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Abstract

The development of soil conservation plans and evaluation of spatially distributed erosion models

require knowledge of rates of soil loss and sedimentation on different landscape elements and slope

positions. Characterization of soil erosion rates and patterns within watersheds is important for the

understanding of erosion processes and landscape evolution. Experimental data that show spatial

translocation of soil on slopes are limited. A method for obtaining spatially distributed information

on sediment movement employing rare earth element (REE) oxides is proposed. Five REE oxides in

powder form were uniformly mixed with the soil on different parts of a 10% slope in a 4�4 m soil

bed. Particle translocation was measured during eight simulated rainfalls at 60 mm h�1 intensity. A

laser scanner was utilized to obtain digital elevation models (DEMs) of the soil surface that were

used as the reference data to compare with the tracer method. REE concentration in soil and runoff

samples was determined by inductively coupled plasma mass spectrometry (ICP-MS). Erosion rates

for different slope positions estimated from REE concentrations correlated with those calculated

from the DEMs with relative differences for different slope sections of 4–40%. The enrichment ratio

for this type of tracer was 1.7. The amount of sediment produced on different parts of the slope

varied, with the greatest erosion occurring on the upper-middle part of the slope. The experiment

showed that the multi-element tracer method provided a satisfactory way to study soil erosion

distribution on a uniform slope.
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1. Introduction

Soil erosion is a global environmental problem, which is often easy to observe but hard

to measure. For example, annual soil loss on US cropland has been reported to be between

2 billion tons (USDA, 1980) and 6.8 billion tons (Harlin and Barardi, 1987). Soil

conservation efforts require large investments, which put special importance on technol-

ogy capable of correctly estimating erosion rates and precisely identifying problem areas

within watersheds. The key to determining the extent of erosion lies in proper modeling,

evaluation and monitoring techniques.

One monitoring technique is the tagging of soil with tracers. Tracers have been

successfully utilized in the natural sciences to study transport processes and the fate of

various pollutants. There are a number of substances that may be used for this purpose.

They can be classified as naturally occurring and artificially introduced into the soil.

Artificial tracers are either introduced into the soil as a result of fallout (e.g., 137Cs)

(Ritchie and McHenry, 1990) or deliberately, either by tagging soil particles with trace

elements (e.g., noble metals, 59Fe) (Wooldridge, 1965) or by incorporating trace particles

into the soil body (e.g., magnetic and glass beads) (Ventura et al., 2001). The ideal use of

tracers for monitoring soil translocation should be based on the following assumptions (Di

Stefano et al., 1999): (1) the local distribution of the tracer is uniform (or not uniform, but

known), (2) the tracer binds strongly with soil, (3) subsequent redistribution is due to

sediment movement and (4) estimated erosion rates may be derived from tracer

inventories.

Of all soil tracers, 137Cs has been used most extensively (Ritchie and McHenry, 1990;

Di Stefano et al., 1999). It has been suggested that 137Cs is retained mostly by clay particles

(He and Walling, 1996). Because vegetation retention and uptake of 137Cs is low (Garten

et al., 1975), its redistribution is mostly attributed to soil movement. There are a number of

problems associated with the use of 137Cs as tracer. Its fallout occurred in a complex

temporal pattern. The basic assumption that fallout of 137Cs is uniform over a study area is

often unacceptable (Sutherland, 1994a). Nonuniform distribution is related to topography,

soil density and infiltration (Di Stefano et al., 1999). In many areas, Chernobyl fallout

increased the nonuniformity even more (Di Stefano et al., 1999). Due to the short half-life

of 134Cs, which initially accompanied Chernobyl 137Cs in a strict proportion, Chernobyl
137Cs will soon be indistinguishable from previous fallouts in the affected areas (De Roo,

1991). According to Sutherland (1994b), to adequately quantify the reference 137Cs

activity for an area with an allowable error of 10% with 90% confidence, approximately

11 random, independent samples will generally be necessary. The median coefficient of

variation (CV) for 137Cs reference activity on undisturbed soil reported in the literature, as

cited by Sutherland (1994b), was 19.3%, with 95% confidence limits of 13.0–23.4%.

Wallbrink et al. (1994) reports CVs for 137Cs inventories within Australia as high as 40%.

A CV for 137Cs activity of 16%, with an allowable error of 10% at 95% confidence level,

reported by Bernard et al. (1998) for a watershed in France, was well below numbers

usually found in many studies. Such variability, if it is random, makes it impossible to use
137Cs to detect soil movement on an event basis. Even detecting soil losses over a period

of several years would be problematic (Kachanoski and DeJong, 1984). Preferential

adsorption of 137Cs on fine clay particles makes it prone to sorting during transport by
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water. Bernard et al. (1998) reported the enrichment ratio for this tracer varying between

1.8 and 3.0.
7Be and 10Be are naturally occurring radionuclides of cosmogenic origin with a high

affinity to clays. This element has large spatial variability because of interception by

vegetation. Beryllium was used with 137Cs (Matisoff et al., 2002) and alone (Wallbrink

and Murray, 1996) to develop quantitative models of soil erosion and describe soil

redistribution properties. Due to the differences in distribution and depth of penetration,

the combination of two tracers, 137Cs and 7Be (Wallbrink and Murray 1993) or three

tracers, 7Be, 137Ce and 210Pb (Whiting et al., 2001), allows one to make inferences about

the types of predominant erosion processes (rill or sheet) that have been active in sediment

source areas. 10Be is especially suitable for long-term estimates due to its long half-life

(Brown et al., 1988). To preserve the properties of the material under study, several

nondestructive labeling techniques have been developed. The radioactive ion 59Fe in

solution has been applied directly into soil (Wooldridge, 1965), and 60Co has been used to

tag stable soil aggregates consequently incorporated into soil (Toth and Alderfer, 1960).

