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Abstract
Purpose The use of rare earth elements (REEs) as tracers
provides a high-precision method for quantitative determina-
tions of soil particle movement in soil erosion studies. In this
study, a new calculation method was developed and tested to
improve the precision of the REE tracing method and to ex-
pand the application of this method to areas with
coarse-textured soils.
Materials and methods This study used purple soil to simu-
late a catchment with data based on a field survey of a small
catchment located in the Three Gorges Area in China. Eight
different powdered rare earth oxides, which included La2O3,
CeO2, Nd2O3, Sm2O3, Eu2O3, Tb4O7, Ho2O3 and Yb2O3,
were applied as tracers to describe soil movement in this
scaled catchment during three simulated rainfall events of
1.0, 1.5 and 2.0 mm min−1 rainfall intensity. Leaching exper-
iments were conducted to investigate the vertical migration of
REEs in soil layers. Particle size distributions (PSDs) and
REE concentrations for each soil particle size class (1–2,
0.5–1, 0.25–0.5, 0.1–0.25, 0.075–0.1, 0.05–0.075, 0.02–
0.05, 0.005–0.02 and <0.005 mm) were analysed to evaluate
the precision of the proposed calculation method.
Results and discussion Most REEs remained in the first layer
during leaching. The scanning electron microscopy-energy

dispersive X-ray (SEM-EDX) mapping images showed that
more REEs were adsorbed by small particles (≤0.1 mm), with
large specific surface areas, than by large particles (>0.1 mm).
During the three rainfall events, the coarsest size classes (1–2
and 0.5–1 mm) of the sediment samples were less than that of
the soil. In contrast, the other classes, including <0.075 mm,
showed the strongest adsorption for REEs, and the weight
percentage of grains in eroded sediment was more than that
in the source soil. The accuracy of the new proposed calcula-
tionmethod increased by 24.37, 20.25 and 3.84% for the first,
second and third storm, respectively, compared with the un-
corrected mass of soil loss from the scaled catchment.
Conclusions The REEs bonded well with purple soil particles
and the leaching of REEs from the tagged layer to the lower
layers was minimal. The <0.075-mm particle size class had
the strongest adsorption capacity for REEs. The soil loss esti-
mates were improved with the new calculation method.

Keywords Coarse-texturedsoils .Erosionprocesses .Particle
size distribution . Quantitative information . Sediment
sources . Tracers

1 Introduction

To understand the spatial distribution of erosion and sediment
sources, tracing techniques have been developed and applied.
A number of tracers, such as 137Cs (e.g. Koiter et al. 2013),
210Pbex (e.g. Belmont et al. 2014), 7Be (e.g. Liu et al. 2011),
60Co (e.g. Greenwood et al. 2014), 59Fe (e.g. Wooldridge
1965), glass particles (e.g. Young and Holt 1968) and rare
earth elements (REEs) (e.g. Mahler et al. 1998) have been
used. Of the fallout radioisotopes, 137Cs has been most exten-
sively used for studying soil erosion and deposition based on
its accumulation and loss in various landscapes (Quine et al.

Responsible editor: Rajith Mukundan

* Gang Liu
gliu@foxmail.com

1 State Key Laboratory of Soil Erosion and Dryland Farming on the
Loess Plateau, Northwest A&F University, Yangling 712100, China

2 USDA-ARS National Sedimentation Laboratory,
Oxford, MS 38655, USA

J Soils Sediments (2016) 16:1670–1679
DOI 10.1007/s11368-016-1356-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-016-1356-y&domain=pdf


1999; Walling and He 1999). However, this technique is not
suitable for the short-term evaluation of erosion and deposi-
tion rates or tracking the fate of eroded soils. Due to differ-
ences in depth distribution, the combination of 137Cs, 210Pbex
and 7Be has the potential for distinguishing rill and sheet ero-
sion in sediment source areas (Wallbrink and Murray 1993;
Whiting et al. 2001). The multiple-tracer technique, which is
called the fingerprinting technique, can identify sediment
sources. The selection of tracers and explanation of finger-
printing signatures with specific reference to geomorphic pro-
cesses are still problematic (Belmont et al. 2014). The radio-
active ions, such as 60Co and 56Fe, can be deliberately applied
to trace soil erosion but have radiological risks to both users
and the environment. Exotic particles, such as glass, may not
bind well with soil particles and aggregates.

