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Understanding soil erosion processes at different landscape positions is important in order to predict and control
watershed soil losses. Rare earth elements (REEs) can be used to trace eroded soil sources but their efficacy may
be soil dependent. We constructed a miniature watershed model of a small watershed located in the Three
Gorges Area of China, and used oxides of eight REEs to trace the erosion of a purple soil. Theminiaturewatershed
was divided into eight regions containing a different landform type as a potential sediment source. A different
REE was applied in each region. Redistributions of the REEs under three successive simulated rainfall events
with intensities of 1.0, 1.5 or 2.0 mm min−1 were examined. The percentage contribution from each region to
the total soil loss from thewatershed fluctuated relative to landform type during the three rainstorms. Contribu-
tions from the lower main gully decreased before stabilizing, while those from the upper main gully increased
before decreasing, and those from other sources all increased before stabilizing. Overall, the contribution of the
gully system, comprising main and branch gullies, was greater than that of the slopes. Contributions from the
gully system tended to decrease with increases in rainfall intensity and rainstorm duration while those from
the slopes increased. A comparison of the calculated and actual soil loss masses indicated that the accuracy of
the REE tracing methodwas less for the coarse textured purple soil than those previously found for fine textured
soils. The increased errors, likely due to the assumption used in the calculation that there is no particle size selec-
tivity during erosion, needs to be addressed. This pilot study provided a technical reference for the use of REEs in
monitoring sediment sources from a natural watershed, and a theoretical basis for soil conservation in the Three
Gorges Area.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soil erosion has become a serious problem in the Three Gorges Area
of China because of long-term poor land management and frequent
heavy rainstorms. The Three Gorges Area covers 21 cities and counties
in Chongqing Municipality and Hubei Province, and has a total land
area of 58,800 km2. Large areas of arable land are on steep slopes,
which are susceptible to soil erosion. The annual soil loss in this area
is estimated to be 157million t of which 40 million t enters the Yangtze
River at the rate of 700 t km−2 year−1 (Lu and Higgitt, 1998; Lu et al.,
2003). The severe soil erosion has led to the loss of a non-renewable
resource, pollution, sedimentation, increased flooding, and reduced
food security (Shi and Shao, 2000; Anonymous, 2004; Liu et al.,
2011a). Consequently, there is an urgent need to implement soil erosion
r Conservation, Northwest A&F
ce 712100, People's Republic of
control practices in the watersheds around the Yangtze River in a way
that is as cost effective as possible.

Understanding the erosion processes in field plots and small
watersheds at different landscape positions is the key to developing
soil erosion prediction models that can provide a scientific basis for
soil and water conservation planning (Shi et al., 1997; Polyakov et al.,
2004, 2009; Kimoto et al., 2006a). Conventional erosion monitoring
techniques, e.g., using runoff plots and ground and stereo-photo
surveys, have provided much information for the development of
strategies used in soil andwater conservation. However, thesemethods
are relatively expensive and cannot provide quantitative information
about all of the temporal and spatial distributions of erosion processes
within a watershed (Mahler et al., 1998; Liu et al., 2004, 2011b; Li
et al., 2006).

Onemonitoring technique involving tagging the soilwith tracers has
been successfully utilized in the natural sciences to study transport
processes and the redistribution of various pollutants. A number of
substances may be used as tracers. These substances can be classified
as either occurring naturally or being introduced artificially. Tracers
can be introduced into soil in two ways: (1) naturally as fallout
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(e.g., 137Cs, 7Be, and 210Pb) (Walling and He, 1997; Wallbrink et al.,
2003; Liu et al., 2011b); or (2) deliberately either by tagging soil
particles with trace elements (e.g., noble metals, 59Fe, 134Cs, 60Co)
(Wooldridge, 1965; Olmez et al., 1994; Greenwood, 2012; Greenwood
et al., 2014) or by incorporating trace particles into the soil body
(e.g., magnetic or glass beads) (Young and Holt, 1968; Ventura et al.,
2001).