Both tracers were retained in silt and clay fractions. Wheatcroft et al. (1994) and Olmes

and Pink (1994) employed thermal diffusion to introduce noble metals into the crystalline

lattice of clay minerals with subsequent leaching of the excessive tracer. Particle size of

sediments was not affected by these procedures, thus minimizing the error usually

associated with tracer enrichment. However, this method is relatively complex and costly.

Yet, another way to trace soil movement is to introduce foreign particles. Fluorescent

dyes, incorporated into 44- to 2000-Am glass particles (Young and Holt, 1968), were

used under simulated rainfall on 4�10 m plots. Soil movement was detected, including

splash movement and runoff. Wheatcroft (1991) used plastic beads to study horizontal

mixing due to bioturbation. Plante et al. (1999) successfully tested ceramic pills with

dysprosium. Ceramics simulate soil aggregates better than glass or plastic because of

their density. Magnetic tracers made of plastic with imbedded magnetite (Ventura et al.,

2001) and steel nuts (Borselli and Torri, 2001) allowed quick detection with a

magnetometer in the field without lengthy laboratory analysis. The latter method is only

applicable for translocation of soil by tillage operations and on limited areas. Fly-ash, a

product of fossil fuel burning, primarily coal, was found to be useful in soil loss

determination (Hussain et al., 1998; Olson et al., 2002) when comparing its amount in

the soil profile at different landscape positions on a cultivated field and reforested site.

Fly-ash primarily consists of siliceous glass with less-than-20-Am particle size. The

common problem of using foreign particles as tracers is the difficulty to adequately

represent the texture and aggregate size distribution of the studied soil as well as its

specific weight. Hence, underestimation or overestimation of soil loss from sorting of

tracers by water is essentially inevitable.

The lanthanides or rare earth element (REE) group consists of 15 elements with

periodic number 57 through 71, of which one (Pm) is unstable and does not occur

naturally. Lanthanide’s trivalent state and ionic radiuses ranging between 0.861 Å (Lu3+)

and 1.03 Å (La3+), similar to that of Ca2+, allow them to be easily adsorbed to clay (Mahler

et al., 1998). Similarity of ionic radii within the group, which decreases systematically

with mass, ensures homogeneity of their chemical and physical properties in comparison

with other groups of ions. They are found in many soils in concentrations of up to tens of



V.O. Polyakov, M.A. Nearing / Catena 55 (2004) 255–276258
parts per million (Markert, 1987) with organic soils usually richer in lanthanides than

mineral soils. REEs with even atomic numbers are always more abundant in nature than

the adjacent elements with odd atomic numbers. Rare earth compounds show low toxicity

ratings and often are accumulated by plants through roots (Wyttenbach et al., 1998),

although the uptake is too low to cause considerable change in concentration of REE in

soil. REEs occur in a variety of minerals, such as monazite, apatite and titanite. The

solubility of these elements tends to increase with decreasing pH, which is a key factor in

their mobility in soil (Land et al., 1999).

REEs are often used in different areas of biological, environmental and earth sciences

dealing with mass transport such as sediment transport. Krezoski (1989) used REE oxides

to trace sediments in Lake Superior. Lateral transport of sediment and tracer were detected.

Mahler et al. (1998) successfully tested lanthanide-labeled clay to characterized mass

transport in karst. The potential of REE as a soil tracer is great. In a study by Zhang et al.

(2001), REE oxide powder showed strong binding with a silt loam soil, low mobility,

uniform distribution among aggregates of various sizes and low detection limits.

Application of REE on agricultural soils is limited to a few pioneering studies both in

the laboratory under simulated rainfall (e.g., Zhang et al., 2003) and on the field (e.g.,

Matisoff et al., 2001; Tian et al., 1994). Zhang et al. (2003) used five REE elements

applied in 0.15-m bands across the slope in a 4�4 m laboratory plot with a silt loam soil.

The authors reported 14.5% relative error of soil loss estimation by REE method compared

with the direct measure of soil loss. Also, spatial distribution of erosion and deposition was

observed in that study.

REEs are relatively easily detected with inductively coupled plasma mass spectrometry

(ICP-MS). They reasonably satisfy a set of properties needed for an ideal tracer as defined

by Zhang et al. (2001), namely: strong binding with soil, sensitivity to analysis, ease of

measurement, low background concentration in soil, no interference with soil movement,

chemical stability and low plant uptake, environmental safety and availability of multiple

tracers with similar properties. The last of the listed properties enables the scientists to

study sources and sinks of sediments from various areas of the field or plot.

