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Abstract: Soil erosion is a serious environmental problem worldwide. Extensive research 

has been conducted identifying and quantifying erosion processes, measuring soil 
erosion, and evaluating the effectiveness of soil conservation practices. Accurately 

predicting soil erosion in space and time continues to be a challenge, and detailed spatial 
erosion data at field and watershed scales are needed to validate, calibrate, and improve 
erosion models.  The Cs-137 and fingerprinting methods have been used to estimate soil 

erosion and sediment sources in many studies, but uncertainties exist in both methods.  
The purpose of this study was to evaluate these two methods and compare predictions 

with the Water Erosion Prediction Project (WEPP) model.  The study area for this 
research was the Bull Creek watershed, located in west central Oklahoma. The Cs-137 
method predicted reasonable long-term average soil erosion and deposition rates and 

integrated spatial and temporal changes in erosion/deposition. Compared to WEPP, the 
Cs-137 method needed less information and only required a one-time sampling.  The 

fingerprinting method provided useful information about the sediment source 
contributions and performed best with two sources. For the Bull Creek study area, the 
mixing model predicted the source contribution with the lowest model errors; however, 

the results were not significantly different. The new Discriminate Function Analysis 
method may be a better method since it avoids spurious numerical solutions.  
When using the Cs-137 and the fingerprinting methods, sample collection and the proper 
application of particle size correction factors were critical. When there were two source types, the 
fingerprinting method and WEPP watershed model predicted similar source contributions. 
However, with three source types their predictions diverged. In addition, WEPP predicted 
significantly less sediment yield from the rangeland compared to the fingerprinting method. 
Combining erosion models with the fingerprinting method provides a more detailed evaluation of 
erosion predictions, which may result in improved land management recommendations and 

decisions. 
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CHAPTER I 

 

 

INTRODUCTION 

As the world population grows, the demand for food also increases. Due to the unsustainable land 

use, such as deforestation, overgrazing, and poor land management, soil erosion is a serious 

environmental problem worldwide. In the United States alone, 23 million hectares of fragile 

highly erodible cropland was determined to have excessive erosion, and about 20 million hectares 

of non-highly erodible cropland had erosion that exceeded the tolerable soil loss rate (U.S. 

Department of Agriculture Natural Resources Conservation Service, 1997). Soil erosion causes 

soil quality degradation and reduces soil productivity. Sediment contaminates surface waters, 

impairs aquatic habitat and reduces the capacity of our navigable waterways (Toy et al., 2002). 

Soil erosion is a ―think global, act local‖ issue, is a severe environmental problem throughout the 

world, and directly or indirectly affects everyone’s life. 

Sustainable agriculture requires a soil loss rate that does not exceed the soil-formation rates, and 

thus accurately quantifying soil erosion rates is critical. In the 20th century, extensive research 

has been conducted on soil erosion theories and processes, measuring and modeling soil erosion, 

and quantifying the effect of conservation practices on soil loss (Hudson, 1995). Early studies 

focused on how soil erosion was affected by factors such as rainfall, soil properties, runoff, 

landforms, and land cover. Zingg (1940) used slope and slope length to calculate the soil loss, and 

Smith (1941) added crop and conservation practice factors. These equations were the initial basis 
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for the Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1978), an empirical model, 

which was later updated to the Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 

1993) and RUSLE 2 (USDA-ARS-NSL, 2003) Process-based erosion models were also 

developed, such as the Chemicals Runoff Erosion in Agricultural Management Systems 

(CREAMS) (Toy et al., 2002), the Water Erosion Prediction Project (WEPP) (USDA, 1995), 

GUEST (Misra and Rose, 1996), and Soil and Water Assessment Tool (SWAT) (Simon et al., 

1997). Hydrology and Sedimentology Watershed Model (SEDIMOTII) was also a process-based 

model (Wilson et al., 1984), which uses SLOSS for erosion and deposition (Wilson et al., 1984). 

Among the process based models, WEPP was the latest generation process-based continuous 

simulation model (Robinson et al., 1996), and has been widely used to predict soil loss and 

deposition at both hillslope and watershed scales (Bhuyan et al., 2002). Flanagan et al. (2007) 

reviewed the development history of WEPP and concluded that WEPP can predict the long-term 

average soil loss adequately, and overcomes the inherent issues and limitations with USLE and 

RUSLE (Laflen et al., 1991). 

Although WEPP was created to replace the USLE, with limited input data, USLE and RUSLE 

have exhibited better model efficiency compared to WEPP (Tiwari et al., 2000). Tiwari et al. 

(2000) found that soil erosion models tended to overestimate the small rainfall events and 

underestimate the large rainfall events. Moreover, to precisely predict soil loss, and to identify 

sediment sources and relative their contributions within a watershed, soil erosion models required 

detailed and accurate site-specific input data (Zapata, 2002). Lack of available detailed data 

restricts the soil erosion models’ widespread application. If more detailed data on erosion 

distribution and deposition rates were available, additional model validation and model 

improvements can be accomplished. Since collecting adequate field data is costly and time 

consuming, one method to quantify erosion and deposition rates is the use of isotopes, which is 



3 

 

used as tracers to track the movement of soil particles. The isotope method has been used to 

estimate soil erosion rate since the 1950s (Ritchie and Ritchie, 2008).  

The most commonly used isotopes for quantifying soil erosion and deposition are Cs-137 

(Cesium-137), Pb-210 (Lead-210) and Be-7 (Beryllium-7). There is no natural Cs-137 in the 

environment, and thus all Cs-137 in the atmosphere and the soil is a man-made radioisotope 

produced during nuclear weapon use and testing. The Cs-137 was first introduced into the 

atmosphere when nuclear tests began in 1945 at Alamogordo, New Mexico, USA. Following the 

first test, there were more than 2000 nuclear weapon tests worldwide (Bondár et al., 2001). 

However, the reported Cs-137 fallout began in 1954 and reached its peak in 1963 and 1964 

(Cambray et al., 1989). After 1984, there was no detectable fallout of Cs-137. Accidents can also 

add Cs-137 into the atmosphere; for example the Chernobyl Nuclear Power Plant accident in the 

Ukraine on April 26, 1986 and the Fukushima Dai-ichi Nuclear Power Plant explosions in Japan 

on March 11, 2011. However, the Chernobyl accident deposited Cs-137 primarily in Europe 

(Matisoff et al., 2002). Some measurements indicated that the Fukushima explosion might have 

increased the total Cs-137 in the soil from 3% to 17%; however, other studies showed no 

detectable Cs-137 from this explosion due the lack of precipitation during the sampling periods 

(Wetherbee et al., 2012).  In addition, there was no detected Cs-137 from the Fukushima 

explosion after the sampling periods (Thakur et al., 2012).  

Unlike Cs-137, Pb-210 and Be-7 are naturally occurring radioisotopes in the environment. Pb-210 

results from the decay series of U-238 (Uranium-238); U-238 decays to Rn-222 (Radon-222), 

diffuses into the atmosphere and decays to Pb-210. Be-7 is generated when Oxygen and Nitrogen 

atoms in the troposphere and stratosphere are bombarded by cosmic rays. Among the three 

isotopes, using Cs-137 to measure soil erosion and deposition were the most studied (Zapata, 

2002). The theory of using isotopes to analyze soil erosion is based on the isotopes reaching the 

soil through precipitation, and strongly binding with the soil particles, especially clay. Although 
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Cs-137 can be removed by strong acids and certain plants, in most environments the isotopes are 

not separated from the soil particles by chemical processes and the uptake by plants is small 

(Fuhrmann et al., 2003). Hence, the isotopes only move with the soil and can be used to tract soil 

erosion and deposition. 

Only a few studies have compared Cs-137 movement to soil erosion model predictions, which 

include the USLE, RUSLE and WEPP models (Busacca et al., 1993, Turnage et al., 1997, 

Sparovek et al., 2000, Belyaev et al., 2005, Onori et al., 2006, López-Vicente et al., 2008). These 

studies have demonstrated that the Cs-137 method can be successfully used to evaluate the 

performance of the erosion models.  In addition, these studies showed that Cs-137 could be used 

to improve model predictions and validate processes based erosion models at the watershed scale 

(Sidorchuk and Golosov, 1996, Quine, 1999, Walling et al., 2003, Stefano et al., 2005). However, 

erosion rates were quite different from the Cs-137 method and the soil erosion models. Therefore, 

additional research is needed to study the application of the Cs-137 method.  

Another method to track sediment is the fingerprinting method (Juracek and Ziegler, 2009). The 

fingerprinting method has been successfully proved to identify sediment source information, 

which included the precise types of sediment sources and their spatial distribution (Collins et al. 

1997). Collins et al. (1996) used sediment from sub-watersheds as sources to estimate the relative 

contribution to the entire watershed. Although the fingerprinting method can only provide relative 

contribution of the sources, this method has been used by the USDA Conservation Effects 

Assessment Project as well as many countries across the world (de Miguel et al., 2005, Smith and 

Dragovich, 2008, Wilson et al., 2008, Zhang et al., 2011). Furthermore, sediment eroded from 

stream banks and gullies can be estimated (Mukundan et al., 2010). 

In this study, the Bull Creek watershed, located in Washita, Oklahoma (Figure 1), was selected as 

the study area to evaluate sediment movement using the Cs-137 and fingerprinting methods. The 
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Cs-137 method was applied to predict hillslope soil erosion and the fingerprinting method was 

used to predict sediment sources at a small watershed scale. The limitations and advantages of 

these two methods were discussed. In addition, WEPP hillslope and watershed model predictions 

were compared to these methods.  

 

Figure 1 Location of the Bull Creek Watershed. 

 

The hypotheses and research questions addressed are: 

Hypothesis 1: Cs-137 soil concentrations in the study area are within a measurable range and can 

be used to estimate historic soil erosion and deposition rates using conversion models.  

Research questions related to hypothesis 1 are:  
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• How do the measured Cs-137 soil concentrations compare with published data? 

• Can statistical relationships between measured Cs-137 soil concentrations, slope, slope 

length, land use, and other watershed characteristics be used to predict soil erosion and 

deposition rates at the watershed scale? 

Hypothesis 2: Selected soil properties for the ―Fingerprinting‖ or source tracing method are 

significantly different among the source categories, and can be used in a Mixing model to 

estimate the sediment contribution by source and spatial distribution at the watershed scale.  

Research question related to this Hypothesis 2 is: 

• Can the Discriminant Function Analysis (DFA) be used directly to predict source 

contribution instead of the Mixing model? 
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CHAPTER II 

 

 

REVIEW OF LITERATURE 

2.1 Using Cecium-137 to Study Soil Erosion 

2.1.1 The beginning of measuring and studying Cs-137 properties 

Radioisotopes resulting from nuclear explosions were discovered in the ecosystem in the middle 

1950s. Initially, the research was focused on the isotope movement, and their effect on the 

ecosystem and human health. Nishita et al. (1956) studied five radioactive products from nuclear 

explosions and documented the fixation, water-soluble, and exchangeable isotopes varied across 

different soil types and clay minerals. Radioisotope movements from the atmosphere, soil and 

plants have been measured in many studies (Davis and Foster, 1958, Nishita et al., 1958, 

Fredriksson et al., 1959) and have concluded that Cs-137 uptake by plants was small. Rogowski 

and Tamura (1970a) found that after two years, crabgrass and meadow vegetation only took up 

0.4% to 0.5% of the total Cs-137 in the soil. Nishita et al. (1958) measured Cs-137 uptake rate by 

Ladino clover and found a maximum uptake of 0.13 percent of dose. They also found the Cs-137 

uptake was negatively correlated with exchangeable potassium (K) in the soil.  

Fredriksson et al. (1959) measured isotope concentrations in different parts of the plants and 

found a negative correlation with calcium (Ca) concentration in the soil, which may have been 

due to Cs-137 having similar physiological process as K and Ca (Davis, 1963). Moreover, results
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showed that Cs-137 would fix to clay minerals. Anderson (1958) tested the concentration of the 

radioisotopes Potassium-40 and Cesium-137 in milk, and illustrated the use of Cesium-137 to 

study environmental problems. This study also identified seasonal variations of the contamination 

in the troposphere during periods of weapon testing. Radioisotopes, such as Strontium-90 (Sr-90) 

and Cs-137 have also been used to study soil-plants relationships. Peirson and Salmon (1959) 

measured deposited fallout in soil samples in the United Kingdom and found that 95% of the 

fallout was concentrated in the top 7 cm of the soil. Their experiments showed a linear 

relationship between mean annual rainfall (cm) and the Cs-137 soil concentration. Spitsyn et al. 

(1958) studied the ability of soils to absorb cesium, and found that a sandy soil absorbed 50% of 

the available cesium. Evans and Dekker (1966a) found the sand fraction fixed Cs-137 more than 

the silt and clay fractions.  

In the early 1960s, radionuclides were measured in the soil surface and in river and marine 

sediments. Menzel (1960) reported a positive correlation between soil loss from cultivated land 

and the Sr-90 concentration in runoff, and introduced the concept of using isotopes to study soil 

erosion. Yutaka and Masamichi (1967) found that for undisturbed soils, 70% of the Cs-137 was 

found within the top 2 cm, and the top 2.5 cm river sediment contained 65% to 70% of the Cs-

137. They also found that to contain the same amount of Cs-137 as the river sediment, marine 

sediment required depths of 5 to 11 cm.  Using hydrochloric acid extractions, 80% of the 

radionuclides were found in the fine mud. Squire and Middleton (1966) found similar results 

indicating that the fixation of Cs-137 increased with clay content. They also found that potassium 

reduced Cs-137 absorption and organic matter increased the absorption by the soil.  

Beck (1966) found and exponential distribution of radioisotopes in the top 3 cm of the soil, and 

developed equations to calculate the Cs-137 activity distribution with depth using the rainfall 

deposition data. He studied the relationship between soil organic matter and the uptake of Cs-137 

by plants, and found the higher the soil organic matter content the less the plants would uptake 
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Cs-137. Rogowski and Tamura (1965) used Cs-137 to study the relationship between Cs-137 

movement and soil loss. They sprayed Cs-137 on plots and collected data for 81 days under 

natural rainfall. Though the testing period was short, they reported an exponential relationship 

between Cs-137 loss and soil loss. The research also indicated that the Cs-137 was distributed in 

the top 2 cm of the soil, and the vertical movement of Cs-137 depended on infiltration and the 

translocation by the root system. The experiments were conducted using natural occurring Cs-137 

and carrier free Cs-137. More than 80% of the Cs-137 was associated with the clay materials that 

had to be removed using strong acids. Once combined with clay, very little Cs-137 is released or 

taken up by plants (Schulz et al., 1960). When 4.00 μc Cs-137 was applied to the soil, plants 

absorbed 0.09% to 1.29% of the Cs-137 during a one-year experiment (Evans and Dekker, 

1966b). Noboru et al. (1969) tested Cs-137 in pine trees, and found the highest fallout rate was in 

1963. They reported that about 18% of the Cs-137 was found in the vegetation. However, the 

pine trees absorbed Cs-137 primarily through aerial deposition. 

After the late 1960s, additional research was conducted on Cs-137 properties, using Cs-137 as a 

tracer to quantify soil erosion in watersheds, and sedimentation rates in lakes and reservoirs. It 

was widely accepted that the majority of the global input of Cs-137 into the environmental was 

estimated to be around 1952, with a range of plus or minus two years (Robbins et al., 1978). 

Research showed that the Cs-137 had already dispersed globally in the late 1952 (Hanson, 1980). 

However, Cs-137 was first detected in the atmosphere in 1954 with peak levels in 1963 

(Pennington et al., 1973, Longmore, 1982), and after 1983 and 1984 Cs-137 was below detectable 

levels in the northern hemisphere (Cambray et al., 1985). The half-life of Cs-137 was tested 

through 11-year measurements using four different types of mass spectrometers (Dietz and 

Pachucki, 1973). They measured the half-life of Cs-137 at 30.174 years with an uncertainty of 

0.034 year. 
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2.1.2 Use Cs-137 as a tracer in soil erosion study 

From the 1970s through the 1980s, radionuclides, because of their properties, were used as tracers 

to estimate soil erosion and deposition rates quantitatively by both water and wind (Alldredge and 

Whicker, 1972). Prokhorov (1975) studied the vertical migration of Cs-137 in the soil, and 

developed a regression equation to predict Cs-137 activity with depth based on the thickness of 

the soil layer, the time of migration, and a dimensionless parameter. However, this equation did 

not consider the decay of Cs-137. Ritchie and McHenry (1973) studied the vertical distribution of 

Cs-137 in the cultivated land, and found that Cs-137 was uniformly distributed in the tillage layer, 

normally 15 to 20 cm. Under the tillage layer, the Cs-137 levels reduced rapidly. McHenry and 

Ritchie (1977) found that the distribution of Cs-137 in reservoirs was explained by the reservoir 

surface area, the percentage of total C, watershed area and the soil organic matter. The Cs-137 

was found to be concentrated in the top 2.5 cm in the reservoir sediments. Frissel and Pennders 

(1983) and Livens and Rimmer (1988) found that Cs-137 was more likely to absorbed to clay and 

silt (the fine) particles, and the vertical distribution of Cs-137 in undisturbed soil showed an 

exponentially decrease through depth. Most of the Cs-137 was in the top 15 cm and rarely below 

30 cm (Hrachowitz et al., 2005). However, peak Cs-137 levels have been found in the top few 

centimeters below the surface soil (He and Walling, 1997). 