Rare earth elements (REEs) are the elements with atomic numbers
ranging between 57 and 71. They have similar chemical properties.
The REEs are ideal for use as soil tracers because they are strongly
adsorbed on soil particles without interfering in their movement. They
can be readily and accurately analyzed, especially as they have low
background concentrations in the soil and are chemically stable, plant
uptake is low, and they are environmentally safe (Mahler et al., 1998;
Zhang et al., 2001). Powdered REE oxides are industrial products that
are insoluble in water and other basic solvents (Michaelides et al.,
2010). They have been utilized in soil erosion research that includes
studies on soil erosion processes, redistribution of eroded materials,
deposition, and sedimentation (Tian et al., 1994; Matisoff et al., 2001;
Zhang et al., 2003; Polyakov andNearing, 2004; Yang et al., 2008). How-
ever, soil erosion studies have mainly concentrated on soil with high
contents of clay or silt particles (Zhang et al., 2001, 2003; Polyakov
and Nearing, 2004; Lei et al., 2006; Li et al., 2006; Stevens and
Quinton, 2008). Most of the soils in the Three Gorges Area (e.g., purple
soils) have a high content of sand particles. Different size fractions of
soil particles absorb REEs to different degrees (Mahler et al., 1998;
Zhang et al., 2001; Kimoto et al., 2006b). Furthermore, in the Three
Gorges Area, 54.1% of the area has slopes of between 7° and 25°, and
37.5% of the area has slopes of more than 25° (Shi et al., 2009). Steeper
slopes tend to induce greater size selectivity of eroded sediment and, as
a result, the particle size distribution of the suspended sediment is dif-
ferent from that of the in situ soil in a watershed (Shi et al., 2012a,b,c).
Thus, the potential precision of applying REEs in order to trace soil
erosion in this area remains unknown.

REEs are relatively expensive. Therefore, in order to use them cost
effectively, observations of how to use them in the Three Gorges area
are needed. There should be some idea of where and to what level
they should be distributed within a small watershed in order to study
erosion processes at various sites. A possibleway to address these issues
is to conduct a pilot study that uses aminiaturewatershedmodel that is
representative of a local small watershed and to use REEs to investigate
the soil erosion occurring in the model under simulated rainstorms.

The aims of this paper were to: (1) investigate the contributions of
eroded sediments from various positions in a miniature watershed
during three simulated rainfall events; and (2) assess the potential of
applying REEs in order to trace soil erosion in a natural watershed in
the Three Gorges Area. Results from this pilot study should not only
provide a technical reference for the use of REEs inmonitoring sediment
sources from watersheds but also a theoretical basis for the develop-
ment of soil erosion prediction models and of soil and water conserva-
tion in the Three Gorges Area of China.

2. Materials and methods

2.1. Experimental setup

A field survey was conducted of a small watershed (31°12′ N to
31°15′N, 110°40′ E to 110°43′ E) located in theWangjiaqiaowatershed,
Zigui County of Hubei Province, China. The watershed is approximately
50 km northwest of the Three Gorges Dam and covers an area of 0.2 ha.
The climate is subtropical with mean temperatures between 11 °C and
18 °C. Annual precipitation averages 1016mm, of which 70% occurs be-
tweenMay and September. The survey data was then used to construct
a miniature replica of the watershed at a scale of 1:100 in the simulated
rainfall testing grounds of the China Three Gorges University. The base
and side boundaries of the miniature watershed were constructed of
bricks and concrete to match the boundaries and topography of the
natural watershed. A layer of sand covering the concrete base facilitated
the drainage of water. The sandwas covered by a 10-cm layer of purple
soil collected from the upper 20-cm layer of cultivated land in the
surveyed watershed.

Purple soil forms over purple sandy shale and is classified as an
Entisol according to the soil taxonomic system of the United States
Department of Agriculture (Soil Survey Staff, 1999). It covers
approximately 78.7% of the land in the Three Gorges Area (Shi et al.,
2009). The soil had an organic matter content of 0.97% and comprised
1.97% clay (b0.002 mm), 19.53% silt (0.002 mm to 0.05 mm), and
78.50% sand (0.05 mm to 2 mm) according to the US Soil Taxonomy
Classification.

The following procedures were used in the placement of the purple
soil layer in theminiaturewatershed. First, soil samples, each containing
a different REE, were prepared. Eight different powdered REE oxides,
which included La2O3, CeO2, Nd2O3, Sm2O3, Eu2O3, Tb4O7, Ho2O3, and
Yb2O3, were chosen for this study based on their price, amount to be
applied, and susceptibility to detection (Liu et al., 1997). Each of the
powdered oxides was evenly mixed into a separate soil sample (Liu
et al., 1997). During mixing, the weighted soil was gradually added
and the REE concentration was step-by-step diluted until mixed soil
reached to the desired amount and concentration. The amounts and
concentrations of the REE oxides used are given in Table 1. The minia-
ture watershed was divided into 8 different landform types that were
potential sediment sources, distributed across the watershed at 14
locations. The positions of the gully edge lines and section borders in
the miniature watershed were then marked out with white limestone
powder according to the topographic map of the surveyed watershed
to ensure that geomorphologies of both watersheds were consistent.
The sections were then separated from each other by pieces of sheet
iron (10 cm high) to avoid cross-contamination among the soil samples
containing different REEs during packing and to ensure that the surface
soil layer was of uniform thickness. The purple soil samples mixed with
the different REEs were then packed into the various zones according to
the region designation, which is described below and illustrated in
Fig. 1. Packingwas carried out in 2 cm lifts to attain the desired uniform
mean bulk density (1.3 g cm−3) and water content (15% by weight).
The pieces of sheet metal were then removed. The micro-topography
of the watershed surface was then molded and smoothed, and the soil
was pre-wetted to moist surface condition, covered with a plastic
sheet to limit evaporation, and left for three months without
disturbance to enhance the binding of the REEs to the soil particles.