The aim of the study was to develop and evaluate a practical soil tracing method that

would allow quantitative evaluation of spatial and temporal soil erosion distribution. The

specific objectives were: (1) to test the performance of rare earth element oxides as soil

tracers and (2) to develop a technique for tracer application.
2. Materials and methods

2.1. Soil characteristics

The soil used in the study was Camden silt loam (fine-silty, mixed, mesic Typic

Hapludalf) with 17% clay, 76% silt, and 7% sand content. It was collected southwest of

West Lafayette, Tippecanoe County, IN. The soil is formed in late-Wisconsinian loess. It is

dark colored, deep and well-drained with rapid permeability. Primary particle size

distribution was determined using the pipette method (Franzmeier et al., 1977). A sodium

metaphosphate and sodium carbonate solution was used as the dispersing agent. The soil
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was air-dried in the laboratory and all fractions, which passed through an 8-mm sieve,

were used in the experiment.

2.2. Experimental plot

To conduct the experiments, a 4�4�0.8 m wooden experimental box was constructed

(Fig. 1). One wall of the box was made 30 cm tall with two triangular funnels attached to

collect runoff samples. The box was watertight and equipped with a drainage system. The

drainage network consisted of 25 inlets located at the box floor and arranged in a 5�5

square grid pattern with 0.8 m spacing. The box was filled with sand, with the sand

surface at 10% slope. The depth of the sand layer varied between 15 cm at the outlet to 55

cm at the upper part of the slope. Soil was spread on top of the sand in a uniform layer of

approximately 15 cm. Average soil bulk density was 1.3 g cm�3. Four programmable

rainfall simulator troughs (Foster et al., 1979) were located 3 m above the soil surface

(Fig. 2).

2.3. Laser scanner and operating procedure

A 4�4 m laser scanner, developed and built at USDA-ARS, National Soil Erosion

Research Laboratory, was utilized to obtain digital elevation models (DEMs) of the soil

surface. Laser scanner and control equipment consisted of a photodiode array mounted on

a photo camera, digital input/output board, motor-driven X–Y traversing frame with step

motors, motor controllers and diode laser. The diode laser had power of 3.48 mW and

produced a light beam of 638.7 nm wavelength. A PC was used for scanner operation and
Fig. 1. Experimental soil box used in the study and tracer application scheme. The plot is divided on five zones

each labeled with a tracer.



Fig. 2. Locations of core sample sites and rainfall simulator nozzles. The nozzle spacing was 1.15 m between

adjacent simulator troughs and 1.1 m within a trough.
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data logging. The prototype of the scanner and its operation procedure are described in

detail by Huang and Bradford (1990) and Flanagan et al. (1995).

Resolution of scanning in the horizontal direction was set to 6�6 mm, which produced

over 440,000 elevation points for the entire plot. Vertical resolution ranged between 0.2

and 0.3 mm depending on the distance from camera to the measured surface. Standard

deviation of vertical measurement on a smooth surface was 0.13 mm. The scanner frame

was installed at a 9% angle almost parallel to the slope to minimize the range of distances

between scanner and soil. This allowed configuring the camera and the laser source to

increase the precision of measurements by using only the middle part of the photodiode

array.

To provide reference elevations for the DEMs, four aluminum brackets were attached to

the walls in four corners of the box. Before each scan, elevation of these reference points

was measured to account for possible movement of the scanner frame between runs. The

scanner was calibrated to provide a conversion equation (second-order polynomial) from

raw data measurement to relative elevation data.

Arc-View GIS software (ESRI, 1999) and in-house computer programs were used for

conversion of raw measurement to elevation. Missing data points were linearly interpo-
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lated using the closest adjacent DEM grid points in the direction of the slope. DEMs

produced after consecutive rainfalls were subtracted from each other to obtain spatial

distributions of soil loss and gain on the plot.

2.4. REE properties and preparation of tracers

Five rare earth element oxides in powder form were used as tracers in the study (Table 1).

In order to uniformly apply each of the REEs on separate portions of the experimental plot,

a soil– tracer mixture was prepared. Air-dried soil (10 kg; same as on the plot) was passed

through a 2-mm sieve. The target REE concentration on the plot after tracer application

was set to be 10 times that of the background level. Amounts of REE oxides needed to tag

1/5 of the plot area to the depth of 4 cm were weighed, and each aliquot was mixed with 2

kg of soil. It was presumed that soil loss during the experiment would not exceed 4 cm

application depth. Then the mixture was wetted, stirred and air-dried to prepare it for

application. The wetting and drying cycle was intended to help incorporate the tracer

powder into the soil aggregates, as well as to prepare the mixture for spreading.

2.5. Experimental procedure

Because erosion varies as a function of slope length, in order to determine soil losses at

various slope positions, the plot area was subdivided into five 0.8-m strips stretching

across the slope. Each strip was tagged with its unique tracer: La, Pr, Nd, Sm and Gd (Fig. 1).

The soil– tracer mixture was spread on the plot using calibrated ScottsnAccuGreenn

1000k lawn spreader with a 40-cm-wide span. During the application, the soil adjacent to

the strip was covered with plastic to prevent accidental contamination of adjacent areas.

Then, the top 4-cm layer of soil with tracer mixture on it was thoroughly mixed using a

hand roller-cultivator. Care was taken to prevent the transfer of soil from one strip to

another during mixing. The soil box was then divided into two equal parts by metal plates

inserted into the soil along the slope (Fig. 1). This was done to create two replicated plots 2

m wide and 4 m long each.

Prior to the first run, the soil was allowed to wet slowly to a saturated condition for 24

h. This was achieved by running water over the soil surface protected by perforated plastic.