Campbell et al. (1982) built a hypothetical model using data collected in the Maluna Creek basin, 

Australia. In this model: 

i. Nuclear weapon tests were the only source for the Cs-137 in the atmosphere; 

ii. Once the Cs-137 contacted the soil, it was strongly absorbed to fine soil particles and 

organic materials, and did not move by natural chemical reactions; 

iii. Areas had little or no erosion or deposition; the Cs-137 accumulated in the top soil 

and reduced through depth exponentially; 
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iv. Cs-137 in the forest or wooded areas should be used as the total input, since they 

could trap the most Cs-137 fallout; 

v. In cultivated land, the Cs-137 had a uniform distribution in the tillage layer, which 

was later documented by Walling and Quine (1992) (Figure 2); 

vi. Eroded areas had less Cs-137 and had a truncated Cs-137 distribution with depth, 

while deposition areas had higher Cs-137 levels; these profiles were used to predict 

the fallout and sedimentation history; 

vii.  The peak concentration of Cs-137 corresponded to the year 1963 to 1964; 

viii.  Gullies had lower Cs-137 levels compared to surface erosion areas (Ritchie et al., 

1972).  

 

 

Figure 2  Cs-137 vertical distribution for cultivated soils (Walling and Quine, 1992). 

 

Campbell (1983) summarized the method of using Cs-137 to estimate the sedimentation rates 

in lakes and reservoirs, and concluded that Cs-137 was an appropriate tracer for erosion and 

deposition studies. Their study indicated that in the arid region of the southwest United States, 

USLE rainfall factor, particle size, fallout intensity, average precipitation, the soil nitrogen and 

phosphorus, and soil cation exchange capacity can explain up to 90% of the variation of Cs-

137 content in the soil and sedimentation. Using Cs-137 as a tracer to predict soil erosion in 
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watersheds has been confirmed by many studies. However, one problem with this method is 

during low sedimentation rates the results are significantly affected by mixing, disturbance or 

coring technique of the surface sediment. McHenry and Ritchie (1977) evaluated the variance 

of Cs-137 in soil and sedimentation in reservoirs. 

Ritchie and McHenry (1975) measured soil and Cs-137 losses from plots, and found that Cs-

137 loss as a percentage of total Cs-137 input had a logarithmic relationship with soil loss in 

metric tons per hectare. They also compared deposition rates in reservoirs and valleys using 

surveying and Cs-137 methods, and concluded that Cs-137 was a useful method to estimate 

deposition rates. Rogowski and Tamura (1970b) developed a logarithmic relationship to predict 

Cs-137 from soil loss on bare soil using the form:  

    .
 

 
/
 

                       (1) 

where Y is the cumulative percent of Cs-137 loss, X is the cumulative soil loss (g/m
2
), b is the 

unit constant which is equal to 1.0 g/m
2
, n is an exponent between 0 and 1, and A is coefficient.  

Long-term measured data are needed to estimate these parameters. The problems with this 

model include: data collected from plot studies may not reflect the natural conditions, the 

equation does not account for Cs-137 decay, data may not be applicable at other locations, and 

sampling and measurement methods may significantly affect the results (Ritchie and McHenry, 

1975, Elliott et al., 1990, Loughran and Campbell, 1995).  

Ritchie et al. (1974) analyzed the relationship between measured Cs-137 in the soil and soil 

erosion rates predicted from the USLE for different land uses, and found a logarithmic 

relationship between the Cs-137 loss and soil erosion rates. They combined their data with data 

from other research in different locations and collection methods, and developed:  

                                 (2) 
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where Y is the radionuclide loss expressed as a percent of radionuclide input, and X is soil 

erosion in metric ton per hectare. The correlation coefficient for their model was 0.95 and was 

significant at the 0.01 level, which further confirmed that Cs-137 could be used to predict soil 

erosion.  

Brown et al. (1981a) provided a detailed discussion on Cs-137 transect sampling, and used 

these data to estimate soil erosion rates for agriculture land. Assumptions used to predict 

erosion that differed from Campbell et al. (1982) were: 

i. Cs-137 fallout in the study area started in 1954; 

ii. Incoming Cs-137 for the study area was uniform; 

iii. Cs-137 loss related to erosion and deposition was affected by the particle size 

distribution of the soils; 

iv. Uniform absorption of Cs-137 by all plants; 

v. Cs-137 loss in surface runoff prior to being absorbed by the soil was neglected. 

Brown and Campbell both assumed that Cs-137 was uniformly distributed with depth in 

cultivated land.  Some of their assumptions were not valid; for example, the tree canopy 

redistributes Cs-137 (Bunzl et al., 1989) and different plant species absorbed Cs-137 at 

different rates (Greger, 2004).  However, the research provided valuable insight into field 

methods. Brown et al. (1981b) introduced the Gravimetric Approach to quantify the soil 

erosion using:  

Y   0
Aref−A

CsT
        (3) 

where Y is the average soil loss (t ha
-1

 yr
-1

), Aref is the Cs-137 inventory at the reference site 

(Bq m
-2

), A is the Cs-137 inventory for eroded area (Bq m
-2

), Cs is the mean Cs-137 

concentration of surface soil within the eroded area (Bq kg
-1

), and T is the time elapsed since 

initiation of Cs-137 accumulation (yr).  
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The average depth of accumulated sediment was calculated by dividing estimated depletion of 

Cs-137 activity by soil bulk density and the concentration of Cs-137 in the topsoil. After 

comparing the results from the Cs-137 method and volumetric estimates, they concluded that 

Cs-137 could be used to estimate the long-term average soil erosion and deposition rates. 

Lowrance et al. (1988) further changed the Gravimetric Approach method. They used 

undisturbed forest as their reference site to estimate soil erosion and deposition rates in 

cultivated land. Lowrance et al. (1988) found deposition rates to be much higher than the 

erosion rates for their study area.  

A limitation of the Gravimetric Approach is the use of the average soil erosion over the period 

of record combined with the current Cs-137 content, which will overestimate soil erosion. 

Another limitation was the model did not predict the deposition rates. In contrast, Ritchie et al. 

(1975) used Cs-137 to predict deposition rates in a Mississippi valley, which compared 

favorably with survey data. Robbins and Edgington (1976) built a mathematical model to 

predict the vertical distribution of deposited Cs-137 and Pb-210 in lake sediments.  

2.1.3 Development of the modern Cs-137 conversion models 

After the 1980s, additional models were developed to predict soil erosion and deposition rates 

using Cs-137. Martz and De Jong (1987) used Cs-137 to predict the soil erosion by water and 

wind for cultivated land in Canada based on grid sampling of a 1.8 km
2
 cultivated watershed. 

They calculated the net soil erosion and deposition, which was the difference between total soil 

losses minus the total soil gain using:  

Enet  Dpρb
  95Rc−Rs

  95Rc
     For erosion sites                            (4) 

Enet   −ρb(De−Dp)  For deposition sites                                (5) 

where Enet was the net soil erosion (kg m
-2

), ρb was the average bulk density (kg m
-3

) of surface 

soil, Dp was the cultivation layer thickness (0.1m), Rc was the mean Cs-137 fallout input (Bq 
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m
-2

) at the reference site, Rs was the Cs-137 activity (Bq m
-2

) at the sampling site, and De was 

the effective depth (m) to which Cs-137 was present. Rc was multiplied by 0.95 to account for 

soil loss from snow drifting and deep tillage (Jong et al., 1982). Walling et al. (1986b) used a 

concept budget model to estimate sediment yield at a basin scale (Figure 3). They suggested 

that with detailed information, Cs-137 could be used to estimate the sediment yield for a basin 

scale and the mobility of sediment within the watershed.  

 

Figure 3 Concept budget model for predicting C-137 movement (Walling et al., 1986b). 

 

Cs-137 has become a useful tool to trace sediment movement, sediment dating and predict 

sedimentation rates for lakes and reservoirs. Prior research has primarily focused on methods to 

improve using Cs-137 to estimate soil erosion and deposition.  Thus, Cs-137 has become an 

accepted tool to estimate soil erosion and deposition rates, their spatial distribution, as well as 

reflecting the effects of topography and land use (Gaspar et al. 2013). The most notable advance 

was the development of mathematical models to translate measured Cs-137 soil concentrations to 
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soil erosion and deposition rates. Kachanoski (1987) developed the Proportional Model to predict 

soil erosion rates of the form:  

E   
Ms(Ci−Cf)

(ti−tf)Ci
        (6) 

where E is predicted erosion rate (kg m
-2

 yr
-1

), Ms is specific mass of the plow layer (kg m
-2

), ti is 

the time of initial sampling (yr) , tf is the final sampling time (yr), Ci is the initial total soil Cs-137 

corrected for decay time ti (yr), and Cf is the final total soil Cs-137 corrected for decay time tf (yr). 

Kachanoski (1987) recommended adding the temporal changes of Cs-137 to improve the model 

predictions. 

Cs-137 is normally adsorbed onto soil fine particles, i.e. silts and clay. Without accounting for 

this adsorption, soil erosion rates will be overestimated due to the selective deposition of larger 

particles. He and Walling (1996) studied Cs-137 adsorption by different soil particles, and found 

that the concentration of Cs-137 on different size fractions was highly related to the specific 

surface areas (SSAs) of the fractions. They used the ratio of SSA of mobilized sediment and the 

original soil to establish the Particle Size Correction Factor (Z), which was used in the 

Proportional Model to correct for the effects of particle size on soil erosion. The Proportional 

Model was the most widely used model to predict soil erosion and deposition for cultivated land  

using Cs-137. The model can also be in the form:  

Y   0 
BdX

1  TZ
        (7) 

The limitation of this model was not accounting for newly deposited Cs-137 over time and the 

subsequent mixing by tillage. When building the Z, it was reported that when the sand proportion 

increased, the absorption of Cs-137 by sand also increased (He and Walling, 1996). Based on the 

assumptions of the Proportional Model, the sediment deposition rate can be estimated using: 

Y ′   0 
B d X′

1   T Z′
         (8) 

 ′ 
(A   −A)

A   
  00      (9) 
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where Y is mean annual soil loss (t ha
-1

 yr
-1

), d is depth of the plow or cultivation layer (m), B 

is bulk density of soil (kg m
-3

), X’ is percentage increase or reduction in total Cs-137inventory, 

T is time elapsed since the initiation of Cs-137 accumulation or the commencement of 

cultivation, whichever is later (yr), Aref is the local Cs-137 reference inventory (Bq m
-2

), A is 

measured total Cs-137 inventory at the sampling point (Bq m
-2

), Z is particle size correction 

factor for erosion, and Z’ is particle size correction factor for deposition. 

The Proportional Model is a simple and easy method since it only needs the depth of the tillage 

layer, and Cs-137 soil concentrations for the erosion/deposition sites and the reference sites. 

However, this model assumes uniformly distributed Cs-137 in the tillage layer, and the 

concentration of Cs-137 is constant with time. In fact, new Cs-137 deposits on the surface 

through precipitation, mixed by plowing, and then removed by erosion plow. Moreover, the 

tillage depth is typically constant for a given field and thus as soil erosion occurs plowing 

introduces new low concentration Cs-137 soil at the bottom of the plow depth. Therefore, the 

model would underestimate the erosion and deposition rates.  

Mass-balance models attempt to overcome the limitations of proportional models by 

accounting for the decay of Cs-137 through time, continuous input of Cs-137 through 

precipitation and the mixing of soil from below the original plow layer. The original mass-

balance model was developed for cultivated land by Kachanoski and de Jong (1984) using the 

equation: 

 At

 t
  Dt −Et   t − 1 t      (10) 

where At is the total Cs-137 in plow layer (Bq m
-2

), Et is the average erosion rate (kg m
-2

 yr
-1

), 

K1 is the radioactive decay constant for Cs-137 (0.023 yr
-1

), K2 is the enrichment coefficient, Ct 

is the concentration of Cs-137 in the plow layer (Bq kg
-1

), and Dt is the average atmospheric 
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deposition rate of Cs-137 (Bq m
-2

 yr
-1

). This model is only suitable for areas that have soil 

erosion rates between 0.5 to 10 kg m
-2

 yr
-1 

and requires a simulation period of 15 to 20 years to 

achieve relative errors less than 20% (Kachanoski and de Jong, 1984). The model was further 

modified by Zapata (2002): 

dA(t)

dt
 I( ) − .  

R

d 
/ ( )      (11)        

where A(t) is cumulative Cs-137 activity per unit area (Bq m
-2

), t is time since the onset of Cs-

137 fallout (yr), R is erosion rate (kg m
-2

 yr
-1

), dm is the average plow depth represented as a 

cumulative mass depth (kg m
-2

),  is decay constant for Cs-137 (yr
-1

), and I(t) is the annual Cs-

137 deposition flux at the time t (Bq m
-2

 yr
-1

). 

Based on the mass-balance model, Zhang et al. (1990) created a simplified mass-balance model 

for cultivated land from loess regions of China in the form: 

  YR . −
  

 
/
 −19  

          (12) 

where X is the measured caesium-137 amount in profile (Bq m
-2

), YR is the base level input in 

the reference site (Bq m
-2

), ΔH is depth of annual soil loss (t ha
-1

 yr
-1

), H is the depth of plow 

layer (cm), and N is the year of sampling (yr). Their model assumed:  

i. The total Cs-137 input occurred in 1963, 

ii. The eroded soil is replaced by soil below the original plow depth, 

iii. Erosion rates are constant over time. and 

iv. The content of Cs-137 is not be affected by plant uptake and fertilization. 

Erosion sites were determined by comparing the total Cs-137 from the sampling point to the 

local reference inventories. A limitation of this method is the total Cs-137 is assumed to be 

equal to the Cs-137 deposited in 1963, which is not realistic.  In addition, it does not account 

for newly deposit Cs-137, which would be removed before mixing in the plow layer.  
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Walling and He (1999) improved the original mass-balance model into a comprehensive model, 

referred to as the refined or improved mass-balance model. The original mass-balance model 

assumed that the newly deposited Cs-137 was well mixed in the plow layer, and did not 

account for the temporal input of Cs-137. The improved model accounted for both erosion and 

deposition sites, with the governing equations: 

dA(t)

dt
 ( − Г)I( ) − .  Z

R

d
/ ( )                                 (13) 

 c,ex  ∫ R′ d( 
′)e−λ(t−t

′)d ′
t

t                   (14)     

where A(t) is the cumulative Cs-137 activity (Bq m
-2

), R is the erosion rate (kg m
-2

 yr
-1

), d is 

the cumulative mass depth representing the average plow depth (kg m
-2

),  is a decay constant 

for Cs-137 (yr
-1

), I(t) is the annual Cs-137 deposition flux (Bq m
-2

 yr
-1

),  is percentage of the 

freshly deposited Cs-137 fallout removed by erosion before being mixed into the plow layer, Z 

is a particle size correction factor, Ac,ex is the excess Cs-137 inventory (Bq m
-2

), R’ is the 

deposition rate (kg m
-2

 yr
-1

), Cd(t’) is the Cs-137 concentration of deposited sediment at the 

year t’ (Bq kg
-1

), t is the sampling year (yr). 

Compared to the simplified mass-balance model, the improved mass-balance model accounted 

for the temporal variation of Cs-137 input to the surface soil. This model also used the total 

input Cs-137 instead of using only the Cs-137 in 1963. Although the improved mass-balance 

model considered the soil mixing by tillage, this model did not take into account the movement 

of sediment within the watershed. Research showed that soil redistribution from the tillage 

erosion could not be neglected in the cultivated land especially in hilly areas (Li et al., 2006; 

Tiessen et al., 2009). Walling and He (1999) developed an improved mass-balance equation 

accounting for soil redistribution by tillage. For the erosion sites, the equations are:  

dA(t)

dt
 ( − Г)I( )  Rt, n t, n( ) − Rt,  t t,  t( )− R   ,  t( )−   ( )             (15) 
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R  Rt,  t−Rt, n R                       (16) 

And for deposition sites the equations are: 

dA(t)

dt
 I( )  Rt, n t, n( )− Rt,  t t,  t( )  R′   ,  t( ) −   ( )                     (17) 

R  Rt,  t−Rt, n− R′                                 (18) 

where A(t) is the total Cs-137 inventory at time t (Bq m
-2

), t is the time (yr), Rt,in, Rt,out and Rw are 

the erosion rates caused by tillage input (soil taken into the field by tillage), tillage output (soil 

taken away from the field by tillage) and water (kg m
-2

 yr
-1

), respectively, R is the net erosion rate 

(kg m
-2

 yr
-1

), Rw is the water deposition rate (kg m
-2

 yr
-1

), Ct,in, Ct,out and Cw,out  are the Cs-137 

concentrations of the sediment associated with tillage input, tillage output and water output (Bq 

kg
-1

), respectfully, Cw,in is the Cs-137 concentration of the sediment input from water deposition 

(Bq kg
-1

),  is the decay constant for Cs-137 (yr
-1

), and  is percentage of the freshly deposited 

Cs-137 fallout removed by erosion before being mixed into the plow layer. This model is 

expected to be more realistic than the other mass-balance models, but is more complicated and 

requires additional detailed data. Walling and He (1999) compared the proportional model, the 

original mass-balance model, the improved mass-balance model and the mass-balance model 

incorporating soil movement by tillage. Figure 4 presents their findings, which show a similar 

trend with the different models. However, the models predicted different soil redistribution rates 

at the far upslope areas and the toe.  
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Figure 4 Hill slope erosion distribution predictions from different Cs-137 conversion models for 

cultivated land: 1) original mass-balance model, 2) improved mass-balance model, and 3) mass-

balance model incorporating soil movement by tillage (Walling and He, 1999). 

 

The vertical distribution of Cs-137 in an undisturbed soil is quite different from cultivated land. 