REEs are those with atomic numbers 57 to 71. These ele-
ments have similar chemical properties. REEs are ideal for use
as soil tracers because they satisfy the following criteria:
strong adsorption to soil particles, sensitivity to analysis, ease
of measurement, low background concentration in soil, no
interference with soil transport processes, chemical stability,
low plant uptake and they are environmentally safe (Zhang et
al. 2001; Spencer et al. 2011). Powdered rare earth oxides
(REOs) are industrial products that are insoluble in water
and other basic solvents (Michaelides et al. 2010). REOs have
been successfully utilised as tracers in soil erosion studies,
including sediment transport and the redistribution and depo-
sition of eroded soil (e.g. Tian et al. 1994; Matisoff et al. 2001;
Zhang et al. 2003; Polyakov et al. 2004, 2009; Kimoto et al.
2006a; Lei et al. 2006). Presently, relevant studies have pri-
marily focused on soils with a high clay or silt content. One of
the assumptions made in using REE tracing is that the particle
size distribution (PSD) of the source and sediment materials
are similar. This assumption is valid in fine-textured soil but
may not be valid in coarse-textured soils because of the
mixing and redistribution of the different soil particles during
transport. Size selectivity of eroded sediment readily occurs
on steep slopes, which cover more than 90 % of the Three
Gorges Area in China (Shi et al. 2012a, b, c). The redistribu-
tion of soil particles may affect the calculation precision for
tracing soil erosion in coarse-textured soils because REEs
with different size fractions possess different adsorption char-
acteristics (Zhang et al. 2001; Kimoto et al. 2006b). Zhang et
al. (2001) reported that the oxides preferentially bond with the
soil particles <0.053 mm in fine-textured soil. Kimoto et al.
(2006b) found REOs bond well with soil particles <0.09 mm
in coarse-textured soil. Kimoto et al. (2006b) improved the
accuracy by 4 % in the estimation of the total soil loss when
sediment sorting occurred. However, their study used the as-
sumed concentration of each particle size group in both parent
soil and sediment instead of actual ones. Therefore, the preci-
sion of the REE technique in tracing soil erosion for
coarse-textured soils still needs improvement.

This study aimed to develop and test a calculation method
that takes into account the PSD during erosion processes, the
vertical leaching of REEs and the adsorptive capacity of the
different size fractions of soils. Results should not only im-
prove the precision of the REE tracing method in soil erosion
studies but should also expand the application of this method
to areas with coarse-textured soils.

2 Materials and methods

2.1 Soil preparation

The upper 20 cm of a cultivated purple soil in a small catch-
ment of Wangjiaqiao in Zigui County of Hubei Province in
China (31°12′ N to 31°15′ N, 110°40′ E to 110°43′ E) was
sampled for REE content. The soil was derived from sandy
shale in a subtropical climate withmean temperatures between
11 and 18 °C. The average annual precipitation is 1016mm, of
which 70% occurs betweenMay and September. The soil had
a bulk density and organic content of 1.3 g cm−3 and 0.97 %,
respectively, and consisted of 1.97 % clay (<0.002 mm),
19.53 % silt (0.002 to 0.05 mm) and 78.50 % sand (0.05 to
2 mm). The soil is classified as an entisol according to the soil
taxonomy of the US Department of Agriculture and covers
approximately 78.7 % of the land area in the Three Gorges
Area in China (Shi et al. 2009).

Eight different powdered REOs, which included La2O3,
CeO2, Nd2O3, Sm2O3, Eu2O3, Tb4O7, Ho2O3 and Yb2O3,
were chosen for this study. Selection was based on cost con-
siderations, amount required and analytical detection method-
ology (Liu et al. 2004). The physical properties and applied
mass values of the REOs are listed in Table 1. Each of the
powdered oxides was evenly mixed into separate soil samples
(Liu et al. 2004).

2.2 Leaching experiment

A plastic tube, 7.5 cm in diameter and 16 cm in height, was cut
into seven segments. The top 1-cm segment contained soil
mixed with the selected REOs. The air-dried original soil
was crushed to pass a 2-mm sieve and then placed into the
plastic tube in segments from 1 to 2, 2 to 3, 3 to 4, 4 to 5, 5 to 9
and 9 to 14 cm. The plastic tube was covered by gauze at the
bottom to allow for drainage. The tagged and original soils
were carefully packed in the tube so that the bulk density of
each layer of soil approximated field conditions. Deionised
water was leached through the tubes for 48 h. Three replicates
were used for each REO determination. Once leaching was
completed, each segment was carefully removed. The soils
were then dried and ground for extraction and analysis.

J Soils Sediments (2016) 16:1670–1679 1671



2.3 Simulated rainfall experiment

Based on the field survey data, a replica of the catchment
at a scale of 1:100 was constructed and subjected to sim-
ulated rainfall in the testing facilities of the China Three
Gorges University. The catchment boundary was demar-
cated by a brick and concrete wall. The bottom was filled
with sand to facilitate drainage. The top 10 cm was evenly
filled with purple soil mixed with REOs at an average
bulk density of 1.3 g cm−3. Eight soil samples containing
the different REE oxides (number I to VIII) were applied
separately to eight different landform types that were po-
tential sediment source areas, distributed across the catch-
ment at 14 zones. A schematic of the scaled catchment
and distribution of the eight REOs in various zones is
shown in Fig. 1. The experimental area was approximate-
ly 20 m2. The elevations of the highest and lowest posi-
tions were about 1.3 and 0.4 m, respectively. The catch-
ment had one main gully and two branch gullies. The
main gully was 5.5-m long from its highest position to
the catchment outlet. The gradients of the bed and banks
of the upper half of the main gully ranged from 10° to 15°
and from 20° to 35°, respectively. The gradients of the
bed and banks of the lower half of the gully ranged from
0° to 5° and from 15° to 30°, respectively. The two sides
of the main gully each had one branch gully. The left and
right gullies were 2.2 and 1.9 m long, respectively; the
gradients of both gully beds ranged from 0° to 10°, while
those of their banks ranged from 25° to 35° and 15° to
30°, respectively. The gradients on the lower and upper
slopes ranged from 0° to 10°. The catchment surface was
then smoothed, watered, covered with a plastic sheet and

