile. Jin et al. (2010) suggested that
the less soluble elements such as Al and Fe are lost predominantly
through subsurface transport of particles larger than 1.3 ym, i.e. parti-
cles that were filtered out by the suction lysimeters. During chemical
weathering, REEs usually released into solution and are adsorbed onto
fine particles (such as clay), then subsequently transported along with
the fine particles. The loss of fine particles in the DSJ topsoil could



C. Song, et al.

Catena 182 (2019) 104133

i Toi Trial LOI (wt.%) Fe oxides (Wt.%) L Mo PO, (wt.%)

-06 -04 -02 0.0 06 04 02 00 -05-04-03-02-0100 5 10 15 20 25 300 1 2 3 4 5 -05-04-03-02-0100 01000 004 008 0.12 0.16 020

Depth (cm)

40

I'I‘|‘II'I'l‘l'I'l'l'I'I'III'II"I‘I‘I‘.I/'b‘l‘I'I'II‘I'I'I‘I‘-I

——Fe,0, (1)

——TFe0 DSD
2007 000 0.07 0.14 20.08 000 008 0.16 -0.08-0.040.00 0.04 008 8 10 12 14 16 18 201 2 3 4 5 6 7 8-04 -03 -02 -0.1 0.0 0.1 0.09 0.12 015 0.8
0 | |'|'|'|'|'|'||||||||"‘I'"I"‘I'"I'"I"‘I'"I|'|'|'|"|| L
| (
T 1
!
5 e
’\\‘ [
° 1
1 1
I ] 1
, (3 h
10 | = \ '
L[ ] 1
1
1
|
|

Depth (cm)

20 —

25

|
/N
%

N\ DSY

-1.0 -0.8 -0.6 -0.4 -02 0.0 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 -06 -04 -02 00 026 8 10 12 14 16 180 1 2 3 4 5 6 7 -08 -04 00 04 08 0.03 006 009 012

Depth (cm)

70 —

Fig. 9.

[ I 1 | L L I LS LT VAT ) PR R N [

DSJ

Depth variations of 7y rgg, 7ri, ai, LOIL, Fe;03(T) vs. FeO contents, 71y, mn and P;Os contents in the DSD, DSY and DSJ profile soils.

14



C. Song, et al.

Catena 182 (2019) 104133

(o))
(=)
1

~
(=]

REE-Ce (ppm)

0 2 4 6 8 10 12 14 0 1 2 3 4 5 6 7
0
Fe O,(T) (wt.%)
80 - (d) L
%
= 60 -
o i
&
(0] =
3 40
m -
|88
o 20 -
o] ¢ 0-
L L L L L IR L I T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.000.020.040.060.080.100.120.140.160.180.20

MnO (wt.%)

PO, (Wt.%)

Fig. 10. The relationship between the REE-Ce concentrations (mean value of total rare earth element contents minus concentration of element Ce) and oxides Al,03
(a), Fe,03 (b), MnO (c), and P,0s (d) for the DSD, DSY and DSJ profile samples.

account for the low contents of REEs. The DSJ profile (toeslope) with
the greatest slope (28.89°) was due to the construction of road which
could lead to migration of REEs via soil solution in the middle and low
section of the DSJ profile, which have higher clay contents than the DSY
profile. The topographical features and soil properties of the DSJ profile
jointly lead to the low REEs contents and high 7y rgr values relative to
the DSY profile.

4.5. Effects of soil erosion on chemical weathering

The three soil profiles show patterns in HFSEs similar to those in
REEs (discussed above) relative to soil erosion characteristics
(Fig. 11b). Unlike elements Al and Fe, the U and Th mass balance at the
Susquehanna/Shale Hills Observatory (SSHO) also requires that both U
and Th are lost due to solutes and particles from weathering soils during
chemical weathering processes (Jin et al., 2010). Moreover, the acidic
and organic materials present in DSD soils could also enhance the
mobility of insert elements, such as Al and Th (Braun et al., 2005). We
propose that the HFSEs in DSD soils are mainly lost as solutes through
chemical migration and are depleted in DSY and DSJ soils along with
particles by physical migration.

As shown in Fig. 11c, there is a significantly negative correlation
between REE-Ce and '¥Cs activity (R%2 = —0.809) in DSY soils. The
137Cs activity increases towards the topsoil in all three profiles, as
shown in Fig. 2. The deposited '*’Cs adsorbed by fine soil particles and
humic acid is resistant to chemical or biological weathering (Rahimi
et al., 2013; Song et al., 2018; Zapata, 2002). This result could be due to
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the presence of thin soil layer and relative low clay contents in the DSY
profile, which lead to REEs transferred downwards easier via soil so-
lution, while '*7Cs is resistant to chemical or biological removal. In the
DSJ samples, the REE-Ce contents are parallel to the axis of *’Cs ac-
tivity, suggesting that the topsoil of the DSJ profile supplied from the
DSY profile loses REEs via clay contents loss (as discussed above) and
secondary chemical weathering which occurred in an open environ-
ment (Anderson et al., 2002), leading to lower contents of REEs than
those found in DSY soils. In the DSD profiles, the REE-Ce contents are
also parallel to the axis of '3’Cs activity. The erosion characteristic in
the DSD profile (no soil erosion) obviously implies that the depletion of
REEs in DSD soils occurs in soil water by chemical migration, and the
low pH values enhances REEs transport downwards within profile as a
result no relationship between the REE-Ce contents and '*”Cs activity.
The migration patterns of HFSEs are similar to those of REE migration
and are shown in Fig. 11d. The HFSEs of DSD soil experience obvious
chemical migration by solutes. The disturbed profiles (DSY and DSJ
profiles) lose HFSEs along with host particles by physical migration.
As discussed above, all four soil profiles (DSD, DSY, DSJ and DFY)
display K enrichment. The CIA, which is sensitive to potassium meta-
somatism, may not be suitable for showing the chemical weathering
intensity of these soils. However, the CIW is not affected by K enrich-
ment. The CIA is also calculated based on the average composition of
Na and Ca in natural silicate minerals and the molar ratio of CaO/Na,O
in the soil sample, assuming that for CaO* the molar CaO/Na,O ratio of
silicates is not > 1. If this ratio is < 1, the CIA is calculated directly
from the molar content of CaO, which is equivalent to m CaO* = m
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Fig. 11. (a) "*’Cs inventories and the concentrations of REE, (b) '*’Cs inventories and the concentrations of HFSE in DSD, DSY and DSJ soil samples. The relationship
between the '37Cs activities and REE-Ce concentrations (mean value of total rare earth element contents minus concentration of element Ce) (c) and HFSE