In an undisturbed soil, Cs-137 concentrates at the surface and typically decreases exponentially 

with depth (Walling and Quine, 1992). Methods to estimate soil erosion and deposition rates 

for undisturbed soils using Cs-137 include the profile distribution and the diffusion and 

migration models. The profile distribution model was developed using the same assumptions as 

the simplified mass-balance model, and thus may overestimate the soil erosion rates. The 

profile distribution model also assumes that the vertical distribution of Cs-137 in undisturbed 

soil decreases exponentially with depth. However, current undisturbed soil profiles will 

typically have a peak Cs-137 concentration a few centimeters below the soil surface as a result 

of vertical migration and biological processes (He and Walling, 1997). This may also be the 
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result from lower Cs-137 atmosphere inputs after the 1980s, with the exception of nuclear plant 

accidents (Owens et al., 1997).  

He and Walling (1997) used measured data to build a vertical soil migration model for Cs-137. 

By comparing a measured Cs-137 profile with a reference site profile(s), the soil loss can be 

predicted. This model was further used to establish the diffusion and migration model. Walling 

and He (1999) compared the two models for undisturbed soil (Figure 5). The results from the 

two models were significant different. The authors argued that the differences may due to that 

the diffusion and migration model can reflect the effects of particle size, while the profile 

distribution model cannot. However, the diffusion and migration model needs more 

information and high quality input data, because the model is sensitive to its parameters, such 

as D (diffusion coefficient), V (downward migration rate of Cs-137), and H (depth of plow 

layer).  

 

Figure 5 The soil erosion rates calculated using two different converting models for rangeland: 1) 

Profile distribution model, 2) diffusion and migration model (He and Walling 1999). 
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Since the profile distribution model was oversimplified and the diffusion and migration model 

was difficult to use. Zhang et al. (2008) developed a simplified Cs-137 transport model to 

estimate soil erosion rate for undisturbed land. In this model, only the diffusion of Cs-137 was 

considered, because the migration rate was tested to be small (Shinonaga et al., 2005). Soil 

erosion rate was estimated using: 

   (T)  ∫
Ar (   )e

  

√ DT
e
(−

  

   
)
d 

  

        (19) 

where Arm(T) is the remained Cs-137 inventory in profile in the sampling year (mBq cm
-2

), T is 

the time from 1963 (yr), H is the annual soil loss depth during the period from 1963 to the 

sampling year (cm), λ is the Cs-137 decay rate (0.023 yr
-1

), z is the depth (cm), D is the 

effective diffusion coefficient (cm
-2

 yr
-1

). 

This model improved the profile distribution model. Profile distribution model overestimated 

the soil erosion rates. From the new model, the soil erosion rate was 56.2 to 57.9% of the old 

model. However, the total deposition of Cs-137 was also assumed to be in 1963 as the profile 

distribution model. It also assumed that the erosion rate was similar each year. The data used to 

estimate some of the parameters were measured in China in empirical forms, which may not be 

used for other areas.  

To note that these models did not considered the Cs-137 input from the nuclear accident at 

Chernobyl in 1986. About 10% to 16% more of the Cs-137 was put into the environment from 

this accident in Europe (Matisoff and Whiting, 2011). However, little of this Cs-137 was 

detected in North America (Roy et al., 1988) and near zero of the Cs-137 was transferred from 

atmosphere (Quine, 1995). Accordingly, the above models can be used in the United States 

without considering the effects of the Chernobyl accident. 
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Li et al. (2007) conducted a sensitivity analysis on the conversion models for cultivated land 

and showed that the predicted total erosion rates were sensitive to both the proportion of the 

annual Cs-137 input (γ) and the particle size correction factor (Z), and not sensitive to the 

relaxation mass depth of the initial distribution of fallout Cs-137 (H). However, within 

reasonable γ and Z ranges, the erosion predictions varied by less than 10%. Theocharopoulos et 

al. (2003) also conducted a sensitivity analysis and found that the plow depth was a crucial 

input parameter for all the models.  The other sensitive parameters were H and γ for the Mass 

Balance Model II and III, and the tillage flux constant for the Balance Model III. 

As can be seen from the review of converting models, to accurately using Cs-137 to calculate 

soil erosion or deposition rates, correctly obtaining Cs-137 inventory is necessary. The input of 

Cs-137 can be measured from the reference sites. Selecting the reference sites was the key to 

successfully using the Cs-137 method (Walling et al., 1986a). The basic principles for selection 

a reference site include: 

i. No soil erosion or deposition in the reference sites, and no upslope flow. The Cs-137 from 

the reference sites should only be influenced by the atmospheric inputs.  

ii.  Have continuous vegetation cover since the 1950s.  

iii.  Grassland or low herb land is the best. Forest sites can be used. However, the precipitation 

can be redistributed by tree canopy and stem. The forest has been found to have more Cs-

137 than adjacent grassland, which will overestimate the soil erosion rates (Kuhn et al., 

1984). The adsorption and absorption of Cs-137 by forest plant species would reach up to 

10.1% of the total Cs-137 (Noboru et al., 1969).  

iv.  The reference sites should be in or close to the study area. 

v. For a large-scale study, multiple reference sites should be determined. Walling and Quine 

(1990) showed the Cs-137 distribution in different soil types (Figure 6). Owens et al. (1996) 

also gave the distribution of Cs-137 for different soil types in England (Figure 7). Their 
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results indicated that the migration or diffusion of Cs-137 is different according to the soil 

types. 

vi.  The Cs-137 in the reference sites should be compared to the available national or global-

level deposition data. 

 

Figure 6 Cs-137 vertical distributions for different soil texture in undisturbed soil (Walling and 

Quine, 1990).  
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Figure 7 Cs-137 vertical distributions for different soil types in non-eroding uncultivated land 

(Owens et al., 1996).  

However, it is often difficult to find a good reference sites. For the places where it is difficult to 

find a good reference site, the Cs-137 inventory can be calculated using the model developed 

by Owens et al. (1996). This mathematical model can be used to estimate the Cs-137 content at 

the soil surface of stable, non-eroding uncultivated land from the initiation of Cs-137 fallout in 

the 1950s to the present day. A linear model was also built to calculate the Cs-137 inventory 

using observed precipitation (Basher, 2000). The problems associated with the variability of 

Cs-137 inventories at references sites has been discussed and reviewed by Sutherland (1996). 

Sutherland (1996) collected reference sites information from 70 articles, and discussed the 

sampling methods used in those articles, and concluded that a minimum of 11 independent 

samples should be obtained to achieve an error of 10% at a 90% confidence level. Sutherland 

(1996) also provided the number of samples needed for different levels of variation with an 

allowable error of 10% at 90% confidence (Figure 8). The number of samples was summarized 

by Zapata (2002) in Table 1. 
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Figure 8 Number of samples needed for different levels of variation with an allowable error of 10% 

at 90% confidence (Sutherland, 1996). CV is the coefficient of variation. 

 

Table 1 Number of samples needed to achieve a power of 0.80 using a two-sample, two-tailed T-

test (Zapata, 2002). 

Effective Size 
(% real difference between means) 

Probability of Type I Error (α) 

0.01 0.05 0.10 0.20 

Number of samples needed for a power of 0.80 
5 376 253 199 145 

10 96 64 51 37 
15 44 29 23 17 
20 26 17 14 10 
25 17 12 9 7 
30 13 9 7 5 
40 8 6 4 3 
50 6 4 3 3 

 

2.1.4 Advantages and Limitations of the Cs-137 Method 

The advantages and limitations of the Cs-137 method have been discussed by a number of 

researchers (Sutherland, 1996; Zapata, 2002; Mabit and Fulajtar, 2007; Mabit et al., 2008). The 

advantages of this method include:  
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i. Cs-137 can be used to predict medium-term (30 to 40 years) average soil erosion rates for 

different land scales; extreme events will affect results less.  

ii.  Due to the wind erosion, it is difficult to directly measure the sediment erosion from 

cultivate land (Campbell, 1983). When estimating soil erosion or deposition rates, the 

method can include the influence of both water and wind erosion. It can also reflect the 

impacts of human and environmental change.  

iii.  Based on the single point sample; thus minimizing disturbance of the study area.  

iv.  Provides both the erosion and deposition rates and the spatial distribution for a hillslope or 

watershed. 

v. Sampling is easy and can be cost effective.  

vi.  Sheet erosion can be included in the predicted soil loss. 

 

Limitations of the Cs-137 method include: 

i. Cs-137 decays with time, and thus the Cs-137 in the southern hemisphere is low and needs 

more time to analysis using gamma analyses. 

ii.  Nuclear plant accidents can affect the total input globally. This input should be considered 

when using Cs-137 method; however, most conversion models did not consider this. 

iii.  May have difficulties when used to estimate the short-term changes caused by land use 

change or land management. 

iv.  Predictions highly depend on the measurement at reference sites. Appropriate reference 

sites are difficult to find for most areas.  

v. Gamma spectrometry is expensive. 
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2.2 Fingerprinting / Source tracking method 

Knowing the source for the sediment in rivers and reservoirs is an important for water resource 

management (Dearing et al., 1990). Collins and Walling (2004) suggested that sediment 

sources could be estimated indirectly by using soil erosion measurements and directly using the 

fingerprinting method. The fingerprinting method uses the soil physical and chemical 

differences within a watershed to calculate the relative contribution of each soil to the sediment 

in the channels. 

 

Figure 9 The concept model for fingerprinting method (Collins and Walling, 2002).  

 

Figure 9 is a conceptual model for the fingerprinting method developed by Collins and Walling 

(2002). To use the fingerprinting method, sediment sources for the whole watershed or study 

area must be categorized. The sediment sources can be categorized according to their physical 

and chemical differences, which include land use, soil types (particle size, organic matters and 

chemical elements), radionuclides, minerals, geochemical, etc (Collins et al., 1997b). Next, 
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statistic methods are used to select parameters that reflect the differences. Walling et al. (1999) 

used the Kruskall-Wallis H-test to select elements that were significant different between the 

sources, and then use the Discriminant Function Analysis (DFA) to choose the least number of 

chemicals needed to present the most acceptable variance. The stepwise selection algorithm, 

Wilks’ lambda or U-statistic, was chosen for the DFA. Normally, more than one parameter 

should be selected (Peart and Walling, 1986). The next step is to use a mixing model to 

calculate the contribution of each source type. Koiter et al. (2013) summarized the publications 

that used the fingerprinting method to predict sediment sources. Figure 10 illustrates the 

dramatic increase in the use of the fingerprinting method in recent years.  

 

Figure 10 Number of publications using the fingerprinting method between 1990 and 2013 

(Koiter et al., 2013). 

 

To calculate the source contribution for the sediment, the mixing model was selected. The 

original mixing model was (Long et al., 2012): 

    ∑       (     −  )
 
  1      (20) 
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∑     
 
  1        (21) 

where Sk is the concentration of k type of tracer in the sediment, Ski is the concentration of k 

type of tracer in i type of soil sources, bi is relative contribution from i type of source soil. 

In reality, chemicals are more absorbed to fine soil particles, and isotopes like Cs-137 and Pb-

210 are associated with the organic fraction (Wallbrink et al., 1997). Therefore, the chemical 

concentrations should be corrected based on particle size and organic matter. Mizugaki et al. 

(2006) developed the following equation to calculate the radionuclide activity associated with 

the soil samples: 

    
      −     

1−  
      (22) 

where Ctotal is the total radionuclide activity associated with the sediment or potential source 

material, Com is the radionuclide activity associated with the organic fraction, OM is the 

organic matter content of the sediment or potential source material. For this method, the 

organic matter must be extracted from soil samples and tested for radionuclide activity. Collins 

et al. (1997a) created an organic carbon content correction factor to reflect the effect of organic 

matter for all chemical concentration in the soil samples. The organic carbon content correction 

factor was the ratio of sediment sample organic carbon content to mean organic carbon content 

for each source type.  

Particle size corrections were also built for isotopes and other chemicals. He and Walling (1996) 

developed the following equation to estimate the particle size correction factor, Z: 

   .
   

   
/
 

       (23) 
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where Sms and Ssl are the SSAs of the mobilized sediment and original soil, respectively, and v 

was a constant with a value of 0.65 for Cs-137 and 0.76 for Pb-210. This equation was created 

based on data from cultivated soil from Jackmoor Brook, Devon, UK.   

Collins et al. (1997a) used the ratio of sediment sample SSA to mean SSA for each source type as 

the particle size correction factor. Collins et al. (2010) also studied the influence of within-source 

variability of tracer property values and the discriminatory power of those properties. They added 

weighting factors representing the within-source variability of fingerprint property (SVsi) and the 

tracer discriminatory weighting (Wi) to reduce the uncertainty ranges in the sediment source 

contributions. SVsi was estimated using the inverse of the root of the variance associated with 

each fingerprinting property measured for each source. Wi was based on information on the 

relative discriminatory efficiency of each individual tracer included in any given composite 

fingerprint provided by the results of the DFA. However, since organic matter was also correlated 

with the particle size, when using both particle size and organic matter corrections at the same 

time, the results will overcorrect (Motha et al., 2004). 

The fingerprinting method only needs a small amount soil and can be used for different scales 

studies. The sampling is easy and quick, and the channel bank and gully erosion can also be 

predicted (Zhang et al., 2007). With detailed measurement, the sources for long-term sediment 

and each discharge can be predicted. Froehlich and Walling (2005) studied a30-year data set for a 

mountain basin area. They used the fingerprinting method, and successfully predicted the 

potential source materials for different rainfall intensities. However, the fingerprinting method is 

under two assumptions: first, there are significant differences among the physical or chemical 

properties of the source types; and second these characters can be reflected in the certain 

sediment properties. If there is no significant difference among the soil properties, the method 

cannot be used. Isotopes are mostly used by the fingerprinting method to identify the different 

source types due to their strong adsorption with soil particles and significant different 
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concentrations in sources types (Long et al., 2012). One problem for using isotopes for this 

method is to collected adequate amounts of suspended sediment samples. Some researchers 

pumped liters of water and extract the suspended sediment, although it is difficult for a large 

watershed or many rainfall events (Motha et al., 2003, Mizugaki et al., 2008). Sediment traps or 

samplers, and flood plain, lakes, or channel bed sediment were often used as the suspended 

sediment (Phillips et al., 2000, Walling et al., 2008, Wilson et al., 2008). Another disadvantage of 

the fingerprinting method would be the limitation for the number of source types. Lees (1997) 

manually mixed the soil sources and then using the fingerprinting method to calculate the source 

contribution. The results showed that the fingerprinting method predicted the two sources best, 

and when the number of sources increased from three to six, the fail chances increase from 

approximately 25 to 100%. Lees’ results are given in Figure 11. 

 

Figure 11 The fail rates for the mixing experiments regarding different number of sources - 

comparing fingerprinting method and the actual mixing proportion (Lees, 1997). 

 

2.3 Soil erosion models 

Soil erosion models are important tools for quantification of soil erosion and evaluating soil 

conservation practices. Use of soil erosion model is low-cost and faster method compared to 
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field measurement, especially for large areas. The main spatial scales for soil erosion models 

are hillslope or plot scale, small watershed scale, and basin or region-scale. 

2.3.1 Field scale models 

The earliest soil erosion model used only slope and slope length to calculate soil loss for the 

soil erosion study plots (Zingg, 1940). Smith (1941) added the cover factor (C) and 

conservation support practice factor (P) into the model, and built the basis for the Universal 

Soil Loss Equation (USLE) (Wischmeier, 1959). The USLE was developed using plot data to 

predict gross erosion at the field scale. In 1997, the Agriculture Handbook No.703 published 

the Revised USLE (RUSLE) (Renard et al., 1997).  USLE and RUSLE have been the most 

widely used soil erosion models. The first process-based model was Chemicals Runoff Erosion 

in Agricultural Management Systems (CREAMS) (Knisel, 1980) followed by the Erosion-

productivity Impact Calculator (EPIC) model. Another process-based model was Misra et al. 

(1996), developed to  predict soil erosion and deposition for a single event.  

2.3.2 Small watershed scale models 

Development of soil erosion models for small watershed scale began in the 1980s. Beasley el al.  

(1980) built the Areal Nonpoint Source Watershed Environment Response Simulation 

(ANSWERS), which was a distributed parameter model. Arnold et al. (1990) published the 

SWRRB model to predict the sediment yield from rural watersheds. Based on SWRRB, the 

Soil and Water Assessment Tool (SWAT) was developed to predict the water resource and the 

nonpoint-source pollution at a basin scale in the early 1990s (Williams et al., 1999). The 

sediment model used in SWAT was the Modified USLE (MUSLE). MUSLE used used data 

collected at watershed outlets and the rainfall energy factor was replaced by the product of 

runoff volume and peak discharge to predict sediment yield.  
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2.3.3 Both field and small watershed scales models 

SLOSS was a process-based model of erosion and deposition, which was used in the 

Hydrology and Sedimentology Watershed Model II (SEDIMOT) model (Wilson et al., 1984). 

The SEDIMOT II model was developed to estimate the hydrology and sedimentology of small 

watersheds to predict sediment yield. This model considered the particle size distribution and 

the effects of three sediment control structures (including detention ponds, grass filters, and 

porous check dams). The European Soil Erosion Model (EUROSEM) was also a dynamic 

distributed model applied at both field and watershed scales (Morgan et al., 1998) predicting 

rill and interill erosion for a single storm. Another processed based model for both field and 

watershed scales was Water Erosion Prediction Project (WEPP). 

Starting in 1985 the United States Department of Agriculture (USDA) developed WEPP, a 

process-based soil erosion model to replace the USLE (Foster and Lane, 1987). The first 

official version of WEPP was published in 1995, WEPP95 (Foster and Nearing, 1995). 

Updated WEPP versions were published continually and the latest version was released in 

August 2012 (USDA, 2012). Although the WEPP MS Windows interface can be used to 

simulate both hillslope and watershed scales, it was difficult to build models for large areas. 

