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Soil erosion continues to be one of the world’s biggest environmental problems. The information on
erosion process, the spatially-distributed erosion and deposition is the key to develop soil erosion
prediction models that can provide a scientific basis for soil and water conservation planning. However,
conventional erosion monitoring techniques did not provide enough such information. Numerous trace
materials have been applied in recent decades and been successfully utilized in soil erosion research
and rare earth elements (REEs) were considered as ideal tracer materials due to their special properties.
The development and improvement process of REE trace method is summarized briefly in this paper.
The applications of REE trace method in studying the erosion process and the spatial distribution of
erosion and deposition from slope and watershed are systematically reviewed; and its application in
revealing soil erosion mechanism is also overviewed. The systematic review on REE trace method in
this paper could provide scientific references for understanding the REE trace method and extending

its application in wider research areas.

INTRODUCTION

Soil erosion continues to be one of the world’ s biggest en-
vironmental problems, affecting both developed and devel -
oping countries and resulting in decreasing chemical and
physica soil fertility, affecting soil productivity and result-
ing in the degradation of the physical and chemical proper-
ties of the soil (Zhang et al. 2012). Understanding informa-
tion on erosion process and the spatially-distributed ero-
sion and deposition is very important for developing soil
eroson prediction models, which can provide a scientific
basis for soil and water conservation planning (Polyakov et
al. 2004, Liu et a. 2016a). The conventiona technologies
for measuring water erosion rate, such as runoff plots, and
ground and stereo-photo-surveys have provided much infor-
mation for developing Strategiesfor soil and water conserva:
tion (Stefano et a. 2013, Nachtergaele & Poesen 1999). How-
ever, they are always relatively expensve to be maintained
and hard to provide quantitative information on the temporal
and spatial distribution of erosion process and the spatially-
distributed erosion and deposition (Guzman et a. 2010).

To avoid this, numerous trace methods have been ap-

plied in recent decades and been successfully utilized in
soil erosion research (Guzmén et al. 2013). Thetrace mate-
rialscan be classified asnatural and artificial. Natural trace
materials like *'Cs, "Be, ?°Pb were produced from the na-
tureand can attach to the soil (Yanget a. 2006, Mabit et al.
2008, Liu et al. 2011). The exact proportion of the fallout of
these material sthat combineswith soil surface can be greatly
spatial depending on the vegetation density. In fact, vari-
able proportions of thefallout inventory can be intercepted
and sequestered by surface vegetation (Mabit et al. 2008,
Greenwood et al. 2014), whichmay cause someerror. Artifi-
cial materials such as **Cs and ®Co, *Fe, glass particles,
magnetic tracersand REES, wereincorporated into the soil
body by assumption that they bind well and can transport
together with the soil particles and aggregates (Young &
Holt 1968, Zhang et al. 2001, Hu et al. 2011, Greenwood et
al. 2014). However, their size distribution, particle density,
shape, surface morphology and surface chemical properties
of the glass particles and magnetic tracers were different
from those for the soil particles and aggregates (Zhang et al.
2001), leading to the phenomena of separate transportation
of soil and trace material. The REEs include the atomic
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number for 57-71 inchemical periodic table, about 15 kinds
of chemical elements, collectively referredto aslanthanum
elements and the atomic number for 21 scandium (Sc) and
the atomic number for 39 yttrium (Y), which have similar
propertiesto the lanthanum elements. REEswere stable in
the biogeochemical behaviour and insoluble in runoff dur-
ing the erosion process (Zhou et al. 1997). The concentra-
tions of REEsin the soil were of low background and their
concentration in soil sample can be analysed readily and
accurately (Mahler et al. 1998). Meanwhile, they wereenvi-
ronmentally safe and not detected from the different plant
organs, suggesting the low absorption by plant (Liu et al.
1997a). In addition, they were closely absorbed by soil par-
ticles with minimal leaching from the tagged layer to the
lower layers (Zhang et al. 2001). All these properties sug-
gested that the REES can act astrace materialsfor soil ero-
sion research, which fulfilled amost all of the properties of
the ideal tracers for studying soil erosion and sediment
sources (Zhang et al. 2001). Hence, they have been widely
applied in research on erosion processes and attached much
attention in recent decades (Xiao et a. 2017).

Therefore, inthisarticle, we provide an overview of de-
velopment and improvement process of REE trace method
and its application in spatial and temporal distribution of
soil erosion from slope and watershed and in the soil ero-
sion mechanism.