left undisturbed for 3 months to enhance the binding of
the REEs to the soil particles.

The rainfall simulator, consisting of nine sets of three noz-
zles each, was positioned above the experimental area at a
height of 6 m. The simulator sprayed tap water (sodium ad-
sorption ratio = 1.94, electrical conductivity = 0.87 ds m−1)
uniformly over the plot area. Rain had a distribution unifor-
mity of better than 86 %. Three rainstorms with intensities of
1.0, 1.5 and 2.0 mm min−1 and median raindrop diameters of
2.46, 3.18 and 3.54 mm, respectively, were simulated for
30 min. These intensities were based on the natural maximum
rainfall intensity occurring for a 30-min period during moder-
ate and heavy rainstorms in the study region. Runoff and sed-
iments were collected sequentially in plastic containers at in-
tervals of 2 min throughout the storms. The volume of water in
each container was measured, and the sediment was air dried
and weighed. The catchment area was covered with a plastic
sheet after every rainfall event and left undisturbed until the
next rainfall event, 3 days later.

2.4 Laboratory analysis

A method for the extraction of metals from environmental
samples was used to extract the REEs in soil and sediment
samples (Zhang et al. 2001). The mean of three soil sam-
ple replicates was used in all analyses. The samples were
analysed by inductively coupled plasma mass spectrome-
try (ICP-MS X Series 2, Thermo Fisher Scientific, US) at
the College of Chemistry and Life Science, China Three
Gorges University. An aliquot of a stock internal standard
solution containing Rh and Re (10 μg L−1) was added to
the tube. Three replicate measurements of REEs from

Table 1 Parameters required for the application of rare earth element (REE) oxides as tracers to an erosion study in a scaled catchment, Three Gorges
Area, China

Parameters Rare earth element oxides

La2O3 Yb2O3 CeO2 Sm2O3 Eu2O3 Tb4O7 Nd2O3 Ho2O3

Molecular weight 325.84 394.08 172.13 348.72 351.91 747.70 336.47 277.86

Purity (%) 99.99 99.99 99.99 99.95 99.99 99.99 99.50 99.95

Average grain diameter
(μm)

4.23 4.54 4.26 4.35 4.86 4.89 4.65 4.25

Particle density (g cm−3) 6.51 9.17 7.13 7.54 7.42 8.33 7.24 8.54

Background concentration
of REOs (mg kg−1)

24.12 1.87 41.23 4.23 0.76 0.55 12.99 0.59

REO application
concentration (mg kg−1)

858.6 89.2 1423.8 143.2 12.3 5.3 505.2 13.4

REO application mass (g) 283.18 29.86 553.21 54.69 3.94 1.62 100.48 2.76

REE number I II III IV V VI VII VIII

Landform type Upstream
upper
slopes

Upstream
lower
slopes

Downstream
upper slopes

Downstream
lower slopes

Upper
main
gully

Lower
main
gully

Upper
branch
gullies

Lower
branch
gullies
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each extracted sample were made. The particle size fractions
of soil and sediment were separated and analysed by the stan-
dard method of dry sieving and centrifugation of the sample
(Stemmer et al. 1998; Lv et al. 2012). The distribution of REEs
in the samples was characterised by a scanning electronmicros-
copy (SEM, JSM-7500 F, JEOL, J apan ) a t an
accelerating voltage of 10 kV using a EVO LS 25 (Zeiss,
Germany). Energy dispersive X-ray (EDX) was undertaken
with an X-ray detector (INCAX-act, Oxford instruments, UK).

2.5 Data processing

The mass of soil loss from a given REE j (j= I, II, III,…, VIII)
region in the catchment was calculated using the relationship:

wj ¼
Rj−Bj

� ��W

C j
ð1Þ

where wj is the mass of soil loss from region j (kg); Rj is the
actual measured concentration of REEs in the sediment sam-
ples of region j (mg kg−1); Bj is the background concentration
of REEs in the soil of region j (mg kg−1);W is the mass of the

sediment samples (kg); and Cj is the added concentration of
REEs in region j (mg kg−1). Experimental error was estimated
by:

σ ¼

XVIII

j¼I

wj

W
−1

0
BBBBB@

1
CCCCCA

� 100% ð2Þ

where σ is the experimental error estimated by comparing the
actual and calculated masses of soil loss.