concentrations (d) for DSD, DSY and DSJ soil samples.

CaO. On the other cases, the CaO content of silicates is supposed to be
equivalent to the Na,O content. In Fig. 12, the CIA and CIW values of
soils are shown against the sampling depth. Clearly, the CIA and CIW
values of DSY samples are higher than those of all other soil samples
from the DSD and DSJ profiles (excluding the upper 5 samples of the
DSJ profile). Considering the erosion characteristics, the DSY and DSJ
profiles experienced significant soil erosion. The topsoil of the DSY
profile might be transported to the DSJ profile due to soil erosion,
leading to the high CIW values of the upper 5 soil samples of the DSJ
profile. Because of the reduced depletion of HFSEs and REEs in DSY
soils, we suggest that significant soil erosion may lead to the high in-
tensity of chemical weathering and that feldspar (albite and anorthite)
may be preferentially weathered. Jin et al. (2010) stated that shallow
bedrock (thinner soil) initially leads to the dissolution of feldspar, fol-
lowed by the dissolution of clay minerals in the soil. This process could
explain why DSY soils have higher CIW and CIA values and lower de-
pletions in REEs and HFSEs. There is less mass loss as a result of che-
mical weathering in the deposition area than in the erosion area (Yoo
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et al., 2009). To some extent, this is unusual as there are more minerals
in the area of deposition (due to accumulation of thick soils) which
react with rich soil water. In the DSD profile (deposition profile), the
soils have the lowest concentrations of REEs and HFSEs, implying that
their loss is mainly due to chemical leaching rather than transport with
particles by physical erosion. Considering the topographic feature, the
DSJ profile has the highest soil erosion rate, while this profile could
receive the soil transported by erosion from the DSY profile. Therefore,
we propose that the fresh soil from the DSY profile could limit the in
situ chemical weathering, although it experiences significant soil ero-
sion. Anderson et al. (2002) proposed that thicker soil could reduce
chemical weathering rates, because more clay minerals prevent the
infiltration of surface water. This effect can also explain the lower CIA
and CIW values in DSD and DSJ soils. Above all, we believe that at some
intermediate soil erosion rate, that soils without the input of fresh
materials could experience the strongest chemical weathering, resulting
in vast dissolution of minerals (such as feldspar).
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5. Conclusions

The soil redistribution rates for this studied hillslope were found to
be 11.88, —15.31 and —21.03tha™'year~! at the summit, shoulder
and toeslope respectively. This result using '*’Cs measurement high-
light severe soil erosion associated in this studied hillslope in Nanchuan
County, southwest China. The study further illustrate that the effects of
human activities such as the construction of roads, mining and defor-
estation, can significantly accelerate the rate of soil erosion, especially
in the toeslope component with rare vegetation coverage. Therefore,
the study of chemical weathering and soil formation in this area should
not ignore the effect of soil erosion coupled with topographic features.

Major and trace element data indicate that the summit (DSD),
shoulder (DSY) and toeslope (DSJ) profile soils of this studied hillslope
are possibly the in situ products of the underlying substrates.
Furthermore, the topographical features and inconsistency of bedrock
lithology play a nonnegligible role in soil genesis in this small region.
Although the hillslope soils are influenced by the topographic features
and inconsistent bedrock lithology, we insist that the weathering pro-
ducts in this area are mainly of carbonate source, which is derived from
the overlying carbonatite substrates.

The Al, rare earth elements (REEs) and high field strength elements
(HFSEs) contents increase with increasing clay content in DSY and DSJ
profiles, indicating that these elements could be loss with clay particles
via soil erosion. The coarse particles accumulation and fine particles
(such as clay minerals) loss result in the enrichment of Si in erosion
profile surface (DSJ profile). The DSD profile (deposition profile) soils
with low pH values and high clay contents have the lowest con-
centrations of REEs and HFSEs, implying that their loss is mainly due to
chemical leaching rather than by transport with particles and physical
erosion.

Considering the topographical features, the DSJ profile has the
highest soil erosion rate, while it could receive the soil transported by
erosion from the DSY profile. Therefore, we propose that the fresh soil
from the DSY profile could limit the in situ chemical weathering, al-
though DSJ experiences significant soil erosion. Above all, we believe
that at some intermediate soil erosion rate, that soils without the input
of fresh materials could experience the strongest chemical weathering,
resulting in vast dissolution of minerals (such as feldspar). The soil
texture, topographical features, vegetation coverage and human activ-
ities together affect the soil chemical weathering, physical erosion and
element behaviors in karst hillslope.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.catena.2019.104133.
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