Development and | mpr ovement Processof REE Trace
Method

The stable REEswere successfully used asatracer to study
the erosion and deposition rate in the wetland by Knaus &
Van Gent (1989). Some physical propertiesof thecommonly
used REE oxidein soil erosion areligedin Table 1. Tian et
al. (1992) applied different kinds of REE to different dope
position and determined the method for calculating the
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applied REES concentrations and the concentration of trace
areato total soil eroson. The resultsindicated that the REE
trace method can precisely distinguish the sources of the
erosion from different slope position with error less than
15%, suggesting the feasibility of the REE astrace material
for soil erosion. Shi et al. (1996) analysed and verified the
feasibility of using REE trace method in the watershed area.
Wu et al. (1997) certified the reliability of erosion
digtribution obtained by the REE trace method by comparing
with the results obtained by measure method. Zhou et a.
(1997) further verified the effectiveness of the REE trace
method in soil erosion research after successfully applying
the method in the indoor and field watershed area. All of
these results were sati sfactory and suggesting the promising
of the REE trace method.

The REESs should initially be mixed thoroughly with
the soil to the target application concentration. Progressive
dilution method, sieving method, spreading method and
spraying method were tried to incorporate REEs into the
soil (Liuet a. 2004, Guzman et al. 2013). The main idea of
the progressive dilution method is to dilute the high con-
centration of REEs by gradually added soil and mixedthem
for several timesuntil it reached the target application con-
centration, it hasbeen widely used due to the uniform mix-
ture of REEs and target soil (Liu et a. 2004, Yang et al.
2008, Xiao et a. 2017). The REEswere scattered on the soil
surface and sieved multipletimesto achieve auniform mix-
ture in the sieving method. Practically, the progressive di-
lution method and sieving method were time and labour
consuming, leading to alimitation in large scale applica-
tion. When applying in larger field experiments, spreading
method and spraying methodswere often applied. Polyakov
et al. (2004) mixed the REEs with air-dried soil and spread
them on the watershed after wetting and air-drying circle.
To better associate the tagged material with the soil and to

Table 1: The physical properties of the commonly used REE oxides in soil erosion.

Chemical formula Atomic number Molecular weight Molecular weight Median particle Density
of the REE oxide of the REE of the REE of the REE oxide diameter (um) (g/cm3)
La,O, 57 138.91 325.81 4.68 6.51
CeQ, 58 140.12 172.11 20.50 7.13
Pr0,, 59 140.91 1021.44 16.38 6.83
Nd203 60 144.24 336.48 4.17 7.24
Sm,0, 62 150.36 348.72 5.15 7.54
Eu,0, 63 151.96 351.93 5.59 7.42
Gd,0, 64 157.25 362.50 2.12 7.41
Tb,0, 65 158.93 747.69 6.16 8.33
Dy,0O, 66 162.50 373.00 4.02 7.81
Ho,O, 67 164.93 377.86 4.88 8.54
Tm,0, 69 168.93 385.87 5.73 9.32
Yb,0, 70 173.05 394.11 6.56 9.17
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Fig. 1: Schematic representation of full section method, strip method and spot method.

reduce potential dust removal by wind, the entire areawas
then sprayed with water with taking care that no runoff was
generated (Polyakov et al. 2009). Stevens & Quinton (2008)
spread the REEs to the topsoil after mixing them with sand
rather than soil for providing anumber of practical benefits
whenworking at alarge scaleinthefield. Deasy & Quinton
(2010) sprayed suspension liquid of REEs and deionized
water to the hilldope by using a calibrated manual knap-
sack sprayer with a constant pressure valve. The spreading
method and spraying method can effectively improve the
mixing processin practice. However, the REEswererestricted
to the upper few millimetre or centimetre, therefore, they
were suitable only for short-term studies as the tagged soil
layer may be rapidly eroded (Polyakov et al. 2009).