Fig. 1 shows theminiaturewatershed, with an area of approximately
20m2. The elevations of the highest and lowest positionswere about 1.3
and 0.4 m, respectively. The watershed had one main gully and two
branch gullies. The main gully was 5.5 m long from its highest position
to the watershed outlet. 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 general height of gully walls was 15–20 cm. The
other landform information was listed in Table 1. Fig. 1 shows a region
boundary line that bisects the slopes thereby dividing the regions on
the lower slopes from those on the upper slopes. The upstream upper
and lower slopes received La2O3 (REE I) andYb2O3 (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 (REE V) and Tb4O7 (REE VI) applied, respectively. The
upper and lower parts of the branch gullies had Nd2O3 (REE VII) and
Ho2O3 (REE VIII) applied, respectively (Table 1). Samples of each soil-
REE mixture were reserved for analysis.

2.2. Experimental procedure

A rainfall simulator with nine sets of three nozzles was positioned
above the watershed at a height of 6 m. The simulator sprayed tap
water (sodium adsorption ratio = 1.94, electrical conductivity =



Table 1
Parameters pertinent to the application of rare earth element (REE) oxides to an erosion study in a miniature watershed and the landform information.

Parameters Rare earth element oxides

La2O3 Yb2O3 CeO2 Sm2O3 Eu2O3 Tb4O7 Nd2O3 Ho2O3

Purity (%) 99.99 99.99 99.99 99.95 99.99 99.99 99.5 99.95
Background concentration of
REEs (mg kg−1)

24.12 1.87 41.23 4.23 0.76 0.55 12.99 0.59

REE application concentration
(mg kg−1)

858.6 89.2 1423.8 143.2 12.3 5.3 505.2 13.4

REE oxide 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

Number of zones 2 2 2 2 1 1 2 2
Relative area of each REE (%) 19.5 14.2 19.5 17.6 9.2 8.6 5.4 6.0
Average slope gradient (°) 7 9 8 9 Bottom: 15

Sides: 30
Bottom: 8
Sides: 25

Bottom: 15
Sides: 30

Bottom: 10
Sides: 25
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0.87 ds m−1) horizontally to simulate rainwater; raindrops then fell
vertically onto the surface of the watershed after following a parabolic
trajectory with a distribution uniformity greater than 86% which was
determined by Christiansen coefficient (Williams et al., 1998).

Three rainstorms with intensities of 1.0, 1.5, and 2.0 mmmin−1 and
median raindrop diameters of 2.46, 3.18, and 3.54 mm, respectively,
were each simulated for 30 min. These intensities were based on the
natural maximum rainfall intensity occurring for a 30-min period dur-
ing moderate and heavy rainstorms in the study region. The watershed
was coveredwith a plastic sheet after every rainfall and left undisturbed
until the next rainfall, three days later. The soil was pre-wetted to
moisten surface before only the first rainfall application, so the runoff
developed very early in every storms. Runoff and sediments were
collected, at the outlet of the watershed, in a series of plastic containers
at intervals of 2min throughout the storms. The volume ofwater in each
container was measured, and the sediment was air dried and weighed.

2.3. Laboratory analyses

A modified standard methodology for extracting metals from
environmental samples (US EPA, 1995) was used to extract the REE
oxides from the various soil-REE mixtures and sediment samples in a
sequence that combined ten steps. (1) A 50-g sample of the air-dried
soils or sediment samples was taken and ground to pass through a
0.15-mm sieve. (2) Two 25-mg subsamples of the sieved sample were
Fig. 1.Distribution of eight rare earth element oxides in 14 zones (8 landform types, REE I to VII
III, downstreamupper slopes; IV, downstream lower slopes; V, uppermain gully; VI, lowermain
of upper and lower slope zones. Red lines represent distinction of hillslope and gully zones.
used for the analysis of their REE contents and were considered to
be replicates; the 25-mg subsample was placed in a 50-ml
polytetrafluoroethylene (PTFE) cylindrical flask. (3) 0.5 ml of concen-
tratedHNO3 (68%byweight) and 1ml concentratedHF (48%byweight)
were added to the subsample. (4) The flask was covered by a tightly
fitting lid and the flask was then sealed into a tightly fitting steel sheath
before heating at 185 °C in an oven for 24 h. (5) The flask was cooled to
room temperature, the lid was removed, and the open flask was then
heated at 130 °C on an electric hot plate until the subsamplewas almost
dry. (6) 1 ml of concentrated HNO3 (68% by weight) was added and the
suspension was heated as in step 5 until the sample was almost dry.
(7) Steps (3), (4), (5), and (6) were repeated one more time. (8) 5 ml
of HNO3 solution was added to the flask, the lid was tightened, and
the sealed flask was put into the steel sheath and heated at 130 °C in
an oven for 3 h. (9) The flask was cooled to room temperature and the
suspension was transferred to a 50-ml volumetric flask in which the
volume was made up to 50 ml with de-ionized water (18 MΩ cm−1).
(10) The volumetric flask was shaken well, and the suspension was
transferred to a 10-ml polyethylene centrifuge tube and centrifuged to
obtain clear extracts for REE determinations. Mean values of the two
subsamples (replicates) were calculated for all of the REE analyses.