To improve the calculation accuracy in tracking soil
erosion, the differences in adsorption capacity among the
soil particle size classes were considered. Parameters Qij

and qij were assumed to be the concentration of REEs
(mg kg−1) applied in the region j in particle size class i
(i= 1, 2, 3,…, 9, representing the nine classes, 1–2, 0.5–1,
0.25–0.5, 0.1–0.25, 0.075–0.1, 0.05–0.075, 0.02–0.05,
0.005–0.02 and <0.005 mm) for tagged soil and sediment,
respectively; Qj and qj are the concentrations of added
REEs (mg kg−1) to region j for tagged soil and sediment;

Fig. 1 Schematic of the scaled catchment. Eight rare earth element
oxides (I to VIII) were applied to eight landform types distributed in 14
zones across the catchment. The upstream upper and lower slopes
received La2O3 (REE I) and Yb2O3 (REE II), respectively. The
downstream upper and lower slopes had CeO2 (REEIII) and Sm2O3

(REE IV) applied, respectively. The upper and lower parts of the main
gully had Eu2O3 (REEV) and Tb4O7 (REEVI) applied, respectively. The
upper and lower parts of the branch gullies had Nd2O3 (REE VII) and
Ho2O3 (REE VIII) applied, respectively
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Sij and sij are the masses of added REEs (kg) to region j in
size class i for tagged soil and sediment; Mi and mi are the
masses of soil particle size class i (kg) for tagged soil and
sediment; Sj and sj are the masses of added REEs (kg) to
region j for tagged soil and sediment; and Kj is the cor-
rection factor of added REEs to region j. Thus:

Qi j ¼
Si j
Mi

ð3Þ

qi j ¼
si j
mi

ð4Þ

K j ¼
qj

Qj
ð5Þ

The following hypothesis is proposed: Qij is equal to qij
because of the strong adsorption of REEs by soil particles
(Mahler et al. 1998; Zhang et al. 2001; Kimoto et al. 2006b).
According to Eqs. 3, 4 and 5, Kj is given by:

K j ¼

X9

i¼1

mi

Mi
Si j

X9

i¼1

Si j

ð6Þ

The corrected concentration of REEs in region j of the
sediment samples (Rj′, mg · kg−1) can be estimated by:

R
0
j ¼ K j � Rj ð7Þ

The corrected mass of soil loss in region j (wj′, kg) can be
calculated from:

w
0
j ¼

R
0
j−Bj

� �
�W

C j
ð8Þ

The experimental error estimated by comparing the actual
and corrected mass of soil loss (σ′) can be estimated by:

σ
0 ¼

XVIII

j¼I

w
0
j

W
−1

0
BBBBB@

1
CCCCCA

� 100% ð9Þ

3 Results and discussion

3.1 REE concentrations for leached soil layers

Figure 2 shows the extracted REE concentrations for each
leached soil layer. The REE concentrations for the first

layer (0–1 cm) were the highest. The REE concentrations
for the second layer (1–2 cm) were slightly higher than
those of the deeper layers. However, these concentrations
were not as high as those of the first layer, which indi-
cates minimal leaching into the second layer. Below the
second layer, the REE concentrations were not noticeably
different from the background concentrations in the soil
(Table 1). These results indicate that most REEs remained
in the first layer during leaching suggesting that the REEs
were firmly attached to the soil particles of the purple
soils. Therefore, the leaching of the REEs from the tagged
layer into the lower layers was minimal.

3.2 REE concentrations for different soil particle size
classes

Figure 3 shows the typical SEM-EDX mapping images of
soil samples mixed with REEs. The distribution of colour
dots indicated that different REEs were preferentially
adsorbed by soil particles of different sizes. The concen-
tration of dots (REEs) was densest on soil particles
<0.1 mm. However, a large number of observations also
suggested that more REEs were absorbed by smaller par-
ticles (≤0.1 mm) with larger specific surface area (Yang et
al. 2013) than larger particles (>0.1 mm). However, this
qualitative analysis was not able to provide a quantitative
distribution of REEs in soil particles of different sizes and
also failed to show differences in concentration among
REEs in particles of the same size.