The REEswere discharged in the research area accord-
ing to the design of the experiment. Full section method,
strip method and spot method were frequently used by re-
searchers(Fig. 1). The REEswere discharged to theresearch
areain thefull section method, and to arepresentative strip
or spot areawith an assumption that the erosion can repre-
sent the characterigtic of thefull research areain strip method
and spot method, respectively. The full section method is
themost commonly used because of itshigh precision (Tian
et al. 1992). However, it was time and labour consuming
when applied inlarge scale area. The strip method and spot
method wereintroduced for the purpose of saving time and
labour, although the sel ection of representative strip or spot
area was difficult. Wu et al. (1997) tried to use the strip
method and spot method in thefield experiment, the results
indicated that the strip method hasarelatively higher accu-
racy compared to the spot method. Yang et al. (2008) used
the spot method to study spatial erosion and deposition
distributions on the hilldlope. Liu et al. (1997b) summa-
rized the advantages and disadvantages for these methods
and pointed out that the cautions should be paid attention
in practice.

Both, instrumental neutron activation analysis (INNA)
and inductively coupled plasma-mass spectrometry (ICP-

MS) provided high precision in REE analysis for soil ero-
sionresearch. Knaus& Van Gent (1989) and Li et d. (1997)
systematically introduced the principle and method of the
INNA for REE measurement, the resultsshowed that INNA
can accurately and sensitively detected the REEs in the
eroded soil sample. However, it isrelatively insensitive to
the middle mass REE like Pr and Dy and is expensive to
implement due to the requirement of anuclear reactor (Tang
etal. 2011). Zhang et al. (2001) presented the sample prepa-
ration and method for ICP-MS to analysisthe REEsin the
eroded soil sample. Itisarelatively new technique that can
detect all REEssimultaneoudy and rapidly with exceptional
detection limits. Moreover, REEsarerarein other substances,
so it can guarantee ahigh precisionin REE analysisdue to
barely any disturbance during the test process. However,
conventional sample dissolution procedures are time-con-
suming (more than 28 hours) and complex in operation,
substantially leading to poor efficiency. Recently,
Masselink et al. (2017) introduced a method named the
Agua Regia, in which the sample dissolution procedure is
easy and fast, the high throughput of ICP-MS would be
better utilized in further.

The adsorption capacity of different particle size were
uneven for REES, thus the concentration of the REEs sig-
nificantly differed in each soil particle size class. Zhang et
al. (2001) reported that the REESs preferentially bond with
the soil particles <0.053 mm in fine-textured soil. Kimoto et
al. (2006) found REEsbond well with the soil particles<0.09
mm in coarse-textured soil. Liu et al. (2016b) manifested
that the <0.075 mm particle size class had the strongest
adsorption capacity for REEs in the purple soil from the
Three Gorges Areain China. All these results showed that
the REEs preferred to bond with small soil particles. The
small particles are usualy preferentially eroded due to the
preferential mobilization of thefiner particlesand the pref-
erential deposition of the coarser fractions during the soil
erosion process (Walling & Moorehead 1989, Shi et al. 2012,
Shi et d. 2017). The combined effect of REEspreferentially
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bond with the small particlesand the preferential mobiliza-
tion of the finer particles during erosion may cause sys-
temic error for usng REE trace method in soil erosion, espe-
cially when using in coarse-textured soil. The experimental
errorsin Liu et a. (2016a) were 35%, 25%, and 18% for
rainfall intensity of 1.0, 1.5 or 2.0 mm min, respectively.
And a big experimental error was also observed from the
result of Wang et al. (2008). To overcome these shortcom-
ings, Liu et al. (2016b) improved REE trace method for soil
erosion by introducing new calculation formulae, which
consder thedifferencesin adsorption ability for REEsamong
soil particle classes and the PSDs among the sediment and
parent soil samples. The new formulae were proved to im-
prove the accuracy of the soil loss calculation by using
REEsastracersin coarse-textured soil.

The aforementioned development process, mixing
method, discharging method, REE measurement method and
improvement process related to REE trace method provide
technology and theory support for using this method in soil
erosion under both fine-textured and coarse-textured soils.

Application of REE TraceMethod in Slope Erosion

Spatially-distributed erosion dataare needed for validating
physically based erosion model sand for understanding soil
erosion dynamics at aprocesslevel (Zhanget al. 2001). Itis
also useful in assessing the on-site and off-siteimpacts, and
providing basic information for management practice to
combat soil erosion.