Care was taken to ensure that the water saturating through the perforated plastic caused no

soil incision. Eight consecutive 1-h-long rainfalls at 60 mm h�1 intensity were conducted
Table 1

Selected properties of the five REE oxide tracers used in the experiment

Element Oxide D50, Am
a Specific gravity,

g cm3a

Background

in soil, ppm

Lanthanum La2O3 1.23 6.51 17.2

Praseodymium Pr6O11 16.38 6.83 4.4

Samarium Sm2O3 3.61 7.68 3.6

Gadolinium Gd2O3 2.19 7.41 3.0

Neodymium Nd2O3 3.65 7.24 16.8

a Data from Zhang et al. (2001).
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with a 3-day period between runs. The soil surface was left intact between rainfall

simulations. After each rainfall, a DEM of the plot surface was measured with the laser

scanner.

Thirty 1-l runoff samples were collected at 2-min intervals during each 1-h run from

each of the two replicates. These were used to determine water and sediment discharge.

Aluminum potassium sulfate was added to the samples to flocculate and settle suspended

sediments. After the settling, the excess water was poured out and the sediments were

dried at 105 jC. Samples were weighed to determine total sediment yield from the soil

bed. After this, sediments in the runoff samples were used to determine REE concentra-

tion. Due to the complexity and cost of the chemical analysis, six consecutive samples

taken at 2-min intervals were mixed to produce five combined samples per run. These

combined samples, each representing 12 min of runoff, were ground and thoroughly

mixed.

Surface samples were collected with a cylindrical auger 13 mm in diameter to a depth

of 3 cm. Thus, the depth of the sampling did not exceed the depth of the vertical tracer

distribution. It ensured that the sample was not diluted by the soil untagged by REE

tracers. At the same time, the sampling depth was great enough to penetrate through the

layer of deposited soil where sedimentation occurred. Samples were located in a grid

pattern with a spacing of 0.4 m between rows and 0.5 m in row (across the slope). After

each rainfall the sampling grid was slightly shifted such that no new sample hit the spot

disturbed previously. Four samples from each row were combined to make a composite

sample that represented a 40-cm-wide horizontal band of the slope.

2.6. REE extraction and analysis by inductively coupled plasma mass spectrometer

Samples were prepared for ICP-MS analysis using the extraction procedure modified

by Zhang et al. (2001) from USEPA standard method for extractions of metals from

environmental samples (USEPA, 1995). Two grams of soil was placed into a 50-ml flask

and 10 ml of concentrated HNO3 (70% wt.%) was added, and the mixture refluxed for 2

h in a water bath at 85 jC. After cooling to <70 jC, 10 ml of H2O2 (30%) was slowly

added to remove organically bound REEs. The solution was then brought to 85 jC until

effervescence subsided. Five milliliters of concentrated HCl (36 wt.%) was added, and the

solution again refluxed for 2 h in a water bath at 85 jC. After cooling to room temperature

and a 24 h waiting period, the solution was filtered through filter paper with particle

retention >2.5 Am, and eluted with 5 ml deionized H2O (18 MV cm�1). Then the solution

was filtered through a 0.45-Am membrane and transferred to 50-ml centrifuge tubes.

Samples were analyzed for La, Pr, Sm, Gd and Nd by ICP-MS at the Purdue University

Department of Chemistry. Stock internal In and Tl standards were used. Samples were

diluted and three replications were made. The average coefficient of variation of REE

concentration determination was 4.5%.

2.7. Runoff and surface sample analysis

Concentrations of tracers in samples were compared to the background and application

levels. Increased amount of tracer in the surface samples indicated depositional areas or
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sinks, while such an increase in the runoff samples indicated that the area labeled with

corresponding tracer was the sediment source.

The proportional method used in the analysis was based on the assumption that the

concentration of the tracer in bulk soil is equal to the concentration of that in eroding soil:

Li ¼ LtðCmi � CbiÞ=ðCai � CbiÞ ð1Þ

where Li is the soil loss from area with ith tracer (kg), Lt is the total soil loss (kg), Cmi is the

measured tracer concentration in sediment yield (ppm), Cbi is the background concentra-

tion (ppm) and Cai is the application concentration (ppm). Some sediment after detachment

could have been redeposited on the lower part of the slope. Soil movement on the slope

can be accounted for by analyzing the surface samples using:

Dx ¼ AððCmi � CbiÞ=ðCai � CbiÞm=AÞ ð2Þ

where Dx is the deposition at location x of the slope (kg m�1), m is the mass of the sample

(kg) and A is the area of the sample (m2). Complete sediment balance was obtained by

combining soil loss calculated from runoff samples and deposition determined from

surface samples. Analysis of the acquired data was performed using ArcView 3.2 GIS

software (ESRI, 1999) and statistical software SAS 6.12 (SAS Institute, 1990). A 95%

probability level was used in statistical analyses throughout the study.
3. Results and discussion

3.1. Rainfall and runoff patterns

Rainfall intensity measured at nine locations on the plot was 63 mm h�1 with a

coefficient of variation of 7.4%. Runoff started 8 min after initiation of the first rainfall and

increased rapidly until it reached a steady rate after 50 min. During the following seven

rainfall events, runoff reached a steady rate after the first 5 min.