Therefore, GeoWEPP was created and released in 2001 (Renschler et al., 2002). GeoWEPP 

linked the WEPP with the Geographic Information Systems (GIS), which allowed the users to 

use the digital input data directly. A Web-based interface without the GIS can also be accessed 

through the National Soil Erosion Research Laboratory (Flanagan et al., 2004). Cocbrane and 

Flanagan (1999) compared the manual WEPP and the GeoWEPP and no significant differences 

in the predictions. 

Flanagan and Laflen (1997) briefly introduced the main components of the WEPP model. 

Evaluations of the WEPP performance were done by comparing predictions to observed data or 
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other soil erosion models. Zhang et al. (1996) evaluated the WEPP hillslope model for 

cultivated land. Field measured runoff and soil loss data from 556 plot-years with 34 cropping 

scenarios were used to compare the results predicted from WEPP hillslope model. Their results 

showed that for measured runoff less than 5 mm, WEPP overestimated runoff by 38% for 

optimized Kb and 28% for estimated Kb; for measured runoff equal or larger than 5mm, WEPP 

underestimated the runoff by 8% for optimized Kb and 28% for estimated Kb. However, WEPP 

predicted the average runoff adequately. For soil loss, the model overestimated 65 to 95% of 

the years when soil loss was less than 0.5 kg m
-2

, and underestimated 10% of the years when 

soil loss was larger than 10 kg m
-2

. When soil loss was between 0.5 and 10 kg m
-2

, the model 

predicted reasonably well. Other research gave the similar results (Jetten et al., 1999, Jetten et 

al., 2003, Pieri et al., 2007).  

Tiwari et al. (2000) compared the Nash Sutcliffe model efficiency using 1,600 plot-years data 

from 20 locations. Although, their results indicated that all the three models (USLE, RUSLE 

and WEPP) predicted the average annual soil loss very well, the USLE and RUSLE had higher 

model efficiency compared to WEPP. However, almost all the measured data used in this study 

were used to build USLE and RUSLE and WEPP was uncalibrated. Laflen et al. (2004) 

reviewed the evaluations for WEPP and discussed the findings using the new statistical method 

developed by Nearing (2000). In this study, they concluded that all models would perform well 

for some locations and not for others; WEPP performed as well as the USLE or RUSLE when 

uncalibrated. Moreover, WEPP can be used for situations that USLE or RUSLE cannot be used, 

such as a single event. Research also was done to compare WEPP to other soil erosion models 

(EPIC and ANSWERS), and the results showed that the overall results from WEPP were better 

(Bhuyan et al., 2002; Stolpe, 2005).  



37 

 

2.3.4 Basin or region scale models 

De Jong et al. (1999) built the distributed regional soil erosion model, SEMMED, for the 

Mediterranean region. SEMMED combined GIS and RS techniques. Also in the Mediterranean 

area, Kirkby et al. (1998) used the MEDRUSH model to predict soil loss for uncultivated land 

at a large scale to estimate the long-term effects of vegetation on soil erosion.  

2.3.5 Comparing soil erosion models to Cs-137 method 

Busacca et al. (1993) compared the Cs-137 method to RUSLE for cultivated areas, and showed 

that the erosion and deposition patterns predicted by the Cs-137 method coincided with 

observed landforms. The net erosion predicted by RUSLE was significantly higher compared 

to the Cs-137 method. The differences may have been caused by the high Cs-137 

concentrations measured at the reference site. On the contrary, Turnage et al. (1997) showed 

that the Cs-137 method predicted lower net erosion compared to RUSLE for three land use 

types (crop, grass and forest) and the predicted deposition trend was reasonable. Turnage et al. 

(1997) suggested that the Cs-137 included the erosion from tillage and gully erosion may be 

the reason the Cs-137 method had higher net erosion loss. Belyaev et al. (2005) used the Cs-

137 method to evaluate the Russian version of USLE.  Their results showed that Cs-137 

estimated higher net erosion compared to the USLE, but coincided with measured survey data. 

Martinez et al. (2009) also compared the Cs-137 method with the USLE and the process-based 

model SIBERIA in Australia. They reported that both the Cs-137 method and SIBERIA 

predicted soil losses similar to observed data, while the USLE overestimated soil loss 

significantly. Sparovek et al. (2000) compared the mean and spatial erosion and deposition 

predicted by USLE, WEPP and Cs-137 method. Their results indicated that USLE predicted 

the highest erosion rates due to the long and S-shaped slopes. WEPP predicted the lowest 
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average erosion and its predicted erosion and deposition patterns were reasonable. However, 

the Cs-137 method reflected all factors that affect erosion like road, gullies, plowing, etc.  

Other studies also evaluated differences between the Cs-137 method and the erosion models 

(Onori et al. 2006, López-Vicente et al. 2008). Because the uncertainties in both the Cs-137 

method and erosion models (sampling, reference sites, model parameters, calibration, etc.) and 

their different erosion processes (e.g. if include gully, tillage, wind effects), it is hard to say 

which method was better. Bacchi et al. (2003) compared the predicted spatial distribution using 

the Cs-137 method, USLE and WEPP on a hillslope, which started as a cultivated and was 

clatter converted to a pasture buffer strip. The results showed that the WEPP predicted the 

classical water erosion pattern of increasing erosion from the top to the bottom of the hillslope 

and deposition in the pasture buffer. Bacchi et al. (2003) indicated that WEPP was sensitive to 

the change of the landcover. USLE cannot predicted deposition and was more sensitive to 

changes in slope steepness and slope length. The Cs-137 method accounted for deposition, but 

showed the spatial distribution of erosion and deposition quite differently since the Cs-137 

method reflected actual historical influences from the road, terrace construction or maintenance, 

or plowing operations.  

The Cs-137 method has been used to validate spatially distributed models (Sidorchuk and 

Golosov, 1996). He and Walling (2003) used the Cs-137 method to validate four spatial 

distributed models: AGNPS, ANSWERS, a topography-based sediment delivery model, and a 

topography-driven soil erosion model. Their results showed a low agreement between the 

predicted and observed values. Stefano et al. (2005) successfully validated the spatially 

distributed sediment delivery model using Cs-137 for a forested basin. They built an empirical 

model to estimate erosion and deposition using Cs-137 based on the measured data at the basin 

outlet. The results showed a good agreement at both the hillslope and basin scales. Stefano et al. 

(2005) indicated that the proper application of the conversion models for Cs-137 method were 
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an important factor to successfully applying Cs-137 method. Although the Cs-137 method may 

not always be applied successfully to validate erosion models, it showed potential to provide 

spatial distributed data to help improve erosion models (Quine, 1999).   
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CHAPTER III 

 

 

METHODOLOGY 

This chapter provides an overview of the sampling methods, equipment and the soil erosion 

models, which were used in this research. Soil sampling included surface soil sampling in 

cultivated land, rangeland and stream channels. Gamma spectrometry, used for testing Cs-137, 

is also described. Several soil erosion models used to calculate soil erosion rate and sediment 

investigation are detailed, which were compared to isotope based erosion predictions.   

3.1 Fingerprinting method soil sampling 

3.1.1 Surface soil sampling for cultivated land and rangeland areas and gullies 

Surface soil samples were taken based on soil-land cover categories, which were created by 

overlaying a SSURGO soil map (Soil Survey Geographic database, 2008) and an NLCD 

landcover map (National Land Cover Dataset, 2001). There were eleven SSURGO soil types 

after aggregating slope categories.  Soil types are shown in Table 2 and the spatial distribution 

is given in Figure 12. Five land cover categories were used after creating a rangeland category 

by combining deciduous forest, evergreen forest and grassland/herbaceous land cover 

categories (Figure 13 and Table 3). The two primary land cover categories, rangeland and 

cultivated, were sampled (Figure 14). Although the land cover map was based on 2001 data, 

land cover did not change in Bull Creek watershed prior to sampling.  
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Aluminum rings 5 cm in diameter and 2.5 cm deep were used to collect surface soil samples 

(Figure 15).  Each sample was a mixture of 30 sub-samples taken randomly from a contiguous 

area for each land cover category. Areas larger than 30 ha were subdivided into areas less than 

20 ha. Gully soil samples were taken from the top to the bottom of the gully bank face at 10 cm 

increments. Two gully samples were taken for each channel reach; only one sample was taken 

at the gully head for channel reach less than 400 m (Figure 16).  The location of the sampling 

areas is given in the Appendix. Soil and landuse maps were uploaded into the GPS 

(MobileMapper MC-08504-00, Magellan) to help locate the sampling area.  

 

 

Figure 12 Soil map for the Bull Creek watershed (SSURGO 2.2). 
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Table 2 SSURGO soil types for the Bull Creek watershed (SSURGO 2.2, 2008) 

MUKEY Soil Types 
Area 

(%)  

Combined 

Area 

(%) 
*
 

7 Carey silt loam, 1 to 3 percent slopes 6 
32 

8 Carey silt loam, 3 to 5 percent slopes 25 

12 
Cordell-Rock outcrop complex, 2 to 15 

percent slopes 
1 NA 

13 
Cornick-Rock outcrop complex, 1 to 

12 percent slopes 
1 NA 

20 
Dill-Quinlan complex, 3 to 5 percent 

slopes 
1 NA 

28 
Hardeman fine sandy loam, 3 to 5 

percent slopes 
2 NA 

38 
Quinlan-Rock outcrop complex, 8 to 

20 percent slopes 
2 NA 

39 
Quinlan-Woodward complex, 3 to 5 

percent slopes, eroded 
6 

29 

40 
Quinlan-Woodward complex, 5 to 12 

percent slopes 
24 

47 St. Paul silt loam, 1 to 3 percent slopes 3 NA 

50 
Woodward silt loam, 1 to 3 percent 

slopes 
2 

5 

51 
Woodward silt loam, 3 to 5 percent 

slopes 
3 

53 
Woodward-Clairemont complex, 0 to 

12 percent slopes 
1 NA 

54 
Woodward-Quinlan complex, 1 to 3 

percent slopes 
1 

23 

55 
Woodward-Quinlan complex, 3 to 5 

percent slopes 
22 

*
Areas not combined are marked as NA. 
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Table 3 Land cover categories for the Bull Creek watershed based on NLCD (2001) 

Record 

Number 
Name 

Area 

(km
2
) 

Area 

(%) 

Combined 

Area 

(%)
*
 

11 Open Water 0.16 1 NA 

21 
Developed, Open 

Space 
0.62 5 NA 

22 
Developed, Low 

Intensity 
0.01 0.05 NA 

41 Deciduous Forest 0.11 1 

44 
42 Evergreen Forest 0.15 1 

71 
Grassland/ 

Herbaceous 
5.56 42 

82 Cultivated Crops 6.73 50 NA 

* 
Areas not combined are marked as NA. 

 

Figure 13 Land cover map for Bull Creek watershed (NLCD). 
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Figure 14 Soil sampling groups for the Bull Creek watershed (background map is SSURGO 2.2 

soil map). 

 

Figure 15 Rangeland surface soil sampling using a soil ring. 
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Figure 16 Channel locations of gully sampling for the Bull Creek watershed (background map is 

SSURGO 2.2 soil map). 

3.1.2 Sediment traps and automatic samplers 

Sediment traps are a simple and effective method to collected sediment for the fingerprinting 

method (Phillips et al., 2000, Russell et al., 2000, Walling et al., 2008). In this study, sixteen 

sediment traps were used to collect data for each rainfall event, and among the sixteen 

sediment traps, six traps were selected for the fingerprinting method. The sediment traps were 

located at the end of the gullies were soil samples were taken. The ends of the gully were 

located at the confluence of a stream channel. Figure 17 illustrates the location of the sediment 

traps. Figure 18 and Figure 19 illustrate the sediment trap installation; the sediment traps were 

placed at the bottom of the stream channels and secured using steel bars. Two auto-samplers 

were also installed in the main stem to collect the runoff and sediment data. However due to 

the pipe damage from animals, none of these data were usable.  
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Figure 17 Location of sediment traps and reservoirs sampled in Bull Creek watershed. 

 

 

Figure 18 Sediment trap installation in the Bull Creek watershed. 
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Figure 19 Sediment trap installation in a dry stream channel in the Bull Creek watershed. 

3.2 Cs-137 soil sampling 

3.2.1 Transect soil sampling 

A small watershed in the southeast corner of the Bull Creek watershed was selected to collect 

soil samples along transects (Figure 20). This subwatershed was selected since the area was 

primarily rangeland and did not have terraces, which disturbed the soil surface and relocated 

soil. Sampled transect had the same soil and land cover, and the slope and curvature could 

change along the slope but not across the slope. The Landform Classification (Pennock et al., 

1987) in Figure 21, the Topographic Wetness Index (TWI) (Moore et al., 1993) in Figure 22 

and slope in Figure 23 were used to help identify typical hillslope. The sampled hillslopes were 

required to have a uniform slope across the hillslope, which translated into the same TWI 

across the slope. The landform map was used to help identify convex, concave and relatively 

flat hillslopes. Transects extended from the top of the slope to the foot or where they reached a 

gully or road.  
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Figure 20 Transect soil sampling subwatershed location in the Bull Creek watershed. 

 

Figure 24 shows the locations of the selected transects, with the geographic locations provided 

in the Appendix. Transects numbers 1 to 10 were in rangeland and transect number 11 was in 

cultivated land. Transect 3 was out of the watershed on the map. However, since it was 

adjacent to our watershed and had the same soil type and land use, it was also sampled for this 

study. Figure 25 is a photo of transect number 1. Along each transect, soil samples were taken 

at the slope steepness change points, which resulted in three or four sampling locations per 

transect. The soil cores were collected using a hydraulic coring device, which was mounted on 

the side of a truck (Figure 26). At each sampling point along the transect, a 5.0 cm diameter 

probe was used to take 30 cm soil cores, which were divided into four sub-samples at 5.0 cm 

increments. Next, six additional soil cores were taken at one-meter increments perpendicular to 
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the transect; three samples to the right and three samples to the left of the transect. Next, the 

seven samples were composited by five cm sub-samples, and analyzed for Cs-137 activities, 

and soil bulk density.  

 

Figure 21 Landforms for the Bull Creek sub-watershed (labels are soil type numbers). 

 

Figure 22 Topographic Wetness Index for the Bull Creek sub-watershed. 
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Figure 23 Slope steepness (%) for the Bull Creek sub-watershed. 

 

 

Figure 24 Eleven selected transects in the Bull Creek sub-watershed (background map is soil type 

map from SSURGO 2.2). 
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Figure 25 Transect one in Bull Creek watershed (white flags represent the center point where 

seven sub-samples were taken). 

 

Figure 26 Truck mounted soil probe used to take soil cores along transects. 
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3.2.2 Reference sites 

A reference site was a location where the soil erosion and deposition were assumed negligible. 

Therefore, Cs-137 activity in the reference site represents the total Cs-137 input for the area. 

Soil erosion or deposition rates were calculated based on the ration of the sampled Cs-137 

activity to that of the reference site. Ideally, reference sites will have no soil erosion and 

deposition, and have the same amount of rainfall and Cs-137 deposition as the soil sampled 

areas.  For the Bull Creek watershed, suitable reference locations were not available within the 

watershed and thus locations near the watershed were identified. Two reference sites were 

selected. The first site was located 2.0 km east of the Bull Creek watershed (N98°40 2́4.789˝, 

W35°20´41.086˝) and was a grassed field in the Town of Colony, Oklahoma that had not been 

tilled (Figure 27).  The second reference site was located 24 km southeast of the Bull Creek 

watershed (N98°28´55.841˝, W35°13´22.996˝) and was a state park which has not been 

disturbed since 1960s (Figure 27).  

Figure 28 illustrate the soil sampling method used at the reference sites. A large 45 cm 

diameter metal ring was pressed into the soil, which had reference marks at increments of 2.5 

cm depths.  A 5 cm diameter 2.5 cm deep ring was then pushed into the soil in the center of the 

larger ring, which was removed and used to measure soil bulk density.  Next, 2.5 cm of soil 

was removed from within the large metal ring.  This process was repeated at 2.5 cm increments 

to a total depth of 30 cm. Soil samples at each 2.5 cm depth were analyzed for Cs-137 activity. 

An additional 15 soil cores 2.4 cm in diameter and 30 cm deep were taken at each reference 

site using the hydraulic soil probe.  Each 30 cm soil core was analyzed separately for Cs-137. 
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Figure 27 Locations of the two reference sites for Bull Creek. 

 

 

Figure 28 Reference site soil sampling protocol photographs. 
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3.3 Soil analysis 

3.3.1 Measuring Cs-137 using Gama Spectrometry 

The Cs-137 activity of the soil samples was tested by the School of Geography, Beijing 

Normal University in Beijing, China. Cs-137 activity was measured using gamma 

Spectrometry using an ORTEC GMX50P4, which used a high purity germanium (HPGe) 

detector. The detector dimensions were 70 mm in diameter, 30 mm long, 3850 mm
2
 area, with 

a 0.50 mm beryllium absorber layer and a Digital Portable Multichannel Analyzer type 

DSPEC-jr-2.0. The useful energy range was from 3 keV to 10 MeV, with an energy resolution 

less than 2.2keV at 1.33 MeV (Co-60) and less than 800eV at 5.9 keV (Fe-55). The peak to 

Compton ratio (Co-60) was 58:1 and the relative photo peak efficiency was 50% (Radu et al., 

2009; ORTEC, 2011).  