The REE trace method wastried to quantitatively study
the spatially-distributed erosion information on dopesince
it wasdeveloped. The REEswere applied to different posi-
tion to trace the erosion source (Fig. 2). Tian et a. (1992)
used several REEs to divide the slope into three sections,
the results showed that the erosion rate followed the order-
ing of downslope area, mid-slope area and up-sope area.
Theresult was verified by Wang et al. (2008) and Zhu et al.
(2011) by using REE trace method in field slope. Zhao &
Shi (2003) measured the erosion and deposition rate along
amuch longer slope (60 m) insimulated rainfall. Theresults
indicated that the erosion and deposition mainly concen-
trated in mid-slope and down-slope area, respectively. This
result is consistent with the conclusionsin the Polyakov &
Nearing (2004). Wu et a. (1997) demonstrated the erosion
rate along the slope varied by applying six kindsof REE on
the field dope. Increasing trend, increasing followed by
decreasing trend and wave type were observed in their re-
search. Shi et al. (1997a) observed Weibull probability func-
tion can describethe erosion rate along thedopewell. Yang
et al. (2008) found soil erosion could occur at the steep
dope and deposition could occur with low gradients. The
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above mentioned inconsistent results can attribute to the
difference in rainfall characteristics, sope gradient and
length, which can result in different eroson type (i.e. interrill
erosion, rill erosion or gully erosion). Stevens & Quinton
(2008) applied the REEs to trace the erosion along the
tramline. Michaelides et al. (2010) traced the sediment re-
distribution across a break in dope with gradient of 15°C
declining to 2°C using rare earth elements to quantify the
erosion spatially, in addition they also quantified the depo-
sition depths spatially and the relative source contributions
to deposited sediment by measuring the REE in the dope
surface soil sample. Based on thesg, it was straightforward
to conclude that the spatially-distributed erosion and depo-
sition data can be accurately obtained by using REE trace
method.

The spatial and temporal distribution of erosion infor-
mation can be obtained by measuring the REEsin the eroded
soil (Ju etal. 1997). Xue et al . (2005) applied different REEs
to different dope position, the results indicated that the
erosion rate for different position changed with the rainfall
duration. Since, interrill erosion generally occurs from the
upper 10 mm of soil (Liu et al. 2011, Greenwood 2012),
REEs applied at different depths have the potential to dis-
tinguish erosion type during rainstorms. Song et al. (2003)
studied the process of interrill erosion developed torill ero-
sion and the related contribution to total erosion by tracing
different soil depth with different REE. Zheng et a. (2010)
divided the dlope erosion process into sheet (interrill ero-

Fig. 2: The common distribution of REE styles on slope.
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Fig. 3: The Schematic representation of REEs applied in field watershed (a-Polyakov et a. 2009) and indoor experiment (b-Liu et al. 2016a).

sion) stage, the devel opment of rill erosion stageand therill
erosion stabl e stage according to the change law for contri-
bution of interrill and rill erosion tototal erosion during the
rainfall duration. Furthermore, the dynamically varied data
ontemporal and spatial digributionsintherill erosion proc-
essunder scouring test can al so be monitored by using REE
trace method (Li et al. 2006). They also divided the rill
erosion process into the formation stage, the devel opment
stage and the decline stage based on the characteristic of
erosion rate during scouring and analysed the characteristic
of the amount and contribution of different trace positionin
different rill erosion stage. All of these findings proved that
the REE tracing method was significant and hel pful for un-
derstanding and disclosing the innate processes of slope
erosion and rill erosion.

Application of REE TraceMethod in Water shed Erosion

Watershed isthe basic unit for soil and water conservation
planning. It is necessary to understand the erosion process
in watersheds for modelling and practice (Polyakov et al.
2004, Liu et al. 2016b). The REE trace method was aso
applied to investigate the spatially-distributed erosion and
deposition data from the indoor and field watershed used
for agricultura and rangeland (Fig. 3) (Polyakov et al. 2004,
2009, Kimoto et al. 2006, Liu et al. 2016b).

Gully-dope system is very common in the watershed,
and the research on the erosion processes in gully-slope
system would provide basic information to study soil ero-
sion in watershed. Wei et al. (2009) used two continuous