Inductively Coupled Plasma Mass Spectrometry (X Series 2 ICP-MS,
Thermo Fisher Scientific, US) analysis of the extracts containing REEs
was carried out at the College of Chemistry and Life Science, China
Three Gorges University. A stock internal standard solution containing
I regions) in theminiature watershed. I, upstream upper slopes; II, upstream lower slopes;
gully; VII, upper branch gullies; VIII, lower branch gullies. Blue lines represent the division

Image of Fig. 1
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Rh and Re (10 μg l−1)was added to each centrifuge tube. Three separate
measurements were made for each extract and the mean value of the
measurements was calculated.

The particle size distributions of the parent soils and of the sedi-
ments were measured using laser diffraction (Mastersizer 2000,
Malvern Instruments, Malvern, UK). All samples were pretreated with
hydrogen peroxide to remove organic matter and chemically dispersed
using sodium hexametaphosphate.
2.4. Data processing

Data obtained from the chemical analyses of the soil and sediment
samples were used to determine soil erosion patterns and to identify
the sediment sources. The REE data were analyzed based on a compar-
ison of the REE tracer concentrations in the sediment sampleswith their
background and application levels. For the ith (i = 1, 2, 3, …, 15) time
increment, the mass of soil loss from REE j (j = 1, 2, 3, …, 8) region
and its relative proportion in the entire watershed can be calculated
using Eqs. (1) and (2),

wij ¼
Rij−Bj
� ��Wi

C j
ð1Þ

rij ¼
wij

Wi
ð2Þ

where wij is the mass of soil loss from REE j region for the ith time
increment (kg); Rij is the actual concentration of REE j in the sediment
samples for the ith time increment (mg kg−1); Bj is the background
concentration of REE j (mg kg−1); Wi is the mass of the sediment
samples from the entire watershed for the ith time increment (kg); Cj
is the applied concentration of REE j (mg kg−1); and rij is the relative
proportion of soil loss from REE j region in the soil loss from the entire
watershed for the ith time increment. Experimental errorwas estimated
using Eq. (3):

σ ¼

X8

j¼1

wj

W
−1

0
BBBB@

1
CCCCA

� 100% ð3Þ

where σ is the experimental error estimated by comparing the calculat-
ed and actual masses of soil loss.
Fig. 2. Runoff and soil loss amounts from theminiature watershed as a function of rainfall
duration under three successive rainstorms of different intensities.
3. Results and discussion

3.1. Temporal changes in the amounts of runoff and soil loss

Fig. 2 shows that the amount of runoff initially tended to increase
relatively rapidly and then gradually stabilized during the three rainfall
events. This pattern occurs because a seal formed over the soil surface
during the rainstorms as a result of aggregate breakdown and compac-
tion caused by the physical impact of raindrops and dispersion by
physico-chemical processes (Agassi et al., 1981). The seal reduced soil
infiltrability thereby increasing the amount of runoff (Moore and
Singer, 1990). The amount of runoff gradually stabilized as the degree
of seal formation reached an equilibrium value. Furthermore, higher
rainfall intensities accelerated the seal formation process and the pat-
tern thus became clearer as the rainfall intensity increased (Liu et al.,
2010). Seals tended to be formed to a greater degree as rainfall intensity
increased. This was indicated by the increased amounts of runoff after
taking the increases due to the extra rainfall into account. It should be
noted that, in this study, we used tap water to simulate rainwater, and
that this likely reduced the degree of seal formation attributable to
dispersion by physico-chemical processes and, hence, reduced the
amount of runoff and erosion thatmight have occurred under deionized
simulated rainfall (Agassi et al., 1981).

Although the changes in the amounts of runoff tended to follow
similar patterns during all three of the rainfall events, the changes in
the amounts of soil loss tended to follow different patterns (Fig. 2).
The amount of soil loss under the rainfall intensity of 1.0 mm min−1

increased gradually until the end of the rainfall event because of the
increasing shear force that scoured the soil surface due to the increasing
amount of runoff (Fig. 2); this process was enhanced because the
increased amounts of runoff also contained more sediments.
Furthermore, the amount of soil loss only increased slowly because
rills were relatively undeveloped on the slopes under this rainstorm
and did not cause notable increases in erosion. Appearance of rills
would increase soil loss especially during the initial development
phase (Lei et al., 2006; Liu et al., 2011b).