The process used to test Cs-137 activity was based on the germanium receiving the signal 

corresponding to the gamma photons being emitted by Cs-137. The detector crystal sends a 

signal to the Multi-Channel Analyzer (MCA) system, where the emission counts are plotted 

against the radionuclide energies. The ORTEC MAESTRO Multichannel Analyzer Application 

Software is used to convert the peak-count information to specific activities (Bq Kg
-1

) using 

calibration procedures by Zapata (2002).  Becquerel (Bq) is the activity unit or rate of nuclear 

transformation of radionuclides, i.e. the number of nuclear disintegrations per second. The 

energy used to test the Cs-137 was 661.66 keV. The counting error of main gamma line was 

0.39% with 1σ errors indicated (ORTEC, 2003). Table 4 shows the count rates for Cs-137 

based on the sample distances to the HPGe detector (Radu et al., 2009).  
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Table 4 Cs-137 count rates for different sample distances to the HPGe detector (Radu et al., 2009) 

for an ORTEC GMX50P4. 

Radionuclide 
Energy 
(keV) 

Count Rate (counts per second) 

Distance from Sample (mm) 

20 50 100 150 200 

Cs-137 661.66 101.12 40.90 38.94 11.59 5.27 

 

The peak width was calculated using the Gaussian peak function estimated using:   

G             e   .−
(x−   ) 

  dt  
/        (24) 

where the Ampl was the amplitude of the peak, Pos was the position of the centroid, x was the 

channel number, and Width was the peak width parameter. The actual value was determined by 

the tested peak count or the Cs-137 activity in the soil sample. The full width at half-maximum 

(FWHM) was calculated using:  

F H      d   √    ( )     (25) 

Width for the Cs-137 peak width was approximately 1.4 keV, giving a FWHM of 

approximately 1.5 keV (Wei, 2007). Pasternack and Harley (1971) computed the lower limit of 

detection (LLD) for the multi-channel gamma ray spectrometer based on testing and 

background time, with their results given in Table 5. The background time used to test the soil 

samples was greater than 30 min and less than 1000 min. The LLD was lower when the 

background time was longer. The reported minimum detectable activity of Cs-137 for the 

HPGe detector was 1Bq kg
-1

 (Kannan et al., 2002). The gamma spectrometry was shielded by 

two 7.6 cm thick lead boxes, which minimized outside effects. 
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Table 5 LLD (lower limit of detection) computed by Pasternack and Harley (1971) for an ORTEC 

GMX50P4 

Nuclide Estimated Activity ± standard error (Bq) LLD (Bq) 

Zero activity, sample counting time 30min, background 30min 

Cs-137 0±0.16 0.56 
Zero activity, sample counting time 30min, background 1000min 

Cs-137 0±0.11 0.37 

 

The mass of soil sample used for the gamma spectrometry was between 300 and 400 g and 

each sample was tested for 3.3 to 23.3 hours; the time was sample dependent. These parameters 

were selected by Beijing Normal University with the purpose of achieving the maximum peak 

activity with a relative error less than 10% (Xie et al., 2010). There were two additional 

constraints when calculating the Cs-137 activities.  First, when the measured error was greater 

than the net area, the activity was set to zero. Second, when the measured net area was zero or 

negative, then the activity was set to zero. 

3.3.2 Fingerprinting Method Soil Sample Analysis 

Geochemical properties were tested by the University of Georgia Laboratory of Environmental 

Analysis.  Soil samples were analyzed using a Perkin Elmer Elan 9000 inductively coupled 

plasma mass spectrometry (ICP-MS).  To prepare the soil samples for the ICP-MS, they were 

digested using the EPA Method 3050B for acid digestion of sediments and sludges. Walling et 

al. (2000) analyzed the particle size of the suspended sediment for two basins and found that 

more than 95% of the suspended sediment was less than 63 μm. Therefore, only soil particles 

less than 63 μm were tested for the fingerprinting method to mimic the selective transportation 

of fine particles and the enrichment of fine particles in the sediment. The detailed acid 

extraction procedures are given in the Appendix. The chemical elements tested included Li, B, 

Na, Mg, Al, P, Ca, V, Mn, Co, Cu, Zn, As, Sr, Cs-133, Ba, Pb, U-238, Si, Ti, Ge, Br, Zr, Nb, 

Mo, Sn, and Hf. 
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3.4 Water Erosion Prediction Project (WEPP) 

The WEPP model was used to help evaluate the utility of the Cs-137 and Fingerprinting 

methods. The WEPP hillslope and WEPP watershed models were used to calculate the soil loss 

for the transects and the entire Bull Creek watershed, respectively. 

The WEPP erosion components calculate both the rill and interrill erosion. The continual 

sediment movement in a rill was described as: 

  

  
             (26) 

where G was the sediment load in the flow down a hillslope (kg s
-1

 m
-1

), x was the distance 

downslope (m), Di was the interrill sediment delivery rate to the rill (kg s
-1

 m
-2

), Dr was the rill 

detachment or deposition rate (kg s
-1

 m
-2

). 

The WEPP interrill erosion results from rainfall splash. The interrill sediment delivery rate D i was 

estimated using: 

       
                  (27) 

where Ki was the interrill erodibility (kg s
-1

 m
-4

), Ie was the effective rainfall intensity (m s
-1

), Ge 

was a ground cover effect adjustment factor, Ce was a canopy cover effect adjustment factor, and 

Sf was a slope adjustment factor. The slope adjustment factor was calculated using: 

     0 − 0   e   (−     )    (28) 

where B was the interrill slope angle. 

For rill erosion, detachment and deposition were calculated separately. When the flow shear 

stress exceeds the critical threshold value on the soil and the sediment transport capacity is larger 

than the sediment load, detachment occurs. The detachment rate Dr (kg s
-1

 m
-2

) can be expressed 

as: 
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      ( −   )( −
 

  
)     (29) 

where Kr was the adjusted rill erodibility parameter (s m
-1

);   was the flow shear stress (Pa), 

   was the critical flow shear stress (Pa), and Tc was the flow sediment transport capacity (kg s
-1

 

m
-1

). The transport capacity was calculated using:  

       
1 5      (30) 

where kt was the transport coefficient (m
0.5 

s
2
 kg

-0.5
). 

In WEPP, rill deposition occurs when the sediment load exceeds the sediment transport capacity. 

The deposition rate can be expressed as: 

        (  −  ) 
−1     (31) 

where Sr was the rill deposition rate (kg s
-1

 m
-2

), B was the rainfall-induced turbulence factor 

(default is 0.5), Veff was the effective particle fall velocity (m s
-1

), q was the flow discharge per 

unit width (m
2
 s

-1
). 

3.4.1 WEPP Hillslope Model for Rangeland and Cultivated land 

The WEPP Windows Interface Version September 17, 2012, which was developed by the USDA-

ARS and Purdue University, was used to develop hillslope models for each transect. An example 

model setup for rangeland transect 6 is given below. Examples of the plant coverage changes 

along the slope for transect 6 are given in Figure 29 and Figure 30. 

 

 

 

 



59 

 

Step 1: Set up the slope profile for the transect in WEPP hillslope model 

 

Step 2: Set up the climate for the study area (simulation period is 60 years) in the WEPP hillslope 

model 

 

Step 3: Set up the management (divided the hillslope into two segment according to the change of 

plant coverage) in the WEPP hillslope model 
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Step 4: Input details about the management for the rangeland in the WEPP 

 

 

Step 5: Set up the soil parameters in the WEPP 

 

 

Change the layer to the 
measured particle size and 
organic carbon. Let the model 

calculate the parameters. 
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Step 6: The overall look of the WEPP hillslope model 

 

  

 

Figure 29 Example of the plant coverage change on top of a transect 6. 
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Figure 30 Example of the plant coverage from the middle to the bottom of a transect 6. 

  

For the cultivated land (transect 11), there were three terraces from the top to the bottom of the 

transect. Since terraces cannot be added as a land management in WEPP, the terraces were 

added to the hillslope by change the slope steepness at specific slope segments. An overview of 

the cultivated hillslope is given in Figure 31.  

 

Figure 31 Transect 11 cultivated hillslope with terraces in the WEPP. 
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3.4.2 WEPP watershed model for the Bull Creek watershed 

The current WEPP interface can only accommodate a small watershed, and thus the WEPP 

watershed model was developed using GeoWEPP 9.x. Ten-meter USGS DEM was used to 

delineate the watershed boundary and channel network. The critical source area was set to 20 

hectares for the entire Bull Creek watershed and 10 for all the subwatersheds. The minimum 

source channel length was set to 100 meters.  

Land management and soil properties were the same as the WEPP hillslope models. The 

simulation was performed for 60 years using historical weather data. In the watershed model, 

each hillslope had only one land use and one soil type. All parameters were set up manual 

except the topographic information. Although the GeoWEPP interface can automatically use 

the landuse and soil maps to generate the different landuse and soils on a hillslope, software 

bugs prevented this. In addition, reservoirs cannot be added using the GeoWEPP interface. 

Steps used to develop the watershed model are given below. 

Step 1: Network delineation using 10m DEM in the WEPP watershed model 
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Step 2: Set up the land management in the WEPP watershed model 

 

Step 3: Set up soil properties in the WEPP watershed model 

 

 

3.5 Cs-137 Conversion models to calculate soil erosion rates, soil redistribution and 

sedimentation 

Cs-137 activity in the soil was converted to soil erosion or deposition rates through conversion 

models. The Cs-137 vertical distribution in the reference site should first be known, then by 

comparing the Cs-137 activity in the soil samples to the total Cs-137 inventory in the reference 

site, the depth of soil loss can be estimated (Figure 32). The conversion models were equations 
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that present the vertical distribution of the Cs-137 in the soil and relationships between the lost 

soil depth and the removed Cs-137 fallout.  

All Cs-137 conversion models used to predict soil loss were performed using a Microsoft Excel 

add-in created by Walling at el. (2006). This add-in included the conversion models for both 

rangeland and cultivated land. 

 

Figure 32 Example of how the Cs-137 activity was converted to soil erosion rate 

 

3.5.1 Rangeland 

Conversion models are used to convert the Cs-137 activity to soil erosion or deposition rates. The 

most commonly used conversion models for rangeland were the Profile Distribution model 

(Walling and Quine, 1990) and the Diffusion and Migration model (He and Walling, 1997). 
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3.5.1.1 Profile Distribution model 

The Profile Distribution model for an erosion sites was given by: 

    ( − e
−λ  )                 (32) 

where Ah was the amount of Cs-137 above the depth h (Bq m
-2

), h was the coefficient 

describing profile shape (kg m
-2

), A was the Cs-137 reference inventory (Bq m
-2

), and λ was 

the mass depth from soil surface (kg m
-2

). The equation can be further modified to the form 

(Walling and Quine, 1990): 

   
1 

( −19  ) 
  . −

 

1  
/        (33) 

where R was the annual soil loss (t ha
-1

 yr
-1

), t was the sampling year (yr), X was the percent Cs-

137 loss in the total inventory at time t, h0 was a coefficient describing profile shape (kg m
-2

). 

The profile shape factor (h0) was the rate of exponential decrease of Cs-137 in the undisturbed 

sites. The larger h0, the deeper the Cs-137 migrated vertically in the soil. h0 was calculated using 

(Walling and Quine, 1990): 

    −
 

 n
 ( )

 ( )

      (34) 

where f(z) was the surface fallout concentration (Bq m
-2

), f(0) was the fallout concentration 

(inventory) at the soil surface (Bq m
-2

), z was the sampling depth expressed as a cumulative mass 

above a given depth (m).   

3.5.1.2 Diffusion and Migration model 

The Cs-137 profile in the non-reference sites was calculated using (He and Walling, 1997): 

  ( )  
 (t)

 
 ∫

 (t′)e    

√D (t−t′)
e−

  (t t′)

  
−λ(t−t′)d ′

t−1

      (35) 
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where Cu(t) was the Cs-137 concentration in surface soil with time t (Bq kg
-1

), t was the sampling 

time (yr), t’ was beginning year for Cs-137 deposition (yr), i.e.1954, I(t) was annual Cs-137 

deposition flux (Bq m
-2

 yr
-1

), H was the depth of plow layer (cm),  was the decay constant for 

Cs-137 (yr
-1

), R was erosion rate (kg m
-2

 yr
-1

), D was diffusion coefficient (kg
2
 m

-4
 yr

-1
), and V 

was downward migration rate of Cs-137 in the soil profile (kg m
-2

 yr
-1

). For an eroding point, if 

sheet erosion was the primary erosion process, the soil erosion rate was expressed as (He and 

Walling, 1997): 

  
   ( )

∫    ( ′)
 
 

 −λ(t−t
′)       (36) 

 

   ( )      −  ( )       (37) 

 

where Z was particle size correction factor, Als(t) was the diminished Cs-137 inventory (Bq m
-2

) 

Aref was the Cs-137 reference inventory (Bq m
-2

) , and Au(t) was the total measured Cs-137 

inventory (Bq m
-2

). For a depositional point (He and Walling, 1997): 

R′  
Ae ( )

∫ C (t′)e
  (t t′)dt′

t
t 

                    (38) 

 d( 
′)  

1

∫ Rd 
 

 

∫ Z′   ( 
′)Rd 

 

      (39) 

   ( )    ( )−           (40) 

where R was the deposition rate (kg m
-2

 yr
-1

), Cd(t) was the Cs-137 concentration of deposited 

sediment (Bq m
-2

), and Aex(t) was the excess Cs-137 inventory (Bq m
-2

).  

The diffusion coefficient (D) and the migration rate (V) were used to describe the shape of the 

vertical distribution of Cs-137. The larger D and V the deeper the Cs-137 migrated vertically in 

the soil. D and V were calculated using (He and Walling, 1997): 
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t−19  
       (41) 

D  
(  −  )

 

 (t−19  )
       (42) 

where D was the diffusion coefficient (kg
2
 m

-4
 yr

-1
), V was the migration rate (kg m

-2
 yr

-1
), t was 

the year when the soil core was collected (yr), Wp was mass depth of the maximum Cs-137 

concentration (kg m
-2

), Np was distance between the depth of the maximum Cs-137 concentration 

and the point where the Cs-137 concentration reduces to 1/e of the maximum concentration (m). 

D and V were normally in the range of 30-50 kg m
-2

 yr
-1 

and 0.2-1.0 kg m
-2

 yr
-1

, respectively.  

Cesium-137 was associated with the fine particles in most environments (Sutherland, 1991). The 

particle size correction factor was used to reflect the selective eroded particles in the sediment. He 

and Walling (1996) measured the Cs-137 concentration in different particle sizes. They found the 

Cs-137 concentration had a relationship with particle SSA as: 

         75   for undisturbed land  (43) 

          5   for cultivated land  (44) 

   
 

 
 (

 𝑀

 𝐶
)       (45) 

 ′   (
  

 𝑀
)        (46) 

where C was the Cs-137 concentration in the soil particle (mBq g
-1

) and the S was the SSA for the 

soil particle (m
2
 g

-1
), Z was the particle size correction factor for erosion area, Z’ was the particle 

size correction factor for deposition area, M was the Cs-137 concentration in the mobilized 

sediment (mBq g
-1

), SM was the SSA of the mobilized sediment (m
2
 g

-1
), SC was the SSA for the 

original soil (m
2
 g

-1
), SD was the SSA for the deposited sediment (m

2
 g

-1
), v was equal to 0.75 for 

undisturbed land and 0.65 for disturbed land. 
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The SSAs were measured for five soil samples (two rangeland, two cultivated, and one sediment) 

from the subwatershed where the transect samples for Cs-137 method were taken. The SSA was 

measured using a Micromeritics ASAP 2000 instrument (Micromeritics Instrument, Norcross, GA) 

at the Laboratory for Environmental Analysis, University of Georgia. The Brunauer-Emmett-

Teller (BET) method (Kim and Stucky, 2000) was used with nitrogen as the probe gas. 

The annual fallout deposition since 1954 was required by the models. The local Cs-137 

deposition flux, I(t), was calculated using (Cambray et al., 1989): 

I( )  αIn( )       (47) 

where In(t) was the Cs-137 deposition flux for the reference station (Bq m
-2

 yr
-1

), t is time (yr) and 

 was a scaling factor.  The scaling factor was calculated using (Cambray et al., 1989): 

α  
Aref

∫   (t′)e
  (t t′)d′

t
    

 
Aref

A 
      (48) 

where An is the present total atmospheric fallout inventory for the Cs-137 deposition at the 

representative station (Bq m
-2

). This information is the annual flux of Cs-137 started in 1954 and 

assumed to be zero after 1983. Since there was no available data for the Bull Creek watershed, 

the default data was used which was included in the program developed by Walling et al. (2006). 

3.5.2 Cultivated land 

There were four models to convert Cs-137 concentration to soil loss for the cultivated land. They 

were the Proportional model, the simplified Mass Balance model, Mass Balance model and the 

Mass Balance model that accounted for tillage. 
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3.5.2.1 The Proportional Model 

The proportional model assumed that the Cs-137 was completely mixed and distributed uniformly 

in the plow layer. The soil erosion rate was proportional to the loss of Cs-137, which was 

represented as (Martz and de Jong 1987): 

T

BdX
Y

100
10        (49) 

where Y was the mean annual soil loss (t ha
-1

 yr
-1

), d was the depth of the plow or cultivation 

layer (m), B was soil bulk density (kg m
-3

), X was the percent reduction in total Cs-137 inventory, 

T was the time elapsed since the initiation of Cs-137 (yr), and Aref was the local Cs-137 reference 

inventory (Bq m
-2

). The percent reduction in total Cs-137 inventory was defined as: 

X= (A-Aref)/Aref 100     (50) 

Where A was the measured total Cs-137 inventory at the sampling point (Bq m
-2

). The deposition 

rate was calculated using (Martz and de Jong 1987): 

T

BdX
Y

100
10        (51) 

where Y was the deposition rate (t ha
-1

 yr
-1

), and X was the percent increase in total Cs-137 

inventory. 