slopes with two different gradients to smulate the gully-
dope system for studying the soil erosion processin under
scouring condition. The results showed that the erosion rate
on slope was much greater than that on gully, and the ero-
sioninthissystem mainly derived from the slope. Shi et al.
(1996, 1997b) used REEs astracer to study the information
on the spatial and temporal erosion distribution in a small
simulated watershed under simulated rainfall. Seven kinds
of REEswereappliedtotrace thelower gully, middiegully,
upper gully, lower slope, middie slope, upper slope and
headward eros on areasin the watershed. The results showed
that the severely eroded area changed with the develop-
ment of gully in the watershed. Liu et a. (2016a) applied
eight kinds of REEsto monitor the sediment sourcesfrom a
miniature model of asmall watershed in the Three Gorges
area of China. The temporal and spatial variation of the
amount and contribution of each trace area change with the
rainfall duration, was quantified. The result indicated that
the contribution of the gully system was greater than that of
the slope, and the contributions of the gully system tended
to decrease with increasing rainfall intensity and rainstorm
duration. Polyakov et a. (2004) used six kinds of REESto
subdivide the natural agricultural watershed into toes ope,
upper backs ope, lower backd ope, shoulder, upper channel
and lower channel. Theresult indicated that the erosion rate
for channels and backslopes was greater compared to the
shoulder and the toes ope and the soil erode from the upper
positions generally deposit on lower positions. Kimoto et
al. (2006) conducted anearly four-year field experiment on
a small agricultural watershed similar to Polyakov et al.
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(2004) to evaluate the relative contributions of sediment
sources in the agricultural watershed by using REE trace
method. The resultsindicated that the relative contribution
of the lower channel was significantly increased asafunc-
tion of theamount of sediment yield, whilethat of the lower
backslope was significantly decreased. The results from
Kimoto et al. (2006) demonstrated that REE trace method
has areasonabl e potential for studying sediment sourcesin
the field watershed experiment for arelatively long (multi-
year) period of time. Polyakov et al. (2009) used five kinds
of REEsastraceto divide arangeland watershed with coarse
soil into upper dlope, middle slope, lower slope, upper chan-
nel and lower channel. The results showed that upper and
middle channels of the watershed were eroded at a much
greater rate compared with slopes, and the depositionin the
lower channel was minimal because of an efficient transport
system in the watershed. The results from Polyakov et al.
(2009) proved that the REE trace method isauseful tool for
measuring sediment redistribution in rangeland watershed
with coarse soil.

Application of REE Trace M ethod in Soil Erosion
M echanism

The REE trace method has performed well in providing data
on the spatial distribution of erosion and deposition and
the amount and contribution of each trace area changed
with rainfall duration in the slope and watershed. It is also
applied to reveal the soil erosion mechanism by some spe-
cial experimental design and analysis. Zhang et a. (2005)
validated the sediment feedback rel ationships of the Water
Erosion Prediction Project (WEPP) by quantitatively evalu-
ating the distributed instantaneous rill erosion data using
REE trace method. Tang et al. (2004) quantitatively evalu-
atedthecritical distancefor soil erosion and the correspond-
ing critical shear force for ope and analysed the relation
between soil erosion and runoff hydrodynamics parameters
to disclose the detachment mechanism by using thismethod.
Lei et al. (2006) anaysed the sediment concentration under
different rill length during rill erosion by usng REE trace
method. Based on this information, Zhang et al. (2017) ob-
tained the sediment transport capacity in eroding rills after
egtablishing asingle two-parameter exponential equation to
describe the relationship between sediment concentration
under different rill lengthsand downsl ope distance. Xiao et
al. (2017) established equationsus ng an aggregate stability
index to replace the erodibility factor of interrill and rill ero-
sion in the WEPP model when the interrill and rill erosion
synchronoudy occurred. Masselink et al. (2017) used four
kinds of REEsto observethe field data on hillslope-channel
connectivity and within-channel sediment dynamics.
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CONCLUSIONS

A systematic review on devel opment and i mprovement proc-
essof REE trace method and itsapplicationin the lopeand
watershed to study the spatial distribution of erosion and
deposition and in soil erosion mechanism were conducted.
Based onthe literatures, it was straightforward to conclude
that REE trace method was significant and helpful for ob-
taining information about the erosion and deposition and
demonstrating that the spatial and temporal distribution of
erosoninformation varied with rainfall durationinthedope
and watershed. It also can be used to reveal the soil erosion
mechani sm by some special experimenta design and analy-
sis. The spreading method and spraying method were often
used to apply for effectively improving the mixing process
in practice, however, the REEswere restricted to the upper
few millimetre or centimetre, thus a long-term monitor is
impossible as the tagged soil layer may be rapidly eroded.
Further, the REEs should be mixed in deeper depth by other
method to provide moreinformation on the spatial and tem-
poral distribution of erosion in the field slope and water-
shed for long-term monitoring. And other special experi-
mental should be designed to reveal soil erosion mecha-
nism by using the REE trace method.
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