The concentrations of the eight kinds of REEs for the
nine particle size classes in parent soil and sediment sam-
ples from three simulated rainstorms are shown in Table 2.
These data indicate that the concentration of seven ele-
ments (i.e. Ce, La, Nd, Sm, Ho, Eu and Tb) increased to
a peak value with decreasing soil particle size from 2 to
0.005 mm but decreased for the size class <0.005 mm. The
element Yb was very rare in size classes >0.075 mm, but
increased to a peak value in classes 0.05–0.075 mm, and
then gradually decreased in the smaller particle size clas-
ses. Although the concentrations of the eight elements sig-
nificantly differed in each soil particle size class, the REE
concentration in classes <0.075 mm were clearly larger
than those in the size classes 2–0.075 mm. Therefore, the
particle size of <0.075 mm appears to have the strongest
adsorption capacity for REEs of this purple soil. This re-
sult is consistent with the findings of other studies and is
likely related to the distribution of soil particle size
with the mineralogy of the clays (Mahler et al. 1998;
Zhang et al. 2001; Kimoto et al. 2006b). However,
the differences in the concentrations of REEs for
most particle size classes in both parent soil and sediment
were not significantly different (Table 2). The only
significant differences were for Yb and Ho in the
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coarse classes (1–2 mm and 0.5–1 mm). The concentra-
tions of these REEs in these two classes were very low,
compared with the fine classes. The differences would
hardly affect the calculations using Eqs. 6, 7, 8 and 9.
Therefore, our hypothesis—that the concentrations of
REEs for different particle size classes in both parent soil
and sediment are the same—is acceptable.

3.3 PSD of soil and sediment samples

During the three rainfall events, sediment samples were col-
lected continuously at 6-min intervals. The PSDs of the soil
and sediment samples were determined and the results are
shown in Table 3. These data show that the coarsest size clas-
ses (1–2 and 0.5–1 mm) of the sediment samples had smaller

Fig. 3 SEM-EDX mapping images of the eight kinds of rare earth element (REE) mixed in parent soil, a Ce, b La, c Nd, d Sm, e Yb, f Ho, g Eu and h
Tb, adsorbed by soil particles of different sizes. REEs are indicated by coloured dots

Fig. 2 Mean rare earth element
(REE) concentration for each
leached soil layer (1–2, 2–3, 3–4,
4–5, 5–9 and 9–14 cm). Error
bars show standard deviations for
replicate samples (n= 3)
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mass fractions than the original soil. In contrast, the other
classes, including <0.075 mm, showed the strongest adsorp-
tion for REEs (Table 3), and the weight percentage of grains in
sediment was larger than that in the soil. Also, the fact that the
PSDs of the sediment samples did not noticeably change dur-
ing the three rainstorm events may be due to the short trans-
port distance and absence of vegetation. Therefore, the size
selectivity of eroded sediment was continuous and stable. Shi
et al. (2012a, b, c) found that selective transport of fine sedi-
ment and selective deposition of coarse sediment occurred

mainly on steep slopes and, to a lesser degree, elsewhere in
a natural watershed. However, the complicated flow discharge
processes and long transport distance of sediment in natural
catchments may cause size selectivity processes of eroded
sediment to be more complex than that in a scaled catchment.

3.4 Calculation of soil loss and error analysis

Considering the differences in the adsorption capacity for
REEs among the soil particle classes (Table 2) and in PSD

Table 2 Mean rare earth element (REE) concentration for each particle size class in parent soil and sediment samples from three simulated rainstorms

Particle size (mm) Samples Rare earth element concentration (mg kg−1)a

Ce La Nd Sm Yb Ho Eu Tb

1–2 Parent soil 58.2 ± 0.9 66.8 ± 0.7 3.8 ± 0.4 6.0 ± 0.2 1.9 ± 0.1a 0.6 ± 0.0a 3.2 ± 0.1 4.9 ± 0.7

Sediment 1 56.7 ± 0.6 65.9 ± 0.6 4.5 ± 0.5 6.3 ± 0.3 1.5 ± 0.1b 0.7 ± 0.1ab 3.3 ± 0.2 4.7 ± 0.6

Sediment 2 58.1 ± 1.0 66.3 ± 0.5 3.7 ± 0.4 5.9 ± 0.4 2.2 ± 0.2c 0.8 ± 0.1b 3.1 ± 0.1 5.3 ± 0.8

Sediment 3 57.8 ± 0.7 67.0 ± 0.7 4.3 ± 0.5 6.4 ± 0.2 1.7 ± 0.1ab 0.6 ± 0.0a 3.1 ± 0.1 5.1 ± 0.7

0.5–1 Parent soil 105.6 ± 1.6 142.3 ± 1.4 4.4 ± 0.5 7.6 ± 0.3 3.3 ± 0.1a 1.1 ± 0.1 5.1 ± 0.2 8.1 ± 1.2

Sediment 1 107.3 ± 1.9 140.5 ± 1.3 5.1 ± 0.6 7.7 ± 0.3 3.1 ± 0.1b 1.2 ± 0.1 5.2 ± 0.3 7.5 ± 1.1

Sediment 2 104.4 ± 1.4 142.1 ± 1.6 4.8 ± 0.5 7.8 ± 0.4 3.5 ± 0.1c 1.2 ± 0.1 4.8 ± 0.1 7.9 ± 1.2

Sediment 3 107.1 ± 1.7 139.8 ± 1.2 4.2 ± 0.4 7.2 ± 0.3 3.4 ± 0.1ac 1.3 ± 0.2 4.8 ± 0.2 8.7 ± 1.4