3.5.2.2 Mass Balance Model I (Simplified Mass Balance Model) 

Zhang et al. (1990) published a simplified mass balance model that assumed the total Cs-137 

fallout occurred in 1963. The equation for calculating soil erosion rate was (Zhang et al., 1990):  

   ( − (
 ( )

    
)

 

      
)      (52) 
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where A(t) was the total Cs-137 inventory in year t (Bq m
-2

), Aref was the local reference 

inventory (Bq m
-2

), d was the plow depth or cultivation layer (m), R was a constant erosion rate 

(m m
-2

 yr
-1

), and t was the sampling year (yr). The deposition rates were calculated using: 
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where Aex(t) was the measured inventory less the local reference inventory (Bq m
-2

), Cd(t) was 

the Cs-137 concentration of deposited sediment at year t (Bq kg
-1

), and  was the decay constant 

for Cs-137 (yr
-1

). 

3.5.2.3 Mass Balance Model II 

The Mass Balance Model II considered the time-variant of Cs-137 input, i.e. Cs-137 deposition 

on the soil surface prior to mixing in the plow layer. The soil erosion rate, R (kg m
-2

 yr
-1

), was 

calculated using (Walling and He, 1999): 

 


t

t
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tdetIeZetAtA

0
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where A(t) was the cumulative Cs-137 activity per unit area (Bq m
-2

), A(t0) was the Cs-137 

inventory at t0 (Bq m
-2

), Z was the particle size correction factor, d was the cumulative mass 

depth representing the average plow depth (kg m
-2

),  was the decay constant for Cs-137 (yr
-1

), t0 

was the year when cultivation started (yr), t was the sampling year (yr),  was the proportion of 

the annual Cs-137 input susceptible to removal by erosion, H was the relaxation mass depth of 

the initial distribution of fresh fallout Cs-137 at the surface of the soil profile (kg m
-2

), and I(t) 

was the annual Cs-137 deposition flux (Bq m
-2

 yr
-1

).  A(t) and A(t0) were represented as (Walling 

and He, 1999): 
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where  was the percent of the freshly deposited Cs-137 fallout removed by erosion before being 

mixed into the plow layer.   was calculated using (Walling and He, 1999): 

)1( / HReZ        (57) 

The deposition rate R (kg m
-2

 yr
-1

) was calculated using (Walling and He, 1999):  
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where Aex was the measured total inventory A(t) less the local direct fallout input Aref (Bq m
-2

).  

Aex was calculated using (Walling and He, 1999): 

A R C t e dtex d

t t

t
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where Cd(t) was the Cs-137 concentration of deposited sediment (Bq kg
-1

). Cd(t) was calculated 

using (Walling and He, 1999): 
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3.5.2.4 Mass Balance Model III 

The Mass Balance Model III accounted for the effects of tillage. Govers et al. (1996) reported that 

the downslope sediment flux, FQ in kg m
-1

 yr
-1

, from a unit contour length was expressed as 

(Govers et al. 1996): 

FQ   sin       (61) 

where  is the slope angle in degrees,   was a site-specific constant (kg m
-1

 yr
-1

).  Assuming the 

hillslope can be divided into straight uniform sections, the soil loss, Rt (kg m
-2

 yr
-1

), by tillage can 

be expressed as (Walling and He, 1999): 

R F F L L R Rt Q out Q in i i i i t out t in     ( ) / (sin sin ) /, , , ,   1    (62) 

where Li (m) was the slope length of the i
th

 segment. Rt,out (kg m
-2

 yr
-1

) and Rt,in (kg m
-2

 yr
-1

) were 

defined as (Walling and He, 1999): 

R L

R L

t out i i

t in i i

,

,

sin /

sin /



 

 

  1

      (63) 

The total soil loss Rw (kg m
-2

 yr
-1

) by water erosion was calculated by solving the following 

equation (Walling and He, 1999): 

dA t

dt
I t R C t R C t R C t A tt in t in t out t out w w out

( )
( ) ( ) ( ) ( ) ( ) ( ), , , , ,     1    (64) 

where Ct,in, Ct,out and Cw,out were the Cs-137 concentrations of the sediment associated with tillage 

input, tillage output and water output, respectively (Bq kg
-1

).  The net erosion rate, R (kg m
-2

 yr
-1

), 

was (Walling and He, 1999): 

R R R Rt out t in w  , ,      (65) 



74 

 

For a deposition point, the deposition Rw (kg m
-2

 yr
-1

) resulted from water erosion was expressed 

as (Walling and He, 1999):  

dA t

dt
I t R C t R C t R C t A tt in t in t out t out w w in

( )
( ) ( ) ( ) ( ) ( ), , , , ,         (66) 

where Cw,in was the Cs-137 concentration of the sediment input from water-induced deposition 

(Bq kg
-1

).  The net erosion rate R was: 

R R R Rt out t in w   , ,      (67) 

The Cs-137 concentration of the soil within the plow layer, Cs(t) (Bq kg
-1

), was expressed as 

(Walling and He, 1999): 

d

tA
tC

)(
)(s


    (erosion)   (68) 
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3.5.2.5 Conversion Model Comparison 

The conversion models for cultivated land are compared in Table 6. The Proportional Model 

assumed that the after the Cs-137 was deposited on the soil, it was well mixed in the plow layer, 

and thus soil loss was directly proportional to the reduction of Cs-137. The Mass Balance 

models considered the inputs of the Cs-137 and the soil below the original plow layer (assumed 

no Cs-137) mixed with Cs-137 after soil loss from water erosion. The Mass Balance Model I 

assumed that all Cs-137 fallout was deposited in the year 1963. Mass Balance Model II 

improved the Mass Balance Model I by considering the annual Cs-137 inputs and the loss of 

the freshly deposited fallout due to erosion before it was mixed in the plow layer. Based on the 
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Mass Balance Model II, Mass Balance Model III added the effects of tillage redistribution of 

Cs-137. 

Table 6 Comparison of the conversion models for cultivated land 

Proportional Model 
Mass Balance Model 

I II III 

Cs-137 completely mixed 

within the plow layer 

Soil loss directly 
proportional to the 

reduction in Cs-137 

Assumes total 
Cs-137 fallout 
occurred in 

1963 

Considers the time-variant 
fallout Cs-137 input and the 
fate of the freshly deposited 
fallout before incorporated 
into plow layer 

Same as Model 
II, but accounts 
for soil 
redistribution 
by tillage 

  

3.6 Fingerprinting method 

3.6.1 Mixing model method 

The original mixing model used in the fingerprinting method was calculated using (Long et al., 

2012): 

0            (70) 

∑   
 
  1          (71) 

min ( ∑ ,(  −∑   
 
  1    )   -

  
  1  )     (72) 

where Ci was the concentration of fingerprint property i in the sediment, Ps was the optimized 

percentage contribution from source category s, Ssi was the mean concentration of fingerprint 

property i in source category s, n was the number of fingerprint properties, and m was the number 

of sediment source categories.   
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Collins et al. (2010) improved the mixing model by accounting for particle size and organic 

matter content, which has been widely used. This model will be called Colllins method to 

separate it from the original mixing model. The form of the model was given as: 

0             (73) 

∑   
n
  1          (74) 

min ( ∑ *,  − (∑      Z       
 
  1 )-   +

   
n
  1  )   (75) 

R E  { − ,
1

n
∑ *,  − (∑      Z       

 
  1 )-   +

   
n
  1 - }  00   (76) 

where Ci was the concentration of fingerprint property (i) in the floodplain sediment collected 

from the sub-catchment outlet, Ps was the optimized percentage contribution from source 

category (s), Ssi was the mean concentration of fingerprint property (i) in source category (s), Zs 

was the particle size correction factor for source category (s), Os was the organic matter content 

correction factor for source category (s), SVsi was the weighting representing the within-source 

variability of fingerprint property (i) in source category (s), Wi was the tracer discriminatory 

weighting, n was the number of fingerprint properties comprising the optimum composite 

fingerprint, m was the number of sediment source categories, and RME is the root mean error (%). 

Zs was calculated as the ratio of the mean SSA of the floodplain sediment samples to the 

corresponding mean for each individual source type or spatial source.  Os was the ratio of the 

organic carbon content of the floodplain sediment samples to the corresponding mean value for 

each individual source type or spatial source. SVsi was estimated using the inverse of the root of 

the variance associated with each fingerprinting property measured for each source. Wi was based 

on information on the relative discriminatory efficiency of each individual tracer included in any 

given composite fingerprint provided by the results of the Discriminant Function Analysis 

method (DFA). Compared to the original mixing model, the modified mixing model reduced the 
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uncertainty and narrowed the contribution ranges, which provides an improved estimate of the 

source contribution. 

3.6.2 Delineating sources using the Discriminant Function Analysis (DFA) Method  

Collins et al. (1997a) discussed using statistical tests to select chemical properties to include for 

the fingerprinting method. The stepwise DFA was used to identify chemicals to best delineate 

differences among sediment sources. The DFA was only used to select properties for mixing 

models. However, the DFA can be used directly to predict the source contributions, which may 

overcome some of the limitations of the fingerprinting method. For example, when the number of 

sources is more than two, mixing models predict one or more source contributions as zero. Using 

DFA to predict source contributions directly has not been published to date. When applying the 

DFA to the fingerprinting method, the closer a DFA grouped source is to the sediment source, the 

higher its contribution. Equations used to predict the source contribution using the DFA method 

include:  

    ∑
  

1  
   (       ) −   (        ) 

 
  1     (77) 
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       (78) 
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  00       (80) 

where Dm was the distance for source m, ρ  was the percent function i correctly classified the 

groups, Wm was the weighting for source m, W was the total weighting, Pm was the contribution 

from source m (%), m was the number of sources, n was the number of functions used to group 

the sources (obtained from DFA output), F (     e ) was the center of the source m from 
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Function i (obtained from DFA output), and F ( ed  e  ) was the center of the sediment from 

Function i (obtained from DFA output). 

3.7 Model Efficiency 

Soil erosion and deposition rates were estimated based on three methods. The first was the 

fingerprint method, which estimated source contributions by land cover category at the 

watershed scale. Second, the Cs-137 method was used to estimate the spatial distribution of 

soil erosion and deposition along transects. The third was using the WEPP model. When 

evaluating the Fingerprint method, the Cs-137 method was assumed the true erosion and 

deposition rates since measured soil loss data were not available. The method defined by 

Nearing (2000) was used, which calculates differences between categories and then identifies 

the fraction of acceptable predictions for the whole watershed.  The technique had five 

components: 

i. Relative difference (Rdiff) for each paired data, defined as: 

Rd ff 
(A   e , −A s    ,i)

(A   e ,i A s    ,i)
     (81) 

ii. The 95 confidence interval (CI) for each data pair, calculated using: 

 I      1          (82) 

where M was the soil erosion rate from the Cs-137 method. 

iii. Lower and upper bounds (LB and UB), which were calculated using: 

  0                  −0      (lower bound)    (83) 

   −0                  0      (upper bound)    (84) 

iv. Relative mean error (RME), which was calculated using: 

    
1

 
 ∑ ( 
  1

   −  
′ 

  
)       (85) 
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where Ci was the measured chemical property for sediment source i, C’i was the predicted 

chemical property for sediment source i using the results from the fingerprinting method, and n 

was the number of the sediment sources. 

When evaluating WEPP predictions, the Cs-137 method was also assumed the true erosion and 

deposition rates since measured soil loss data were not available. First, the Coefficient of 

Determination (R
2
) was used to compare the WEPP model predictions to the Cs-137 estimates, 

defined as: 

R   −
∑ (A s    ,i−A   e , )

  
i  

∑ (A s    ,i−A s    , ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)  
i  

     (86) 

where ACs-137,i was the Cs-137 estimate for the i category, Amodel,i was the model for the i 

category,  C −1 7, ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ was the mean Cs-137 estimate. Next, the Nash and Sutcliffe efficiency 

(NSE) was used to compare the WEPP model predictions to the Cs-137 estimates (Nash and 

Sutcliffe, 1970, Risse et al., 1993).  Finally, graphical techniques were also utilized. 

3.8 Statistical Tests 

Collins et al. (1997a) developed a two-stage statistical test procedure to identify chemical 

properties that identified differences among sediment sources. Next, these properties were used in 

the Mixing model to estimate the contribution by source. The first step used the Kruskal-Wallis 

H-test to identify chemical properties that were significantly different among the sediment 

sources. The second stage used the stepwise Discriminant Function Analysis (DFA) to identify 

the minimum number of properties, which passed the Kruskal-Wallis H-test, which can most 

discriminate the sources. 



80 

 

3.8.1 Kruskal-Wallis H-test 

The Kruskal-Wallis H-test was a nonparametric procedure used to compare more than two 

populations in a completely randomized design. The test was applied by ranking all data from 1 

to n for all k groups, and then calculating the rank sum for each of the i
th

 sample, Ti.  Next, the H 

test statistic was calculated using (Yockey, 2011): 

   
1 

  (  1)
∑

  
 

  

 
  1 − (   )     (87) 

where ni (i = 1, 2, ..., k) was the sample size for the i
th

 group.  The hypothesis tests were: 

H0: k groups were not significantly different  

Ha: at least one group was different. 

The Kruskal-Wallis H-test was performed using the SPSS software Version 20.0 (IBM, Inc.) 

using a p-value of 0.05. The sediment sources were categorized into two groups; Source 1 

included upland and gully, and Source 2 included cultivated land, rangeland and gully. 

3.8.2 Discriminant Function Analysis (DFA) 

DFA was a statistical analysis used to combine similar observations into groups using 

independent variables (Yockey, 2011), i.e. the method evaluates if a set of independent variables 

can assign membership of observations to different categorical groups. DFA can be used when 

groups are known a priori and the sample size of the smallest group is greater than the number of 

the independent variables.  For this study, the independent variables were chemical properties, 

and the groups were the sediment sources. The Wilks’ lambda method (Collins et al., 2010) was 

used for the DFA using p-values of 0.05 and 0.1 for the property included and removed, 

respectively. The DFA was performed using the SPSS software Version 20.0 (IBM, Inc.).  

 



81 

 

CHAPTER IV 

 

 

RESULTS AND DISCUSSION 

4.1 Cs-137 method 

4.1.1 Soil erosion rates predicted by Cs-137 method 

4.1.1.1 Reference Site Evaluation and Comparison 

Eighteen reference samples were collected at the Town of Colony and Fort Cobb Reservoir sites 

(Table 7). Using the large soil rings, the Cs-137 activities were 150 and 1930 Bq m
-2 

from the 

Town of Colony and the Fort Cobb Reservoir reference sites, respectively. Based on Agudo 

(1998) estimate of global Cs-137 deposition by latitude (Figure 33), the Cs-137 activity measured 

at the Town of Colony was from a disturbed site and thus did not represent the total Cs-137 

inventory of the Bull Creek watershed. Using the 15 five-centimeter diameter soil-probe data, the 

average Cs-137 activity at the Fort Cobb site was estimated to be 1340 Bq m
-2

, which was less 

than the large-diameter soil ring estimate.  Therefore, based on the global Cs-137 input estimate 

of 2600 Bq m
-2

,  the samples collected using the large soil rings at the State Park near the Fort 

Cobb Reservoir were chosen to present reference conditions. Figure 34 shows the vertical 

distribution of the Cs-137 at the Ft Cobb Reservoir reference site showing an exponential 

reduction in Cs-137 with depth. The peak Cs-137 activity was a few centimeters below the 

surface resulting from the downward diffusion and migration of the Cs-137 over time. These
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characteristics were also reported by other researchers for undisturbed soils (Huh and Su, 2004, 

Shand et al., 2013) 

 

Table 7 Cs-137 inventory for the reference sites in the Fort Cobb Reservoir watershed based on 

30 cm deep soil samples. 

Sites ID 
Cs-137  

(Bq m
-2

) 
Location Sampling Method 

Sample Diameter (cm) 

R1 1880 Fort Cobb Large Soil Ring 86 

R2 1980 Fort Cobb Large soil ring 86 

R3 151 Town of Colony Large soil ring 86 

R4 1170 Fort Cobb Soil Probe 5 

R5 1620 Fort Cobb Soil probe 5 

R6 1331 Fort Cobb Soil probe 5 

R7 1015 Fort Cobb Soil probe 5 

R8 1140 Fort Cobb Soil probe 5 

R9 1277 Fort Cobb Soil probe 5 

R10 1356 Fort Cobb Soil probe 5 

R11 1698 Fort Cobb Soil probe 5 

R12 1413 Fort Cobb Soil probe 5 

R13 1532 Fort Cobb Soil probe 5 

R14 1394 Fort Cobb Soil probe 5 

R15 900 Fort Cobb Soil probe 5 

R16 1543 Fort Cobb Soil probe 5 

R17 1389 Fort Cobb Soil probe 5 

R18 1352 Fort Cobb Soil probe 5 
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Figure 33 Global Cs-137 deposition in the soil by latitude band for the year 2012 (original data 

from Agudo, 1998). Highlighted bar in red was for the Bull Creek watershed. 

 

The Cs-137 vertical distribution for rangeland in the Bull Creek watershed also indicated 

downward diffusion and migration (Figure 35). Therefore, the Diffusion and Migration model 

was chosen to calculate the soil loss for the rangeland. Comparing the Cs-137 reference and 

rangeland vertical distributions, it was indicated that the Cs-137 in the rangeland area migrated 

deeper compared to the reference site. The slower migration at the reference site may be a result 

of the forest landcover, which contained a substantial litter layer containing primarily fallen 

leaves on the soil surface. The litter can intercept Cs-137 and thus would only migrate into the 

soil by diffusion into rainfall or decay of the leaves (Rafferty et al., 2000). In addition, organic 

matter increased the adsorption of the Cs-137, which resulted in a higher concentration in the 

surface soil layer, as illustrated in Figure 35.  
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Figure 34 Cs-137 vertical distribution at the Fort Cobb Reservoir reference site for two samples, 

R1 and R2. 