In contrast, the amount of soil loss under the higher rainfall intensity
of 1.5 mm min−1 increased sharply following runoff initiation. This
occurred for a number of reasons. First, rills on the slopes continued to
be developed during successive storms, and the increased intensity
induced more rapid rill development leading to the increased overland
flow and to increased erosion rates. Second, the higher runoff rates led
to a rapid increase in soil erosion within the gullies from both sides
and gully bottom. Third, despite being compacted, the soil is coarse-
grained, disturbed and lacks cohesion to resist erosion, which can also
contribute to the increasing soil loss. Finally, any loose material remain-
ing on the soil surface after the first stormwas readily washed off in the
initial phases of the second storm. The amount of soil loss fluctuated
with rainfall duration. This can be attributed to the discontinuous
process of the collapse of rill banks on the slopes and in the gullies.

In the third storm with an intensity of 2.0 mmmin−1, the develop-
ment of the rill and gully system was relatively stable. Hence, the
increased runoff did not cause an obvious increase in soil loss.
Furthermore, while there were still fluctuations in the amounts of soil
loss, these were less severe in the third storm as compared with the
second storm.

3.2. Amount and relative proportion of soil loss from different landform
types

Under the rainfall intensity of 1.0 mm min−1, soil erosion in every
region tended to increase erratically. Soil erosion increased relatively
rapidly and in greater amounts in REE V and VI regions, which were
themain gully areas (Fig. 3a). However, the change in the contributions
to the whole watershed erosion amount was different from these two
regions (Fig. 4a). The contribution from the lower main gully (REE VI)

Image of Fig. 2


Fig. 3. Soil loss amounts from each region (REE I to VIII) of the miniature watershed as a
function of rainfall duration under three successive rainstorms with different intensities:
(a) 1.0 mm min−1, (b) 1.5 mm min−1, and (c) 2.0 mm min−1. I, upstream upper slopes;
II, upstream lower slopes; III, downstream upper slopes; IV, downstream lower slopes; V,
upper main gully; VI, lower main gully; VII, upper branch gullies; VIII, lower branch gullies.

Fig. 4. Percentage contribution of each Region (REE I to VIII) to the total soil loss from the
miniaturewatershed as a function of rainfall duration under three successive rainfallswith
different intensities: (a) 1.0 mm min−1, (b) 1.5 mm min−1, and (c) 2.0 mm min−1. I,
upstream upper slopes; II, upstream lower slopes; III, downstream upper slopes; IV,
downstream lower slopes; V, upper main gully; VI, lower main gully; VII, upper branch
gullies; VIII, lower branch gullies.
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decreased from 48% to 24%, whereas that from the upper main gully
(REE V) increased from 12% to 38%. The contributions from the other
regions fluctuated within smaller ranges than those of the gullies. The
contribution of main gully more than other regions to the total soil
loss may be attributed to both the concentrated runoff in main gully
with higher erosion capacity and being coarser soil with less cohesion
supplying more material.

The amounts of soil loss from every region during the second rain-
storm were notably greater than during the first rainstorm (Fig. 3b).
Maximumandminimumsoil losses fromREEVI region per 2-minute in-
terval during the second rainstormwere 0.813 and 0.158 kg, respective-
ly, which were between 2.1 and 5.5 times greater than the values
obtained during the first rainstorm (0.149 and 0.075 kg), which had a
lower intensity. The higher amount of soil loss can be attributed in
part to the higher rate of initial removal of any loosematerial remaining
on the soil surface after the first rainstorm. However, the main factors
were the greater rainfall energy delivered to the soil surface per minute
(50% increase) and the increased amount and shear forces of the runoff
caused by the higher rainfall intensity. Both factors increased the rate of
soil detachment in the second rainstorm as compared with the first
rainstorm, while the runoff had a higher transport capacity (Ferreira
and Singer, 1985; Mamedov et al., 2000). Fig. 4b shows that the
contributions to the total soil loss from the watershed of the lower
main gully (REE VI) decreased sharply from 35% to 20% in the first
6 min of the rainstorm and then fluctuated around a mean value of
about 20%. In contrast, the contributions from the upper main gully
(REE V) increased from 20% to 35% during the first half of the rainstorm
and then decreased gradually during the second half. This indicated that
the lower main gully developed faster and achieved stability earlier
than the upper main gully. This can be ascribed to the greater erosivity
of the runoff flowing in the lower main gully than that of the runoff
flowing in the upper main gully, since the former commenced earlier
and in greater amounts at higher flow rates, having received run-on
water from the upper gully. As we observed, formation of rills, which
dramatically increase soil loss (Lei et al., 2006; Liu et al., 2011b), contin-
ually developed on the slopes and on the branch gully side slopes,
thereby increasing the contributions from these areas.