0.25–0.5 Parent soil 90.1 ± 1.4 168.8 ± 1.7 5.1 ± 0.6 8.3 ± 0.3 2.0 ± 0.1 0.9 ± 0.0 4.7 ± 0.2 7.6 ± 1.1

Sediment 1 89.1 ± 1.2 169.7 ± 1.8 5.5 ± 0.7 7.9 ± 0.2 2.0 ± 0.1 0.8 ± 0.0 4.8 ± 0.2 6.9 ± 1.0

Sediment 2 91.4 ± 1.5 167.5 ± 1.5 4.6 ± 0.5 8.4 ± 0.3 2.2 ± 0.2 0.8 ± 0.0 4.6 ± 0.2 6.8 ± 0.9

Sediment 3 91.8 ± 1.6 168.0 ± 1.6 4.8 ± 0.6 8.1 ± 0.3 2.1 ± 0.1 0.9 ± 0.0 5.0 ± 0.3 7.9 ± 1.1

0.1–0.25 Parent soil 136.4 ± 2.0 282.4 ± 2.8 3.5 ± 0.4 4.6 ± 0.2 2.6 ± 0.1 1.2 ± 0.1 5.7 ± 0.2 9.1 ± 1.4

Sediment 1 133.9 ± 1.9 279.0 ± 2.7 4.2 ± 0.5 4.7 ± 0.2 2.6 ± 0.1 1.2 ± 0.1 5.7 ± 0.2 8.7 ± 1.4

Sediment 2 134.1 ± 2.0 284.1 ± 2.8 3.9 ± 0.4 4.4 ± 0.2 2.5 ± 0.1 1.1 ± 0.1 5.8 ± 0.2 9.3 ± 1.4

Sediment 3 137.8 ± 2.1 280.2 ± 2.7 3.6 ± 0.4 4.4 ± 0.2 2.5 ± 0.1 1.1 ± 0.1 5.9 ± 0.1 8.2 ± 1.3

0.075–0.1 Parent soil 204.8 ± 3.1 443.4 ± 4.1 45.8 ± 5.0 61.4 ± 2.5 3.6 ± 0.1 7.9 ± 0.4 8.0 ± 0.3 12.9 ± 1.9

Sediment 1 199.4 ± 3.0 451.1 ± 4.2 44.7 ± 5.0 58.2 ± 2.4 3.5 ± 0.1 7.8 ± 0.5 7.8 ± 0.3 11.4 ± 1.8

Sediment 2 205.0 ± 3.1 450.6 ± 4.1 42.3 ± 4.9 57.3 ± 2.4 3.6 ± 0.1 8.4 ± 0.4 7.7 ± 0.3 11.8 ± 1.8

Sediment 3 201.6 ± 3.0 447.5 ± 4.0 43.3 ± 5.0 60.8 ± 2.5 3.5 ± 0.1 7.6 ± 0.4 8.2 ± 0.3 12.6 ± 1.9

0.05–0.075 Parent soil 816.6 ± 12.2 860.4 ± 8.6 156.2 ± 17.2 193.5 ± 7.7 606.4 ± 24.3 38.9 ± 1.9 14.8 ± 0.6 176.0 ± 26.4

Sediment 1 807.4 ± 12.0 869.8 ± 8.7 164.6 ± 17.4 188.7 ± 7.5 617.2 ± 24.6 37.8 ± 1.8 14.1 ± 0.5 182.3 ± 27.2

Sediment 2 823.5 ± 12.4 872.5 ± 8.8 159.4 ± 17.3 184.6 ± 7.4 608.7 ± 24.3 39.2 ± 1.9 14.9 ± 0.6 172.9 ± 25.9

Sediment 3 826.6 ± 12.4 867.1 ± 8.6 167.0 ± 17.4 196.7 ± 7.8 614.2 ± 24.5 38.1 ± 1.8 15.2 ± 0.7 178.4 ± 26.6

0.02–0.05 Parent soil 2472.0 ± 37.1 3462.0 ± 34.6 462.2 ± 50.8 758.2 ± 30.3 436.4 ± 17.5 116.5 ± 5.8 314.6 ± 12.6 655.8 ± 48.4

Sediment 1 2494.3 ± 38.6 3487.6 ± 34.8 483.7 ± 51.2 737.5 ± 29.7 458.4 ± 18.4 125.8 ± 6.0 317.6 ± 12.7 673.4 ± 49.1

Sediment 2 2488.5 ± 37.7 3496.7 ± 35.1 454.8 ± 50.5 729.7 ± 29.4 447.0 ± 17.7 127.3 ± 6.4 322.9 ± 12.9 642.5 ± 48.8

Sediment 3 2504.6 ± 38.8 3510.1 ± 35.4 479.0 ± 50.3 781.4 ± 31.5 427.6 ± 16.9 122.4 ± 5.9 338.3 ± 13.2 688.7 ± 49.4