 

          (a) Top                                          (b) Middle-top 

 

(c) Middle-bottom                                (d) Bottom 

Figure 35 Cs-137 vertical distribution for the transect 06 in the Bull Creek watershed from the top 

(a) to the bottom (d) of the hillslope. 
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The Cs-137 vertical distribution in cultivated soils was reported to be evenly distribution through 

the plow layer (Zhang et al., 1990). The plow layer in the Bull Creek watershed was 

approximately 20 cm. The Cs-137 migrated below the plow layer and the vertical distribution did 

not appear to be evenly distributed for cultivated Transect 11 (Figure 36), with peak Cs-137 

levels between 5 and 20 cm. Terrace building and/or maintenance may have contributed to this.  

Although it may not have contributed, it should be noted that the cultivated land also had 

scheduled grazing periods every year. 

 

(a) Top                                                  (b) Middle 

 

(c) Bottom 

Figure 36 Cs-137 vertical distribution for the cultivated soil in the Bull Creek watershed from the 

top (a) to the bottom (c) of the hillslope. 
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4.1.1.2  Soil erosion and deposition rates for transects 

4.1.1.2.1 Soil erosion rates predicted with and without particle size correction factors 

The soil erosion and deposition rates for the rangeland transects were calculated using the 

Migration and Diffusion model. For the cultivated land, all the four conversion models were used. 

Note that only transect 11 was cultivated land and the other transects were rangeland. Transect 01, 

the 01 sample from transect 03 and transect 09 were missing. 

Table 8 provides the soil erosion and deposition rates predicted by the Migration and Diffusion 

Model for rangeland transects, and Figure 37, Figure 38, and Figure 39 illustrate the 95 percent 

confidence intervals for the rangeland with and without the particle size correction factor Z, and 

the cultivated land, respectively. The Z for cultivated land and rangeland were 1.2 and 2.9, 

respectively. Table 9 shows the SSAs used to calculate the Z and the Z values for rangeland and 

cultivated land with erosion and deposition points. Table 9 shows that the rangeland soil had 

lower SSA compared to the cultivated soil, and sediment had the highest SSA. This corroborates 

the sediment enrichment process via selective deposition of larger particles. 
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Table 8 Soil erosion and deposition rates predicted by the Migration and Diffusion Model for 

rangeland transects in the Bull Creek watershed.  

Transect 
ID –

Sample 
Number 

Cs-137 

inventory 

Erosion 
Rate*  -
Using 

Z** 

Erosion 
Rate  - 
Without 

Z** 

Position 
on 

Hillslope 

Distance 
to Top of 

Hillslope 
Elevation 

Slope 

Steepness 

Bq m
-2

 
kg ha

-1
 

yr
-1

 
kg ha

-1
 yr

-1
 m m % 

T02-01 1577 -0.5 -1.2 top 15 493 1 

T02-02 1771 -0.2 -0.6 middle-top 51 492 2 

T02-03 1132 -1.0 -2.5 
middle-

bottom 
99 491 3 

T02-04 1180 -0.9 -2.4 bottom 162 490 5 

T03-02 1330 -0.7 -1.9 top 65 496 3 

T03-03 1750 -0.2 -0.7 middle 94 495 4 

T03-04 1362 -0.7 -1.8 bottom 125 493 8 

T04-04 1577 -0.5 -1.2 top 65 496 3 

T04-03 1714 -0.3 -0.8 middle-top 113 495 3 

T04-02 1401 -0.6 -1.7 
middle-
bottom 

183 492 5 

T04-01 1332 -0.7 -1.9 bottom 240 490 4 

T05-04 1733 -0.3 -0.7 top 42 487 12 

T05-03 482 -1.9 -4.7 middle-top 71 484 10 

T05-02 466 -1.9 -4.8 
middle-

bottom 
106 481 9 

T05-01 1077 -1.1 -2.7 bottom 143 478 8 

T06-01 1217 -0.9 -2.3 top 45 487 10 

T06-02 1181 -0.9 -2.4 middle-top 100 485 7 

T06-03 1606 -0.4 -1.1 
middle-

bottom 
153 481 8 

T06-04 1951 0.2 0.1 bottom 204 477 6 
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Transect 
ID –

Sample 

Number 

Cs-137 

inventory 

Erosion 
Rate*  -
Using 

Z** 

Erosion 
Rate  - 
Without 

Z** 

Position 
on 

Hillslope 

Distance 
to Top of 

Hillslope 
Elevation 

Slope 

Steepness 

T07-01 1372 -0.7 -1.8 top 22 488 5 

T07-02 1222 -0.9 -2.3 middle 63 485 11 

T07-03 540 -1.8 -4.5 bottom 138 477 10 

T08-01 1372 -0.7 -1.8 top 22 488 5 

T08-02 1130 -1.0 -2.5 middle 73 484 8 

T08-03 384 -2.0 -5.1 bottom 138 479 11 

T10-03 336 -2.1 -5.2 top 386 492 2 

T10-02 377 -2.0 -5.1 middle 464 487 10 

T10-01 358 -2.1 -5.3 bottom 512 483 6 

*Negative number indicates erosion and a positive number indicates deposition. 
**Particle size correction factor. 

 

Table 9 Specific surface area and particle size correction factor for cultivated land and rangeland 

with erosion and deposition places 

Landuse 
Specific Surface Area (m

2
 g

-1
) Z* 

Sample 1 Sample 2 Erosion Deposition 

Rangeland 3.3 3.8 2.9 0.34 

Cultivated Land 11.4 11.7 1.2 0.85 

Sediment 14.9 N/A 

* particle size correction factor 

  



89 

 

With the exception of the bottom downslope location on Transect 6, all erosion/deposition rates 

were negative implying erosion.  However, the 95 percent confidence intervals were very wide, 

and thus statistically the sampling locations may have been deposition areas for the rangeland 

sites. When Z was included in the Migration and Diffusion model, the CIs were smaller compared 

to without using Z since the Cs-137 concentration was lower (see Equation 79; Nearing, 2000). 

The Nearing (2000) CI equation 79 accounts for the selective deposition of larger particles, which 

results in a higher concentration of fine particles in the sediment; thus resulting in a higher Cs-

137 concentration per unit weight of sediment.  Since the conversion models do not account for 

the fine particle enrichment, they overestimate soil erosion rates and underestimate deposition 

rates. He and Walling (1996) reported that Cs-137 was preferentially associated with fine 

particles, and thus including Z reduces the erosion predictions. However, the particle size 

correction factor may not be uniform for all soil types (Parsons and Foster, 2011). Figure 40 

illustrates the increase in predicted erosion rates when using Z based on the Migration and 

Diffusion model. Figure 40 also shows that rangeland had a steeper slope compared to the 

cultivated land, indicating that the selective deposition was influenced more in rangeland 

compared to cultivated land. A shortcoming of Z was it did not account for rainfall intensity, 

plant coverage, topography and other factors that affect the selective deposition process. 
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Figure 37 Erosion/deposition rate means with 95 percent confidence intervals for rangeland soil 

samples using the soil particle correction factor (Z), using the Migration and Diffusion model. 

 

 

Figure 38 Erosion/deposition rate means with 95 percent confidence intervals for rangeland soil 

samples without using the soil particle correction factor (Z), using the Migration and Diffusion 

model. 
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Figure 39 Erosion/deposition rate means with 95 percent confidence intervals for cultivated land 

soil samples with and without using the soil particle correction factor, Z, using the Mass Balance 

III model. 

 

 

Figure 40 Comparison between predicted erosion/deposition rate using the Migration and Diffusion 

model for rangeland and Mass Balance III for cultivated land - with and without using the soil 

particle correction factor (Z). 

 



92 

 

4.1.1.2.2  Cs-137 method for rangeland 

Figure 40 shows the relationship between the erosion rates and the slope steepness change. For 

rangeland, the erosion rates were negatively correlated with slope steepness at an α=0.05, while 

the erosion rates were not significantly correlated to slope steepness for the cultivated land. This 

may have been due in part by the low sample size and/or the terraces in the cultivated land.  

 

Figure 41 Erosion rates change with the slope steepness for rangeland and cultivated land. 

 

Based on proximity (Figure 24) and observations in the field, transect 02, 03 and 04 were 

described together as one group. These three transects had similar landform, the slope steepness 

increased from the top to the bottom, and had an average slope steepness 3.6%. Transect 03 was 

out of the watershed; however, it was adjacent to watershed and had the same soil type and land 

use as the rangeland in the subwatershed. Transect 05 and 06 were a second group, which had an 

average slope steepness of 8.8%, and the slope steepness decreased from the top to the bottom of 

the slope. Transects 07 and 08 were a third group, which had the same landform as the first group, 

however they had larger average slope steepness of 8.4%. Transect 10 and 11 were discussed 

individually. The slope steepness first increased and then decreased for transect 10, and had an 
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average slope steepness was 6.1%. Transect 11 was the only cultivated hillslope and the slope 

steepness for the middle of the terrace was 5.1%. 

 

 

 

 

Figure 42 Transect profiles and soil erosion rates predicted by the Cs-137 method for the 

rangeland (using the Diffusion and Migration model). 
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 (a) Top                                                   (b) Middle 

 

(c) Bottom 

Figure 43 Vegetative cover change from the top to the bottom of the hillslope for Transect 03 in 

the Bull Creek watershed. 

 

The soil erosion rates using Cs-137 method predicted included Z for all transects are given in 

Figure 42 (the Diffusion and Migration model was used for the rangeland and Mass Balance 

Model III was used for the cultivated land). Transect 02, 03 and 04 soil erosion rates decreased 

from the top to the middle-top of the hillslope then increased from the middle-top to the bottom 

of the hillslope. For all the transects, there was a change of the dominant plant type from the top 
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to the middle-top locations. As shown in Figure 43 for transect 03, the top of the hillslope 

vegetative cover was lower than the bottom, and there was a clear change at the middle of the 

hillslope. The vegetative cover increased at the middle of the transect, which reduced the soil loss. 

From the middle-top to the bottom of the hillslope, the dominant plant types and vegetative cover 

were similar. 

Transect 05 and 06 were located on a small hill with the upslope samples taken on a rocky 

outcrop; the slope steepness decreased from the top to the bottom of the hillslope. As can be seen 

from the Figure 42 (d), the soil erosion rates first increased and then decreased for the transect 05; 

and the soil erosion rates decreased from the top to the bottom for the transect 06 with a 

deposition point at the end of the transect. At the top of these two transects, the slope steepness 

were larger than the middle-top. In addition, the top of the transect had less vegetative coverage 

than the middle-top. This may explain why the top of the transect 06 had almost equally erosion 

rates as the middle-top. Although it was not sampled, there was a large proportion of the rock 

outcrop at the top of the transect 05 (Figure 44), which may reduce the soil loss (Poesen et al., 

1994).  

 

Figure 44 Top of transect 05 in the Bull Creek watershed. 
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Transects 07 and 08 started at the same top of a hill and both ended before they reached gullies, 

and the slope steepness increased from the top to the bottom (Figure 45). The predicted soil 

erosion rates increased from the top to the bottom of the transect, and the erosion rates increased 

faster from the middle to the bottom compared to the top to the middle. This coincided with the 

landform, which convex profiles. And it was most steepness at the end of the bottom. 

The slop steepness for transect 10 increased significantly and then decreased from the top to the 

bottom and had a concave profile. The vegetative cover did not appear to change from the top to 

the bottom of the transect. However, the soil erosion rates were similar for the three sampling 

points. Based on the flow direction map (Figure 46), the sampling positions did not follow the 

flow direction for the transect 10, which means the three samples for the transect 10 cannot 

represent the top, middle and bottom of one hillslope. Based on the photo for the transect 10 

(Figure 47), the hillslope was difficult to visually identify, and thus transect 10 was not discussed 

or compared to WEPP predictions.  

 

Figure 45 Transect 08 in the Bull Creek watershed. 
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Figure 46 Flow directions for transect 10 in the Bull Creek watershed. 

 

 

Figure 47 Transect 10 in the Bull Creek watershed. 

 

4.1.1.2.3  Cs-137 method for cultivated land 

Transect 11 was the only transect in the cultivated land. There were three terraces in the sampled 

area. Samples were taken using the same method as for the rangeland transets (dashed blue lines, 
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Figure 48). To analyze the effects of terraces on the Cs-137 method to predict soil erosion, soil 

core samples were taken at the upslope terrace bank (red dot, Figure 48) and the downslope 

terrace bank (blue dot, Figure 48). Table 10 and Table 11 present predicted soil erosion rates 

using the Cs-137 method. Four conversion models (Proportional Model, Mass Balance Model I, 

II, and III) were evaluated with and without the particle size correction factor Z. The Mass 

Balance model I predicted the highest soil erosion rates, and the results from the other three 

models were similar. The soil erosion rates predicted by the Mass Balance model III with the Z 

are given in Figure 49. The Mass Balance model III assumed that the erosion at the top of the 

hillslope was caused only by tillage. However, the model predicted zero soil loss caused by 

tillage for the middle and upslope terrace bank. The results from all the four models had similar 

trends (Figure 50), with the lowest soil erosion rate at the top of the transect, increased at the 

middle segment, and reduced slightly at the upslope terrace bank.  

 

Figure 48 Arial Photograph of Transect 11 (Google Earth, 2012). Red dots were the upslope 

terrace bank; blue dots were the downslope terrace bank; blue dash lines were where soil samples 

were collected; red line shows the estimated flow direction. 
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Figure 49 Transect profiles and soil erosion rates predicted by the Cs-137 method for the 

cultivated land (using the Mass Balance Model III). 

 

Figure 50 Soil erosion rates predicted by the Cs-137 Mass Balance Model III for the cultivated 

land in the Bull Creek watershed (Upper-E, middle-E and bottom-E were samples from the 

upslope terrace bank - red dot from Figure 48 from left to right; Upper-B, middle-B and bottom-B 

were samples from the downslope terrace bank - blue dot from Figure 48 from left to right). 

 

Table 10 Soil erosion and deposition rates predicted by the Migration and Diffusion Model – 

cultivated land, excluding the soil particle size correction factor (Z), in the Bull Creek watershed. 

Transect ID 
– Sample 
Number 

Cs-137 
activity 

(Bq m
-2

) 

Soil Erosion Rate (Mg ha
-1

 yr
-1

) 

Proportional 
Model 

Mass Balance 
Model I 

Mass Balance 
Model II 

Mass Balance 
Model III 

T11-1 968 23.8 39.0 14.8 19.7 

T11-2 235 40.8 115 46.2 46.9 

T11-3 281 39.9 105 42.1 41.9 
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Table 11 Soil erosion and deposition rates predicted by the Migration and Diffusion Model – 

cultivated land, included the soil particle size correction factor (Z), in the Bull Creek watershed. 

Transect ID 
– Sample 
Number 

Cs-137 
activity 
(Bq/m

2
) 

Soil Erosion Rates (Mg ha
-1

 yr
-1

) 

Proportional 
Model 

Mass balance 
Model I 

Mass balance 
Model II 

Mass balance 
Model III 

T11-1 968 18.8 30.3 11.2 18.2 

T11-2 235 33.9 93.5 36.8 37.0 

T11-3 281 33.0 85.6 33.4 33.2 

 

There were two primary reasons why the Mass Balance model II and III had dissimilar results 

from the Proportional model. The first was tillage typically occurred following harvest (late May 

to early June) and before planting for the next crop (late August to early September). High 

rainfall periods were typically in the spring and fall, and thus freshly deposited Cs-137 was mixed 

by tillage in the plow layer prior to the high rainfall periods. Therefore, the Mass Balance model 

II and III can be simplified to the Proportional model after Cs-137 was well mixed in the plow 

layer. The second  possible reason why there were similar predictions between the Proportional 

model, Mass Balance model II and III results was the Mass Balance II and III assumed that soil 

below the tillage layer had little Cs-137. However, in the study area, the cultivated soil below the 

tillage layer contained Cs-137 (Figure 36). 

The Mass Balance models predicted the largest soil erosion rates, in part, due to the assumption 

that all the Cs-137 fallout occurred in 1963. Although Cs-137 fallout had a peak in 1963, Cs-137 

deposition was 48, 20 and 32 percent for the periods before 1963, in the year 1963 and after 1963, 

respectively, based on the average Cs-137 fallout for the north hemisphere (Zapata, 2002). 

Assuming all Cs-137 was deposited in 1963 neglects Cs-137 decay prior to 1963. Although the 

Cs-137 deposited after 1963 decayed longer, the Cs-137 deposited after 1963 was less than the 

Cs-137 deposited before 1963. So, Cs-137 inventory needed to be removed faster than it should 

be to have the same sampled Cs-137 activity. As a result, this assumption overestimated soil loss. 
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To analyze the effect of the terraces on the soil erosion and the Cs-137 method, erosion rates for 

the terrace samples were calculated using the four conversion models for cultivated land. From 

the soil erosion rates in Table 12 and Table 13, it can be seen that downslope terrace bank had 

larger erosion rates than the upslope terrace bank; and the upslope terrace bank had an average 

lower erosion rate than the middle part. The downslope terrace bank had steep slope steepness 

(normally largest for one terrace). The upslope terrace bank had the same slope steepness or may 

a little higher elevation than the middle, and would reduce or trap the runoff. From the field 

observation, there were normally small water pools at the upslope terrace bank after rainfall. 