Soil matric potential gradient and surface sealing were among the factors that

significantly influence infiltration rate and, as a result, runoff. The prewetting of the soil

to a saturated condition before the simulation began reduced the effect of the matric

potential gradient on the initial infiltration process, which could have been significant in

dry soil, and also prevented the soil from slaking. Under these circumstances, the decline

in the infiltration rate (and increase of the runoff) during the first rain event was primarily

the result of soil structural deterioration. Raindrop impacts caused soil aggregates to break

down, disperse and block soil pores. A surface seal developed and the soil surface

underwent the process of smoothing and compaction. During rain events 2 through 8, the

steady state conditions (7.5 and 7.2 l min�1 on plots 1 and 2, respectively) were reached

within the first 5 to 10 min of each simulation. This was the time required for the runoff to

accumulate and reach the outlet. The infiltration rate at saturated conditions was 8 mm

h�1, or 12% of the precipitation rate.



3.2. Spatial distribution of erosion

Soil erosion is a spatially variable phenomenon. Both sheet and rill erosion was

observed on the plot. Visible rills started to develop after approximately 3 h (180 mm) of

rainfall and continued to increase afterwards. It was important to know the magnitude of

this process, because possible contribution of soil from deeper layers (untagged by tracers)

to runoff would lead to the underestimation of soil loss by the REE method. To estimate

the relative contribution of sheet and rill erosion to the total sediment yield, we

investigated the frequency distribution of soil loss depth on the plot. These frequencies

were obtained from the DEMs of the soil surface.

The histogram on Fig. 3 presents the frequency distribution of soil loss depth on the

plot and the change in this distribution as a function of cumulative rainfall. The depth of

soil loss was grouped into 4-mm classes. After the second rain event (120 mm of

cumulative precipitation), areas of soil loss 0–4 mm deep were the most frequently

occurring (90% of the plot area), while only 1% of the plot area (Fig. 3) had soil loss

greater than 8 mm deep. After the eighth rain event (480 mm of precipitation), 90% of the

plot experienced soil loss less than 16 mm deep, which accounts for over 80% of soil loss

by mass.

The frequencies of occurrence of soil loss depth classes for all rain events were

normally distributed. The mode (most frequently occurring value) of the distribution

increased with cumulative rainfall and after the 8th rain event was in the 4- to 8-mm-deep

soil loss class. At the same time, the range of the soil loss distribution also increased (Fig.

3). These trends suggest that during the first two rain events the soil loss depth was

relatively uniform across the plot. During the subsequent rain events, the rills began to

V.O. Polyakov, M.A. Nearing / Catena 55 (2004) 255–276264
Fig. 3. Frequency distribution of soil loss depth on the plot and the change in the distribution with cumulative

rainfall. Values were determined from the DEMs obtained by the laser scanner.
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cover an increasingly larger area of the plot. Also, the area where net deposition occurred

(negative depth values in Fig. 3) decreased from 15% to 7% of the plot between the 2nd

and 8th rain events. Initially, the tracers were mixed with the soil to a depth of 40 mm.

Most of the plot area was affected by sheet erosion of much lesser depth. Rills did not

penetrate through the REE-tagged soil layer and did not effect the assessment of soil loss

by REE.

3.3. Estimation of soil loss using a digital elevation model

Digital elevation models obtained by scanning the soil surface between rainfall events

provided a reference measure of net soil loss with a high spatial resolution. The number of

error readings did not exceed 0.52% for any single scan and was 0.29% on average for all

scans.

The channel network propagated from the outlet and grew upslope along the lines of

concentrated runoff. Several major channels developed headcuts, which propagated

upstream and disappeared after approximately 300 mm of cumulative precipitation. Once

the channels became incised, very little meandering occurred. Channels were broad and

shallow and, by the end of the experiment, stretched up approximately two-thirds of the

plot. In addition to the rill flow, shallow overland flow was present on all parts of the slope.

Soil compaction as a result of rainfall was observed during the first simulation. Bulk

density of soil at the surface increased due to raindrop impact and destruction of soil

aggregates. Also, compaction of the deeper soil layers might have occurred under the

influence of water movement through the soil profile. This resulted in overestimation of

soil loss by DEM after the first rain. This overestimation was corrected by relating loss

measured by DEM and actual amount of sediment measured at the outlet.

The DEM of the soil surface change as a function of rainfall revealed a nonuniform soil

loss pattern (Fig. 4). The nonuniformity of soil loss was the result of three factors: slope

position, uneven rainfall distribution and rill incisions. Areas under the simulator troughs

were subject to an increased erosion rate (areas of greater soil loss stretching across the

slope on Fig. 4). Deposition occurred mostly near the outlet (Fig. 4) during the first three

to four rainfalls, after which this area remained relatively stable in terms of the net amount

of deposited sediment.

Measurement of soil loss using DEM is conceptually different from deriving it using

tracer data. The scanner measures net change (erosion+deposition) on a particular location.

Deposition measured from the REE is difficult to relate to the deposition derived from the

DEM. For example, sedimentation may occur on the area where soil loss had taken place

within the course of the same rainfall event. This soil replacement would be detected by

the REE method as sedimentation, but on the DEM, the location may appear unchanged.