0.005–0.02 Parent soil 3088.0 ± 46.3 7120.0 ± 71.2 594.4 ± 65.4 1049.4 ± 42.0 259.6 ± 10.4 129.0 ± 6.5 574.4 ± 23.0 876.8 ± 71.5

Sediment 1 3127.2 ± 47.2 7106.9 ± 70.8 611.8 ± 66.1 1088.3 ± 43.3 248.6 ± 10.1 136.5 ± 6.9 558.7 ± 22.6 852.3 ± 70.8

Sediment 2 3056.9 ± 45.9 7222.5 ± 72.3 573.5 ± 64.9 1123.6 ± 44.1 265.6 ± 11.8 125.4 ± 6.4 562.3 ± 22.8 868.7 ± 71.0

Sediment 3 3114.1 ± 46.8 7208.7 ± 71.8 605.3 ± 65.8 1095.0 ± 43.1 264.6 ± 11.3 133.2 ± 6.7 579.9 ± 23.1 884.0 ± 72.1

<0.005 Parent soil 555.0 ± 8.3 2901.0 ± 29.0 212.9 ± 23.4 171.1 ± 6.8 9.7 ± 0.4 20.4 ± 1.0 38.4 ± 1.5 32.3 ± 4.8

Sediment 1 547.5 ± 7.9 2893.4 ± 28.9 226.7 ± 23.6 168.9 ± 6.7 9.1 ± 0.4 21.2 ± 1.3 36.9 ± 1.3 31.4 ± 4.6

Sediment 2 555.3 ± 8.8 2911.0 ± 29.1 218.3 ± 23.5 166.7 ± 6.6 8.8 ± 0.3 20.9 ± 1.2 37.2 ± 1.3 33.5 ± 5.0

Sediment 3 562.3 ± 9.1 2918.0 ± 29.2 209.5 ± 23.4 173.6 ± 6.8 10.2 ± 0.4 22.3 ± 1.5 37.9 ± 1.4 33.0 ± 4.9

a Fisher’s LSD was used to test for differences between means. Means followed by the different letters within a variable in the same row indicate
significant differences at α= 0.05 in every group
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among the sediment and soil samples (Table 3), the corrected
soil loss and error during the three rainstorm events were
calculated using Eqs. 1, 6, 7, 8 and 9 (Table 4). The uncor-
rected soil loss and error were calculated using Eqs. 1 and 2.
The uncorrected amount of soil loss was larger than both the
corrected and the collected amount of sediment during the
three rainstorm events. During the three rainstorm events of
1.0, 1.5 and 2.0 mm min−1, the errors in the uncorrected

amount were 19.57–57.14 %, 12.84–40.00 % and 9.50–
37.27 %, respectively. These values were 8.24–13.64 %,
3.03–10.54 % and 4.55–23.83 %, respectively, for the
corrected amount of soil loss during the three rainfall events.
The amounts of calculated soil loss were overestimated by
using the uncorrected calculation method. After correction,
the errors for estimating the amount of soil loss were reduced
to 9.78–46.94 %, 8.78–29.46 % and 2.51–13.44 % for the

Table 3 Particle size distribution of soil and sediment samples from the scaled catchment during three simulated rainstorms

Particle size (mm) Soil
samples (%)

Sediment samples (%)

Rainfall duration (min)
for intensity of 1.0 mm min−1

Rainfall duration (min)
for intensity of 1.5 mm min−1

Rainfall duration (min)
for intensity of 2.0 mm min−1

1–6 7–12 13–18 19–24 25–30 1–6 7–12 13–18 19–24 25–30 1–6 7–12 13–18 19–24 25–30

1–2 12.91 7.25 6.86 10.16 6.86 7.11 9.89 6.98 7.57 10.22 6.78 7.73 10.04 6.74 7.75 9.53

0.5–1 35.50 32.64 31.98 30.51 30.95 31.02 29.30 30.56 29.63 28.87 28.04 28.40 28.79 24.41 28.20 28.43

0.25–0.5 18.55 20.80 21.88 20.40 20.10 21.80 22.14 19.67 22.53 22.29 22.43 22.64 22.47 24.10 22.84 22.86

0.1–0.25 13.74 12.58 16.54 15.84 15.54 16.60 15.82 17.04 16.90 15.82 17.14 17.48 15.96 18.76 17.43 16.21

0.075–0.1 5.04 6.57 6.14 6.41 6.70 6.21 6.37 6.66 6.26 6.60 6.81 6.68 6.66 6.99 6.88 6.83

0.05–0.075 9.88 12.73 11.18 11.00 12.85 11.26 11.09 12.89 11.40 11.06 13.00 11.48 11.14 13.46 11.59 10.26

0.02–0.05 2.24 3.86 2.75 2.75 3.71 2.67 2.63 3.17 2.60 2.52 2.97 2.59 2.49 2.87 2.53 2.46