During the third and most intense rainstorm, the soil losses from
every landform type exhibited relatively strong fluctuations during
the first half of the rainstorm, while during the second half of the
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rainstorm the fluctuations were notably less (Fig. 3c). Due to sandy soil
with a very low cohesion and poor ability to resist erosion, the discon-
tinuous and more abrupt collapsing of gully banks and growth of rills
led to the strong fluctuations in soil losses. As the rainstorm progressed,
the reduced availability of highly erodible sediment caused decreasing
of soil loss. The contributions of gullies to total soil loss from REE V
(upper main gully) and VIII (lower branch gullies) region gradually
decreased from 31% and 16% to 23% and 8%, respectively (Fig. 4c).
Only slight changes in the contributions from the other landform
types were observed.

3.3. Soil loss from the slopes and gully system

Fig. 5 shows the contributions of the grouped sediment sources to
the total soil loss of the watershed over the course of the three rain-
storms. Soil loss from the gully system, comprising themain and branch
gullies, was much greater than from the slopes, especially during the
first rainstorm where soil loss from the gully system was 78.8% of total
soil loss from the watershed while, correspondingly, from the slopes it
was 21.2% (Table 2). During the second rainstorm, the contribution to
soil loss by the gully system was 68.4% less than in the first rainstorm,
while the contribution made by the slopes was greater (31.6%)
(Table 2). In the third rainstorm, the contribution to soil loss from the
gully system continued to decrease to 64.7%, while that of the slopes
increased to 35.3% (Table 2).

Overall, soil loss from thewatershedwasmainly due to gully erosion
for two main reasons. First, the gradients on the hill slopes were less
than 10°, whereas those of the sideslopes and beds of the gullies were
steeper, especially those of the sideslopes that were greater than 20°.
If the gradient of a slope is greater than a critical value, then the slope
is considered to be steep and soil loss is enhanced (Pan and
Shangguan, 2006; Liu et al., 2010). Second, the amount and velocity of
the runoff in the gullies was much greater than that on the hill slope
and occurred as a concentrated flow rather than as sheet flow, thereby
leading to greater soil losses (Nogueras et al., 2000; Poesen et al.,
2003). The contribution to soil loss from the gully system decreased
with each rain event while that from the slopes increased. During the
second more intense rainstorm, rills developed that had been initiated
on the slopes at the end of the first rainstorm. These rills continued to
develop and increased the erosion. During the second and third
rainstorms, the rills on the slopes continued to develop; the increases
in rainfall intensity further accelerated the development of the rills,
leading to higher soil losses from the slopes (Römkens et al., 2002).
Although the amount of soil erosion increased from both the slopes
and gully system, the rate of increase was faster for the slopes than for
the gully system partly because the slopes account for a larger area
Fig. 5. Percentage contribution to the total soil loss from the miniature watershed of the
slope and gully systems and their components as a function of rainfall duration under
three successive 30-min-rainstorms with different intensities: 0–30 min at
1.0 mm min−1, 30–60 min at 1.5 mmmin−1, 60–90 min at 2.0 mm min−1.
and partly because of the most readily available sediment having
already been mobilized in the gully system.

The contributions to the total soil loss from the entire watershed
from the main and branch gullies were different in the gully system.
The contributions from the branch gullies stabilized at between 12%
and 21%. However, the contribution was greater than 40%, and as high
as 65%, from themain gully. Intense soil erosion was due to the concen-
trated flow in themain gully (Nogueras et al., 2000; Poesen et al., 2003).

An obvious difference in soil erosion from the upper and lower
slopes was observed. The contribution to soil loss from the lower
slopewas greater than that from the upper slopeduring all three rainfall
events. However, the difference between the two slope areas decreased
with the increase in rainfall intensity andwith the rainfall duration. This
was attributed to the way in which rills were formed. The first
occurrence of rill formation was on the lower slopes early in the
rainstorm sequence. Then the rill-head migrated upslope. Thus, soil
loss from the upper slopes increased when the rills reached the upper
hillslope areas.

3.4. Analysis of the experimental error

The experimental errors in the three rainstorms were 35%, 25%, and
18% (Table 3). These errors were calculated using Eq. (3), and they
represented over-estimations of erosion. Although the errors found in
this study were greater than those found by studies in loess areas in
China (b15%) where the soil texture is finer (Liu et al., 2004; Lei et al.,
2006), REEs still have the potential to be used as tracers to monitor
soil erosion in areas with purple soils. However, the accuracy of this
tracing method should be improved prior to application to field
research or in studies where the soil texture is coarse.