Fig. 5 presents DEM-derived net soil loss from five REE-tagged sections of the slope as a

function of precipitation. After 480 mm of rain, the most severe soil losses, 7.1 and 6.6

mm, occurred on the middle (Nd, 1.6–2.4 m) and upper-middle (Pr, 0.8–1.6 m) sections

of the slope. These were equivalent to the loss of 9.3 and 8.6 kg m�1 of soil on each of

these sections, respectively. The uppermost section, La (0–0.8 m), and the two lower

sections, Sm (2.4–3.2 m) and Gd (3.2–4.0 m), respectively lost 30%, 40% and 60% less

soil than the Nd section.



Fig. 5. The rate of net soil loss with cumulative rainfall on five REE-tagged sections of the plot as measured from

the DEMs.

Fig. 4. Erosion and deposition pattern on the replicated plots 1 (A) and 2 (B) after six simulated rains (360 mm of

cumulative precipitation). The plot outlet is at the bottom side of the map.
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A relatively small net soil loss on the lower parts of the slope, together with the fact that

the same area was characterized by the greatest flow accumulation, indicates that transport

limiting conditions existed there and that deposition occurred. Another explanation for the

observed spatial erosion pattern might have been the difference in relative contribution of

rill and sheet erosion to the total sediment yield. The upper part of the slope had a

relatively undeveloped rill network, and sheet erosion was dominant there. The rate of

sheet erosion increased in the downslope direction as a result of gradual flow accumu-

lation. However, on the lower half of the slope, rills began to play a more important role in

transporting runoff and sediments. The flow from the upper portions of the slope was

diverted to channels. Interrill areas on the lower part of the slope had relatively small

contributing areas and, as a result, low erosion rates. Interrill areas on the lower portions of

the slope were not severely eroded and even experienced deposition (Fig. 4). Yet, another

reason for sediment accumulation on the lower slope position was the effect of plot end.

While most of the plot surface was eroding, soil loss in the area adjacent to the outlet was

controlled by the fixed elevation of the outlet funnel.

Throughout the rainfall simulations, the rates of soil loss (mm of soil per mm of

precipitation) on all sections of the plot were constant (Fig. 5). Linear regression fitted to

the plots gave coefficient of determination of 0.99 for all sections, except for the Sm (2.4–

3.2 m), where r2 was 0.97. Dimensionless soil loss rate was the greatest at the Nd section

(1.6–2.4 m), measuring 0.016 mm mm�1, followed by section Pr, La, Sm and Gd with

corresponding rates of 0.015, 0.012, 0.009 and 0.007 mm mm�1. These erosion rates

(greater on the midsections and smaller on the upper and lower sections) caused the lower

portion of the slope to level off, while making the upper part of it steeper, leading to

formation of a slightly concave shape.

3.4. Sediment and tracer enrichment

Enrichment of sediment yield by certain class of particles results from the preferential

transport of these particles by the flow. Slight sediment enrichment occurred when the soil

was eroded and transported out of the experimental plot (Table 2). Fine fractions such as

clay and fine and medium silt in the eroded sediment showed a 2–3% increase, while the

amount of coarse silt and sand decreased.

Median diameters of the tracers were 1.23, 16.38, 3.61, 2.19 and 3.65 Am for La2O3,

Pr6O11, Sm2O3, Gd2O3 and Nd2O3, respectively. Three of the tracers, Sm, Gd and Nd, fall
Table 2

Particle size distribution of undisturbed soil used on the experimental plot and sediment eroded from the plot

Particle size

D50 Am mm

<2 2–5 5–20 20–50 0.05–0.1 0.1–0.25 0.25–0.5 0.5–1 1–2

Am %

Matrix

soil

13.9 17.2 8.9 39.9 27.3 2.0 2.0 1.8 0.8 0.1

Eroded

sediment

12.1 20.0 9.8 42.9 23.1 1.4 1.5 1.1 0.1 0.1
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into fine silt range, Pr into medium silt and La into clay size range. Median diameters of all

tracers, except Pr6O11, were three to four times lesser than those of both matrix soil or

eroded sediments.

Although Zhang et al. (2001) reported that REE oxide powders, when incorporated into

a silt loam soil, showed good binding and a relatively uniform distribution across different

size of aggregates after wet sieving, a considerable enrichment of sediment with tracers

was observed in our study. Tracer enrichment ratio is the ratio between concentrations of

tracer in sediment to those in undisturbed soil. Tracer enrichment ratio different from 1 is

the result of preferential transport of either soil or tracer. A plot of sediment discharge

measured directly by weighing runoff samples and derived from REE (Eqs. (1) and (2))

reveals that the amount of sediment calculated using REE was overestimated (Fig. 6).

During the first 30 min of simulation, the ratio between measured and calculated discharge

reached as high as 3. This can be explained by initial flushing of the poorly incorporated

tracer from the soil. By the end of the first rain, this ratio had decreased to 1.7 and

remained steady during all consecutive runs with a coefficient of variation 7%. We

hypothesize that the enrichment ratio of tracer depends on flow hydraulic conditions and

distance from the source, however, this relationship is difficult to measure. The value 1.7

was used in further calculations as an average correction coefficient.