0.005–0.02 1.85 2.65 2.65 2.34 2.43 2.57 2.23 2.25 2.48 2.15 2.20 2.40 2.02 2.06 2.25 1.99

<0.005 0.29 0.92 0.73 0.59 0.86 0.69 0.54 0.80 0.62 0.47 0.63 0.59 0.43 0.61 0.52 0.41

Table 4 Calculation errors of
corrected and uncorrected
amounts of soil loss from the
scaled catchment during three
simulated rainstorms

Rainfall
intensity
(mm min−1)

Rainfall
duration
(min)

Uncorrected
amount of
soil loss (kg)

Corrected
amount of
soil loss
(kg)

Amount
of
collected
sediment
(kg)

Error of
uncorrected
mass (%)

Error of
corrected
mass (%)

Reduction
of error
(%)

Eq. 1 Eqs. 1, 6,
7, 8

Eq. 2 Eq. 9

1.0 0–6 0.77 0.54 0.49 57.14 10.20 46.94

7–12 1.02 0.75 0.66 54.55 13.64 40.91

13–18 1.12 0.92 0.85 31.76 8.24 23.53

19–24 1.32 1.15 1.02 29.41 12.75 16.67

25–30 1.10 1.01 0.92 19.57 9.78 9.78

0–30 5.33 4.37 3.94 35.28 10.91 24.37

1.5 0–6 6.51 5.14 4.65 40.00 10.54 29.46

7–12 8.42 6.81 6.61 27.38 3.03 24.36

13–18 5.56 4.66 4.49 23.83 3.79 20.04

19–24 5.52 4.77 4.60 20.00 3.70 16.30

25–30 5.01 4.62 4.44 12.84 4.05 8.78

0–30 31.02 26.00 24.79 25.13 4.88 20.25

2.0 0–6 6.74 6.08 4.91 37.27 23.83 13.44

7–12 6.66 6.44 5.53 20.43 16.46 3.98

13–18 6.35 6.21 5.58 13.80 11.29 2.51

19–24 6.09 5.94 5.51 10.53 7.80 2.72

25–30 5.53 5.28 5.05 9.50 4.55 4.95

0–30 31.37 30.35 26.58 18.02 14.18 3.84
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first, second and third storm, respectively. For the three rain-
storms, the errors of corrected mass were 10.91, 4.88 and
14.18%, respectively. These values were similar or lower than
those in the experiment on loessial soil (Liu et al. 2004; Li et
al. 2006), which had high clay and silt contents. Furthermore,
the corrected calculation accuracy increased by 24.37, 20.25
and 3.84 % compared with the uncorrected mass. The lower
improvement for the third rainfall event may be caused by the
reduced finer particles (<0.075 mm) in the sediment
(Table 3).

Although the accuracy of soil loss estimate was improved
in a scaled catchment, the accuracy may be reduced by nu-
merous factors in a natural watershed because of the spatial
and temporal complexity of runoff and erosion processes (Shi
et al. 2012b; Belmont et al. 2014). For instance, flood dis-
charge processes are more complicated at a larger scale than
at a smaller scale. Complicated flood discharge processes re-
sult in complex sediment transport, deposition and size selec-
tivity processes (Shi et al. 2012b; Belmont et al. 2014). There-
fore, before being transported out of the watershed, REEs may
be redistributed several times by detachment, transport and
deposition followed by resuspension in runoff. The accuracy
of the soil loss calculation would be low if we measure only
the REE concentration in the sediment from the watershed
outlet. Thus, to improve the application accuracy of the REE
tracing method in the field, automatic sampling systems with-
in the natural watershed could be used to provide more de-
tailed information on flow, sediment transport and deposition,
especially on REE redistribution, in real time during rain-
storms. Furthermore, the pointing or sectioning distribution
method of applying REEs should be used to reduce the cost
and minimise soil surface disturbance (Liu et al. 1997).

4 Conclusions

Leaching experiments were conducted to investigate the ver-
tical migration of REEs in soil layers. Results indicated that
REEs bond well with purple soil particles and that REE
leaching from the tagged layer to the lower layers was
minimal.

A rainfall simulation study was conducted to estimate the
soil loss from a scaled catchment. During three rainstorm
events of 1.0, 1.5 and 2.0 mm min−1, the PSDs of the sedi-
ments were very different from that of the soil. The former had
a lower content of the coarsest classes (1–2 and 0.5–1mm) but
higher content of other classes, including <0.075 mm, which
had the strongest adsorption capacity for REEs. In this study,
the size selectivity of eroded sediment was clear.

New calculation formulae were developed to estimate soil
loss from the watershed. These formulae consider the differ-
ences in adsorption ability for REEs among soil particle clas-
ses and the PSDs among the sediment and parent soil samples.

Data from this simulated rainfall experiment were used to
prove that the new formulae improved the accuracy of the soil
loss calculation by using REEs as tracers. However, additional
work is needed to apply the approach described in this work to
the investigation of soil erosion, transport and deposition in a
natural watershed.
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