Two potential sources of error exist in this study. First, the error
could have been due to the calculationmethodwe employed. Themeth-
od employed in this study did not consider the selectivity of particles
comprising the eroded sediments in the calculation of the contributions
to total soil loss from the different areas. Fig. 6 provides a comparison of
the particle size distribution of the parent material and that of all of the
collected sediment samples. The particle size distribution is shown in
the figure as a range of distributions denoted by the shaded area. The
figure indicates that the particle size distribution of the collected eroded
sediments was different from that of the parent material. For a given
particle size less than 2 mm, the cumulative volumetric content of the
sediment was larger than that of the parent soil. The most relevant
finding is that the cumulative volumetric content of particles smaller
than 0.5 mm in the sediment was approximately 10% larger than in
the parent soil in all three rainstorms. These particles can absorb larger
amounts of REEs (Mahler et al., 1998; Zhang et al., 2001; Kimoto et al.,
2006b). Therefore, the calculated value of the eroded sediment would
be overestimated if the selectivity of particles during the erosion
processes was not considered. Data in Table 2 suggest the same
conclusion. The error from the calculation method would be greater
when applied over larger scales where the particle size selectivity
during sediment mobilization might also be greater (Slattery and Burt,
1997; Walling et al., 2000; Ampontuah et al., 2006). Second, the
systemic and random error primarily from experimental instrument
and operation could be existing. It should be pointed out that, over a
larger scale, the errors mentioned here would probably be greater for
practical reasons.

3.5. Applications

Runoff and erosion processes are affected by many factors such as
soil, topography, precipitation, climate characteristics, land uses,
conservation measures, etc. (Shi et al., 2004, 2012a; Fang et al., 2012). It
is practically impossible to consider all of them simultaneously in a
simulated experiment. In this study, only three factors, i.e., topography,
precipitation, and soil properties were selected for study, since they

Image of Fig. 5


Table 2
Amount and relative proportion of soil loss from different landform types.

Rare earth element oxides La2O3 Yb2O3 CeO2 Sm2O3 Eu2O3 Tb4O7 Nd2O3 Ho2O3

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

Rainfall intensity 1.0
(mm min−1)

Soil loss (kg) 0.140 0.117 0.326 0.549 1.598 1.633 0.156 0.809
Relative soil loss (%)a 2.6 2.2 6.1 10.3 30.0 30.6 2.9 15.2

Rainfall intensity 1.5
(mm min−1)

Soil loss (kg) 1.356 3.152 0.981 4.289 8.925 6.125 4.233 1.959
Relative soil loss (%)a 4.4 10.2 3.2 13.8 28.8 19.7 13.6 6.3

Rainfall intensity 2.0
(mm min−1)

Soil loss (kg) 2.136 3.349 1.598 4.03 8.332 5.633 3.533 2.756
Relative soil loss (%)a 6.8 10.7 5.1 12.8 26.6 18.0 11.3 8.8

a Relative soil loss is expressed as percent of total soil loss.
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have greater effects on runoff and erosionprocesses and are easier to sim-
ulate than other factors. As a result, the characteristics of runoff and ero-
sion processes in the experiment were very similar to those in a natural
watershed from certain points of view. First, the Wangjiaqiao watershed
included the small watershed that theminiaturewatershedmodeled. For
the watershed, the gully system made a greater contribution to sedi-
ments and had a higher transport capacity than the hill slope areas, and
the erosion of gully side slopes, especially in the main gully, was a
major source of sediment (Shi et al., 2004; Fang et al., 2011). These results
were also observed in our study. Secondly, the selective transport of fine
sediment and selective deposition of coarse sediment occurredmainly on
the steep slopes (Shi et al., 2012a,b,c). Fig. 6 shows that the particle size
distributions of the collected eroded sediments were all finer than that
of the parent material, so selective transport of fine sediment also oc-
curred in the miniature watershed. Furthermore, size selectivity may
also occur amongwater stable aggregate sizes, especiallywhen aggregate
sizes are associated with selective particle size distributions (Kimoto
et al., 2006b). Finally, data from the Wangjiaqiao watershed exhibited
significant correlations among total precipitation, runoff, and suspended
sediment (Fang et al., 2011). Fig. 2 and Table 3 indicate similar relation-
ships among these variables in the miniature watershed. Furthermore, a
small number of extreme rainfall events were observed to produce a
large proportion of runoff and sediment in the natural watershed (Fang
et al., 2011, 2013). Based on the natural maximum rainfall intensity
occurring for a 30-min period, the simulated rainfall intensities of 1.5
and 2.0 mm min−1 could be considered to represent such extreme
natural rainfall events, and resulted in greater amounts of runoff and
sediment in the miniature watershed than under the less extreme
1.0 mmmin−1 intensity.