A process of initial overestimation of sediment discharge by REE method and decrease

of the tracer enrichment ratio with cumulative rainfall was reported by Zhang et al. (2003)

in a similar study. The authors used REE placed on the plot in narrow bands. In that case,

after 60 mm of precipitation, the enrichment ratio fell from 1.97 to 1.2 and continued to

decrease, reaching 1.04 after six rain events. The enrichment process has also been

reported for other tracers. For example, for 137Cs, it varies from 1.1 (He and Walling,

1996) to as high as 3.0 (Kachanoski, 1993).
Fig. 6. Relationship between sediment discharge from the plot estimated using REE and directly measured from

runoff samples.
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Our data, as well as previous findings, indicate that the enrichment ratio is sensitive to

the condition in which the experiment is conducted, soil and tracer properties and the

technique of their application. Because no single tracer can adequately represent the whole

range of soil aggregates and particle sizes, enrichment must be estimated and accounted

for. However, the binding of powder REE oxides with the soil might be improved if a

different incorporation technique is used. Also, application of REE in the form of a

solution might improve binding.

3.5. Deposition on the plot

The pattern of sediment deposition of four tracers on downslope sections after 480 mm

of rain, as determined from REE, is presented in Fig. 7. Sedimentation of the fifth tracer

(Gd) could not be measured because it was adjacent to the outlet. Core samples

represented cumulative deposition from all previous rains.

The largest portion of deposited sediments on the slope originated from the Pr section

(0.8–1.6 m from the top of the plot). This area accounted for 40% of all deposition and it

also had the greatest sediment yield. Average deposition from a section per unit area was

roughly proportional to its loss to runoff. Fig. 8 shows the dynamics of the deposition as a

function of cumulative rainfall from individual sections on area downslope. Most of

deposition occurred during rains 1 and 2. A portion of the deposition may have been

removed during rain 4. This is indicated by the decline in accumulation at 240 mm of

cumulative precipitation. This might have been attributed to the development and

widening of rills on the slope, or it could be due to variability in the samples. The

stabilization of the amount of deposited sediments after rain 6 (Fig. 8) indicated that quasi-

steady detachment–deposition conditions were reached.
Fig. 7. Spatial distribution of soil deposition. Gradation of gray represent different sources (four uppermost

sections of the plot) of the deposited soil. Average between the two replications after eight simulated rains (480

mm of precipitation).



Fig. 8. Cumulative deposition of soil eroded from the four uppermost sections of the plot on the area downslope
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3.6. Total sediment balance

The spatial patterns of soil loss measured using DEM and that estimated by tracers

agreed relatively well (Fig. 9). The DEM-derived data were obtained by subtracting the

DEMs of eroded and the initial (before the simulations) soil surfaces from each other, thus

calculating the volume of eroded soil (taking into account the soil density changes after the

(sum of the two replicates).
Fig. 9. Total net soil loss on five REE-tagged sections of the slope as determined from DEMs and estimated using

REE tracers (sum of the two replicates after eight simulated rains, 480 mm of precipitation).
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first wetting). The soil loss by the REE method was calculated using Eq. (1) (the

proportional method). In addition to this, redeposition on the lower parts of the slope as

well as sediment input from the higher locations was accounted for using Eq. (2). Finally,

the result was adjusted using an enrichment correction value of 1.7 described earlier. Net

erosion on the Pr section of the slope (0.8–1.6 m) was overestimated by 40% compared to

the DEM data. The largest underestimation (30%) occurred on the uppermost section. The

soil loss estimates by the two methods on the other three sections (Nd, Sm and Gd)

differed by less than 13%. The differences between the estimates by the two methods were

not statistically significant, except for the upper slope section (La, 0–0.8 m).

Estimation of soil loss from sediment sources located further from the outlet to a greater

degree depended on accurate measurements of deposition. Due to the REE extraction and

analysis constraints, the number of surface samples was limited. The precision of the

deposition measurement could have been improved if each combined sample contained a

greater number of subsamples. Also, an irregular sampling scheme could have been used

instead of a square grid pattern. Random sampling is usually preferable in the situations

where the sampled phenomenon has spatial regularity (Isaaks and Shrivastava, 1989). This

may have been the case in the present study where evenly spaced rainfall simulators

produced somewhat systematic rainfall pattern.

The sediment budget at a point on the slope consisted of three components: (1) soil that

was eroded from the point and exported from the plot; (2) soil that is eroded from the point

and deposited downslope; and (3) soil deposited at the point. Breakdown of the sediment

budget on these components is presented in Fig. 10 and Table 3. Our results suggest that

detachment and deposition processes on the slope occurred simultaneously (Fig. 10; Table

3). For example, while on the section Nd (1.6–2.4 m) after the 8th rain, a loss of 10.9 kg
Fig. 10. Soil translocation on five sections of the slope after eight simulated rains (480 mm of precipitation) as

determined from REE tracers.