However, differences also existed between the runoff and erosion
processes of the miniature and natural watersheds. For example, flood
discharge processes were more complicated at the larger scale than at
the smaller scale. Three kinds of hysteretic loops were observed in the
Wangjiaqiao watershed, i.e., clockwise, figure eight shapes, and com-
plex hysteresis loops (Fang et al., 2011). Such hysteretic loops were
not observed in the miniature watershed. This is caused not only by
thedifference between the scales, but also by the climate characteristics,
land uses, and conservation measures that could not be easily
simulated.
Table 3
Actual and calculated soil losses and experimental error for the three simulated rainstorm
intensities.

Parameters Rainfall intensity

1.0 (mm min−1) 1.5 (mm min−1) 2.0 (mm min−1)

Actual soil loss (kg) 3.937 24.789 26.579
Calculated soil loss (kg) 5.328 31.020 31.367
Error (%)a 35 25 18

a The experimental error estimated used this equation: σ ¼ ðwW −1Þ � 100%. Wherew
is the calculated soil loss (kg); W is the actual soil loss.
Althoughmore detailed or quantitative information about the inter-
actions and feedbacks among the runoff and erosion processes could not
be derived in this study, REEs could be used as a reasonably accurate
tool by which eroded materials in the different landform types could
be distinguished. Considering the spatial and temporal complexity of
the runoff and erosion processes in a natural watershed, the REEs trac-
ingmethod should bemodified for application to the field. For example,
applying the REEs as a point source or in sections based on the landform
type should be done to reduce costs (Liu et al., 1997). Automated
sampling systems within the natural watershed could be employed to
provide detailed information about flooding, sediment transport, and
deposition in real time during rainstorms. To improve the accuracy,
soil type, which has an effect on particle size distributions in the sedi-
ments, must be considered when this methodology is adopted because
one of the assumptions made in the calculations is that the particle size
distributions of the source and sedimentmaterial are similar. Therefore,
this method has the potential to be applied to landscape units with sim-
ilar features (e.g., a small agricultural watershed) in order to monitor
the sediment sources and erosion processes in different regions.
However, if a good balance could be maintained between the costs
and accuracy, a more applicable REEs tracingmethod for natural water-
sheds might also be developed in order to provide detailed information
on the within-watershed patterns of erosion and deposition, which
presently remain unclear.

4. Conclusions

Eight kinds of REE oxides were applied to a miniature watershed
model. Themodel was established based on a field survey of a small wa-
tershed located in the Three Gorges area of China in order to estimate
the proportions of sediments from eight different source positions.
The concentration of REEs in the collected erodedmaterial was analyzed
to investigate soil erosion during three simulated rainfall events with
intensities of 1.0, 1.5, and 2.0 mmmin−1.

During the three rainfall events, the erosion fluctuated relative to
landform type. For example, the percentage contribution to the total
soil loss from the entire watershed by the lower main gully (REE VI)
initially decreased and then stabilized under a rainfall intensity of
1.5 mm min−1, whereas that from the upper main gully (REE
V) initially increased and then decreased. Contributions from the
other landform types increased steadily and then stabilized. Overall,
the contributions from the gully system were greater than those from
the hill slopes. Contributions from the gully system tended to decrease
as rainfall intensity and duration of the rainstorm increased, whereas
those from the hill slopes tended to increase. Contributions from the
lower hill slopes were greater than those from the upper hill slopes
but the differences decreased as the rainfall intensity and duration of
rainfall increased.

We concluded that, in general, the use of REEs to study the source
areas of soil erosion at different positions in a miniature watershed
with purple soils during rainfall events could be reasonably accurate



Fig. 6. Particle size distributions (PSD) of the parent soil and of the various suspended
sediments. The shaded area is the range of PSDs of the suspended sediments discharged
from the miniature watershed during three successive rainstorms of different intensity:
(a) 1.0 mm min−1, (b) 1.5 mmmin−1, and (c) 2.0 mmmin−1.
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and advantageous. Based on the observed soil losses in this study, REEs
should be added to soils to greater depths in gully areas where concen-
trated flow and bank collapses result in erosion to greater depths as
compared with hill slope areas where sheet flow occurs and only a
thin layer of soil is removed. Integrating the use of REEs as tracers, mon-
itoring of sediments, rainfall simulation, and in situmeasurements is an
effective method of studying erosion processes in relation to landform
features. However, more research is required prior to the application
of the approach to large natural watersheds. In particular, the calcula-
tion method requires improvement due to its unrealistic assumption
that the particle size distributions of the parent soil and sediments are
the same. Understanding the sources of soil erosion is important not
only in building process-driven mathematical models that accurately
predict soil loss at various temporal and spatial scales but also in
evaluating the effectiveness of management methods implemented to
conserve soil.
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