Table 3

Sediment balance and its components for eight rainfalls

Slope element and its location Average

La,

0–0.8 m

Pr,

0.8–1.6 m

Nd,

1.6–2.4 m

Sm,

2.4–3.2 m

Gd,

3.2–4 m

Rain 1

Loss to runoff 0.05 0.26 0.33 0.38 1.00 2.02

Lost and redeposited 0.01 0.63 1.46 0.56 2.66

Gain 0.17 0.34 1.14 1.00 2.65

Balance �0.06 �0.72 �1.45 0.20 0.00

Rain 2

Loss to runoff 0.46 1.84 1.76 1.39 2.36 7.81

Lost and redeposited 0.30 2.08 2.91 1.67 6.96

Gain 0.18 0.76 2.23 3.80 6.97

Balance �0.76 �3.74 �3.91 �0.83 1.44

Rain 3

Loss to runoff 0.87 3.44 3.17 2.34 3.56 13.38

Lost and redeposited 1.09 3.18 2.30 1.35 7.92

Gain 0.33 1.74 2.32 3.53 7.92

Balance �1.96 �6.29 �3.73 �1.37 �0.03

Rain 4

Loss to runoff 1.28 4.99 4.48 3.20 4.52 18.47

Lost and redeposited 0.75 2.69 1.75 0.92 6.11

Gain 0.18 1.63 2.05 2.25 6.11

Balance �2.03 �7.50 �4.60 �2.07 �2.27

Rain 5

Loss to runoff 1.74 6.59 5.82 3.92 5.29 23.36

Lost and redeposited 1.75 3.53 2.71 1.16 9.15

Gain 0.72 1.64 2.64 4.14 9.14

Balance �3.49 �9.40 �6.89 �2.44 �1.15

Rain 6

Loss to runoff 2.15 8.09 7.02 4.58 6.00 27.84

Lost and redeposited 1.65 5.00 2.74 1.61 11.00

Gain 0.43 2.35 2.24 5.96 10.98

Balance �3.80 �12.66 �7.41 �3.95 �0.04

Rain 7

Loss to runoff 2.55 9.50 8.21 5.17 6.65 32.08

Lost and redeposited 2.51 4.69 2.38 1.41 10.99

Gain 0.82 2.60 2.21 5.35 10.98

Balance �5.06 �13.37 �7.99 �4.37 �1.30

Rain 8

Loss to runoff 3.00 10.79 9.29 5.77 7.29 36.14

Lost and redeposited 2.56 4.48 2.61 1.36 11.01

Gain 0.91 2.09 3.11 4.89 11.00

Balance �5.56 �14.36 �9.81 �4.02 �2.40

Data are expressed as kg/m2.
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m�2 occurred, this section also experienced deposition of 1.6 kg m�2. Zhang et al. (2003)

explain such phenomena by the interrill–rill erosion concept, according to which most

deposition occurs in the interrill area, while most of the detachment takes place in the rills.

We recognize that such mechanisms might have taken place. However, it was indicated

previously that the contribution of rill erosion to the total sediment yield was relatively

insignificant. This suggests that detachment and deposition occurred simultaneously at the

interrill locations on the slope.

We define sediment delivery ratio (SDR) as a ratio between the amount of sediment

delivered to the outlet and the amount of sediment generated on hillslopes. The SDR after

8th rain was 0.85. This ratio varied among individual slope sections and depended on the

location of the sediment source relative to the outlet. The ratio steadily decreased in the

upslope direction. The La section had the lowest value of sediment delivery (0.67),

followed by Pr, Nd and Sm with values of 0.81, 0.86 and 0.88, respectively.

The potential of multiple REE tracers to differentiate between the three components

that comprise the sediment budget is particularly important. It allows estimating the rate

of sediment movement along the slope and determining the sediment residence time in

the system. This also can be used to study the fate of various pollutants associated

with soil.
4. Conclusion

A laboratory experiment was conducted to test the performance of various REE oxides

as soil tracers on different sections of the slope. The tracers allowed the detection and

quantification of soil redistribution on the slope, as well as calculation of sediment yield

from individual sections. The greatest soil loss occurred on the middle and upper-middle

parts of the slope, which corresponded well with direct measurements by the laser scanner.

Discrepancy of the soil loss estimates between that measured by the REE method and the

laser scanner method varied between 4% on the lower slope and 40% on upper parts of the

slope. This error was related to the large spatial variability of deposition, which mostly

occurred near the outlet and comprised a substantial portion of soil removed from the

upper sections. However, considering the variable nature of soil erosion such discrepancy

in estimates might be acceptable.

The rate of the soil loss on each slope section was constant throughout the experiment

and was linearly related to the amount of cumulative rainfall. A greater erosion rate was

observed on the middle of the plot and lower rates on the upper and lower sections. This

indicated that the lower part of the slope was leveling out, while the upper part was

becoming steeper, leading to the formation of a concave profile. Most of the net deposition

occurred during rains 1, 2 and 3 (180 mm of precipitation) and remained relatively stable

during further rainfall. We hypothesize that the system was in a quasi-steady detachment–

deposition condition after rain 3.

REE tracers were subject to sorting during transport, which may have been related to

their fine texture and insufficient binding with soil aggregates or nonuniform binding to

soil aggregates. The enrichment ratio of tracers was the greatest during the first rain and

decreased during rains that followed to a steady value of 1.7. Though it was greater than
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the 1.04 obtained by Zhang et al. (2003) for REE in a similar experiment, it is comparable

with values of 1.1–3.0 reported for 137Cs (He and Walling, 1996).

The REE tagging method offers a powerful and practical way to trace the movement of

soil under erosive forces. It allows one to identify sources and sinks of sediment and

itemize the sediment budget of any given location by its major components: sediment loss,

deposition from upslope locations and redeposition on downslope locations. It is

impossible to distinguish between the last two components using any other method,

including single tracer methods. However, additional investigation may be needed to

determine how soil properties, rainfall characteristics and tracer placement relative to the

outlet influence the tracer enrichment ratio. Also, the feasibility of using lanthanide

elements should be further studied at the field scale on complex landscapes and under

natural rainfall.
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