Similar results were also reported by other researcher (Lu and Higgitt, 2000). The Cs-137 

inventory decreased with increasing slope steepness along different types of terraces.  This was 

due to the increasing soil erosion with the increasing slope steepness. 

Table 12 Soil erosion rates, excluding the soil particle size correction factor (Z), for the terraces 

using the Proportional Model, Mass Balance Model I, II and III in the Bull Creek watershed. 

Sample ID* 
Cs-137  

(Bq m
-2

) 

Soil Erosion Rate (Mg ha
-1

 yr
-1

) 

Proportional 

Model 

Mass Balance 

Model I 

Mass Balance 

Model II 

Mass Balance 

Model III 

Upper-E 1190 17.0 24.9 9.2 12.6 

Upper-B 439 35.6 78.7 30.7 31.2 

Middle-E 1040 20.9 32.3 12.1 12.1 

Middle-B 465 35.0 75.6 29.4 29.6 

Bottom-E 825 26.0 44.8 17.0 16.8 

Bottom-B 577 32.1 64.1 24.7 24.7 

*Upper-E, middle-E and bottom-E were samples from the upslope terrace bank (red dot from 
Figure 48 from left to right); Upper-B, middle-B and bottom-B were samples from the downslope 
terrace bank (blue dot from Figure 48 from left to right). 
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Table 13 Soil erosion rates, including the soil particle size correction factor (Z), for the terraces 

using the Proportional Model, Mass Balance Model I, II and III in the Bull Creek watershed. 

Sample ID* 
Cs-137 

(Bq m
-2

) 

Soil Erosion Rate (Mg ha
-1

 yr
-1

) 

Proportional 

Model 

Mass Balance 

Model I 

Mass Balance 

Model II 

Mass Balance 

Model III 

Upper-E 1190 14.1 20.9 7.6 12.6 

Upper-B 439 29.8 65.9 25.3 25.6 

Middle-E 1040 17.3 27.1 10.1 10.1 

Middle-B 465 29.1 63.2 24.2 24.4 

Bottom-E 825 21.7 37.4 14.1 13.9 

Bottom-B 577 26.9 53.6 20.4 20.4 

*Upper-E, middle-E and bottom-E are the samples from the upslope terrace bank (red dot from 
Figure 48 from left to right); Upper-B, middle-B and bottom-B are the samples from the 
downslope terrace bank (blue dot from Figure 48 from left to right). 
 

4.1.2 Cs-137 method evaluation 

4.1.2.1 Reference site variability 

Table 14 shows the measured Cs-137 inventory for all the reference samples. The Cs-137 from 

the forest reference sample near Bull Creek was only 151 Bq m
-2

, which indicated it was heavily 

disturbed. The remaining reference samples were collected in a forested area near Fort Cobb 

reservoir. The samples collected using the large soil ring had the highest Cs-137 inventory, with a 

mean Cs-137 inventory of 1929 ± 96 (standard error of the mean) Bq m
-2

, a standard deviation of 

69.5 Bq m
-2

, and a coefficient of variation (CV) of 3.6%. The samples collected using the soil 

probe had a mean of 1340 ± 111 Bq m
-2

, a standard deviation of 219 Bq m
-2

 and a CV of 16%. 

Although the larger sampling equipment area may not result in more reliable results (Sutherland, 

1991), the samples taken using the large soil ring had smaller CV and were closer to the average 

Cs-137 deposition for the study area reported by Agudo (1998). UNSCEAR (1993) also reported 

the deposition of Cs-137 in the United State (Figure 51), with more than 3000 Bq m
-2

 in 1993 for 
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the study area, which was converted to the year 2012; this was more than 1937 Bq m
-2

 Cs-137 in 

the year of 2012. This confirmed using the Fort Cobb Reservoir site using the large soil rings as 

the reference CS-137 levels.  

 

Figure 51 Cs-137 deposition density (Bq m
2
) due to the Nevada Test Site and global fallout in the 

USA (UNSCEAR, 1993). 

 

Table 14 Reference site Cs-137 soil sample concentrations. 

Sample No. 
Cs-137 Activity 

(Bq m
-2

) 

Sampling 
Equipment Surface 

Area (cm
2
) 

Sampling 
Equipment 

Location 

FCR 1 1165 18 Soil probe Fort Cobb 

FCR 2 1621 18 Soil probe Fort Cobb 

FCR 3 1331 18 Soil probe Fort Cobb 

FCR 4 1015 18 Soil probe Fort Cobb 

FCR 5 1140 18 Soil probe Fort Cobb 

FCR 6 1277 18 Soil probe Fort Cobb 

FCR 7 1355 18 Soil probe Fort Cobb 

FCR 8 1698 18 Soil probe Fort Cobb 

FCR 9 1413 18 Soil probe Fort Cobb 

FCR 10 1532 18 Soil probe Fort Cobb 

FCR 11 1394 18 Soil probe Fort Cobb 

FCR 12 900 18 Soil probe Fort Cobb 

FCR 13 1542 18 Soil probe Fort Cobb 

FCR 14 1389 18 Soil probe Fort Cobb 
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Sample No. 
Cs-137 Activity 

(Bq m
-2

) 

Sampling 
Equipment Surface 

Area (cm
2
) 

Sampling 
Equipment 

Location 

FCR 15 1352 18 Soil probe Fort Cobb 

R1 1880 6296 Large soil ring Fort Cobb 

R2 1978 6296 Large soil ring Fort Cobb 

BC-R 151 6296 Large soil ring Colony 

 

The Cs-137 inventory in the reference site was essential to calculating the soil loss. Since all 

erosion/deposition rates were calculated by comparing the Cs-137 to the reference site, the 

change of the reference inventory affected all predicted soil erosion/deposition rates. What is 

more, the magnitude of the reference Cs-137 inventory defined a sampling site as an erosion or 

deposition point. Figure 52 shows the relationship between the reference Cs-137 inventory and 

the predicted soil loss rates using the Diffusion and Migration model (example of transect 6 

bottom sample, T06-4, Table 8). The reference inventories used in Figure 52 were the sampled 

reference inventory in Table 14 (excluding sample BC-R). When the reference inventory was 

smaller than the sampled point, the sampled point was defined as a deposition point. When the 

reference inventory was larger than the sampled inventory, the sampled point was defined as an 

erosion point.  

Although different sampling methods have been evaluated to collect reference samples, large 

variance in Cs-137 reference site samples have still been reported (Zapata, 2002). Sutherland 

(1996) article review reported a median CV of 19% with a range of 1.5 to 86%. Owens and 

Walling (1996) studied cause the Cs-137 variance in reference sites, and found that the main 

reasons was the random spatial distribution of Cs-137, even in small undisturbed area. The soil 

properties, plant coverage, micro-topography and other factors which affect the spatial 

distribution of rainfall, also cause the random spatial distribution of Cs-137. Sampling and testing 

errors also contribute to the Cs-137 variance. However, the errors caused by the sampling and 

testing were complicated. Sutherland’s (1991) showed that an increase in the sampling number 
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might not necessarily reduce the CV. Neither fewer samples but using sampling equipment with 

large area would reduce the CV (Sutherland, 1991). 

 

Figure 52 Relationship between reference Cs-137 inventory and the soil erosion rates predicted 

by using the Diffusion and Migration model (T06-4 in Table 8; positive soil loss rates are 

deposition and negative rates are erosion). 

 

In conclusion, the random spatial distribution of Cs-137 in reference sites can affect the predicted 

soil loss significantly. Therefore, selection of a reference site, the sampling method, and the 

number of samples must be treated with caution. Note that these same issues may also affect the 

field soil samples, especially in uncultivated areas. 

4.1.2.2 Measurement error 

The Cs-137 signal in soil samples decrease with time.  As the signal decreases, the measurement 

error of Gama Spectrometry increases (Wei, 2007). Figure 53 gives the relationship between the 

measurement error and Cs-137 activity for this study. The average measuring error was 16% with 

the minimum and maximum of 0 and 115%, respectively, and the standard deviation was 20%. 

Figure 54 shows the histogram of the measurement error. When the Cs-137 activity was less than 

190 Bq m
-2

, the measurement average error was larger than 10%. Xie et al. (2010) reported that 

when the measurement error was larger than 10%, 13% of the samples had Cs-137 activities 
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lower than the reported minimum detectable activity, which was 1.0 Bq kg
-1

 (Kannan et al., 2002).   

Therefore, samples with low Cs-137 activity cannot be measured accurately even there was 

detectable Cs-137 in the soil. 

 

Figure 53 Relationship between  measurement error and Cs-137 activity. 

 

Figure 54 Distribution of Cs-137 measurement error. 

 

The testing time for the Gama Spectrometry was initially set to 2880 seconds (8 hours). However, 

due to different Cs-137 signal strength in each sample, the testing time was adjusted and ranged 

from 11690 to 83770 seconds, with an average of 37120 seconds. And14% was less than 2880 
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seconds. Although there was not a clear relationship between the testing times and the Cs-137 

activity (Figure 55), the counting time could affect the Cs-137 measurement. When Cs-137 

decays it emits gamma photons, the gamma photons hit the detector, and the corresponding 

number of gamma photons is recorded, which was defined as the Cs-137 activity. Since Cs-137 

decay randomly, the lower the testing time the fewer random signals were counted. Another 

source of error was related to the Cs-137 measurement was the tested sample weight varied from 

250 to 400 g, with an average of 328 g. Yet another source of error was the sample weight, 

because the sample weight not only decided the Cs-137 amount, but also the distance from the 

sample surface to the detector. Radu et al. (2009) showed that the distance from the sample to the 

detector could significantly affect the count rates.  

 

Figure 55 Relationship between the testing time and Cs-137 activity. 

 

4.1.2.3 Fine particles and surface area 

Since research has shown that Cs-137 was positively correlated to fine particle fraction, the 

particle size correction factor was widely used in the conversion models to reflect the selective 

deposition process with erosion and sedimentation (Walling et al., 2006). Figure 56 shows the 

relationships between Cs-137 activity and silt and clay particles for this study.  The Cs-137 

activity did not have a strong positive relationship with the fine particles.  
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He and Walling (1996) found that as the fraction of sand particles increased, there was also an 

increase in Cs-137 absorption onto the sand particles. Cs-137 absorption to clay varies for 

different clay mineralogy and the other soil properties (Eberl, 1980). For example, Cs-137 was 

exchangeable by potassium (K) and the organic matter, which could reduce the absorption of Cs-

137 onto clay (Rafferty et al., 1997, Wendling et al., 2005). Oscarson et al. (1994) tested the Cs-

137 absorption on condensed and loose clay and found that condensed clay decreased Cs-137 by 

up to 50% compared to loose clay. Since most Cs-137 was tested on loose soil, Cs-137 in 

undisturbed natural soils may not have as strong relationship with clay as reported.  

 

(a)                                                   (b) 

Figure 56 Relationship between Cs-137 activity and percent silt and clay particles. 

 

4.1.2.4 Cs-137 fallout rates 

Yang et al. (1998) studied the effect of annual Cs-137 fallout input on prediction uncertainty in 

the conversion model. Most studies have used the annual input fraction of Cs-137 for north 

hemisphere from data published by Owens et al. (1996), which were based on global Sr-90 data. 

Figure 57 illustrates the effect of annual Cs-137 input on soil loss prediction using the Mass 

Balance II. The line 1, 2 and 3 represented the soil loss predicted using different annual Cs-137 

input. When assuming all Cs-137 input was in 1963, it would overestimate the soil loss. This 

study utilized these data published by Owens et al. (1996). However, the Cs-137 inputs in the 
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study area were different from the average for north hemisphere. Since no observed data for the 

study area were found, it was difficult to quantify how the Cs-137 annual inputs affected the 

predicted soil loss. 

 

Figure 57 Relationship between Cs-137 annual inputs and the soil loss prediction (Yang et al., 

1998). Line 1 assumed all Cs-137 input was in year 1963; line 2 used the inputs calculated by 

equations by same reference as above (Yang et al., 1998); line 3 used the annual Cs-137 inputs 

published by Owens et al. (1996). 

4.2 Fingerprinting method 

4.2.1 Sub-watershed sediment source contributions 

The fingerprinting method had two main steps to predict sediment source contributions. The first 

step used statistical methods to identify significant chemical properties for the mixing model. The 

second step was to use the mixing model to predict sediment source contributions. Six sediment 

traps were selected and used in the mixing model based on the original mixing model, Collins’ 

method and the DFA method and are shown in Figure 58. For each subwatershed, the sediment 

sources contribution were identified as one of two sources; Source Group 1 was upland and gully, 
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and Source Group 2 was cultivated land, rangeland and gully. Note the upland areas were defined 

as the sum of the cultivated land and rangeland. Source Groups 1 and 2 were both analyzed 

separately to determine how defining sources would influent the fingerprinting method. The 

results from the original mixing model are given in Table 15. Based on the statistical tests, seven 

of the 15 subwatersheds had elements that were significantly different between the sources. Some 

of the elements had higher concentrations in the sediment than the source soil, while some 

elements had lower concentration in the sediment than in the sources. Since all the samples were 

wet sieved using the 63µm mesh, the ones out of range were eliminated from the analysis. The 

reasons for the this phenomenon may differ for each element, and further research should be done 

to study the properties of each element during the erosion processes. 

 

Figure 58 Subwatersheds for the six selected sediment traps for the fingerprinting method in the 

Bull Creek watershed. 
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Table 15 Results from the fingerprinting method for the sub-watersheds in the Bull Creek 

watershed. 

Sub-
watershed 

No. 

Area 

(ha) 
Element 

Source 
Group 1 

(%) 

Source 
Group 2 

(%) 

Root 
Mean 
Error 
(%) 

Area 

(%) 

1
U 

2
G 

3
C 

4
R G C R 

1 100  Br 6.7 93 
 

<0.1 24 76 
Br   0.0 10 90 <0.1 

6 110 

Zr 64 36 

 

<0.1 

56 44 
Hf1 77 23 <0.1 

Combined
5
 72 28 0.2 

As 
  

6 89 5 <0.1 

As,H 
  

0 88 12 1.3 

Z3 510 

Zr 94 6 

 

<0.1 

63 37 

Ca 82 18 <0.1 

Co 82 18 <0.1 

Mn 87 13 <0.1 

Combined 84 16 <0.1 

Mg,Ca   36 50 14 <0.1 

Zr,Cs-137   8 0 92 1.1 

Combined   33 52 15 1.3 

Z4 140 

Ba 62 38 

 

3.4 

73 27 

Cs 2 98 83 

Combined 3 97 87 

Zr,Hf   0 86 14 0.3 

Hf,C   0 49 51 22 

C, Cs-137   0 1 99 7.1 

Combined   0 2 98 23 

Z5 300 

S 77 23 

 

<0.1 

60 40 

Ca 84 16 <0.1 

Mn 17 83 <0.1 

Combined 78 22 4.1 

Ca,Zr   39 48 13 <0.1 

Mo,Zr   82 18 0 <0.1 

Zr,Br   24 55 21 <0.1 

Br,Cs-137   37 2 61 <0.1 

Combined   72 0 28 19 
1
 upland (Rangeland plus Cultivated land); 

2
 gully; 

3
 cultivated land; 

4
 rangeland; 

5 
all chemical properties 
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To evaluate the fingerprinting method, all significant properties that qualified for the mixing 

model were used individually or in a set of two elements, and then combined.  Figure 60 and 

Figure 61 compared the results for Source Group 1 and Source Group 2, respectively. For Source 

Group 1, the results calculated using different chemicals were quite different for subwatersheds 

Z4 and Z5; Source Group 2 also showed different results. When comparing the upland and gully 

contributions predicted from Source Groups 1 and 2 (Figure 62), similar conclusions were drawn. 

For Z3, only the Source Group 2 using Zr and Cs-137 had lower erosion from upland and higher 

erosion from gully sources. 

 

Figure 59 Cultivated land and rangeland area proportion for each subwatershed. 

 

Figure 60 Source Group 1 upland and gully contributions by sub-watershed in the Bull Creek 

watershed using the fingerprinting method. 
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Figure 61 Source Group 2 cultivated land, rangeland and gully contributions by sub-watershed in 

the Bull Creek watershed using the fingerprinting method. 

 

Figure 62 Source contribution comparison between Source Group 1 and 2 using the fingerprinting 

method. 

 

Subwatershed 1 had well developed gullies, especially at the head cut (Figure 63). The landcover 

at the head cut and along the gully banks was rangeland and was not wooded like other channels 
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in the watershed. In this subwatershed, cultivated land was only 24% and runoff from the 

cultivated land traveled through grassland before reaching the gully.  

 

Figure 63 Gully head cut in subwatershed 1 in the Bull Creek watershed. 

 

For subwatershed 6, the upland contributed less sediment from Source Group 1 compared to 

Source Group 2, and Source Group 2 showed that almost all sediment from upland was from 

rangeland. The Kruskal-Wallis T-test at the 0.05 level showed that the As concentrations were 

significantly different between cultivated land and rangeland, but there was no significantly 

difference between rangeland and channel samples. Note that the gullies in subwatershed 6 were 

surrounded by forest and rangeland separated the cultivated land from the gullies. One possibility 

for the high contribution from rangeland would be that rangeland acted as vegetation buffer and 

trapped most of all the sediment from the cultivated land and the gully contribution was also low. 

Another possibility would be that if the element was not significantly different between rangeland 

and gully; the mixing model may not predict the contribution from rangeland and gully accurately. 

In another word, the mixing model cannot identify which sediment was from rangeland and 

which was from the gully. 

Subwatershed 6 was contained within subwatershed Z3 and the entire subwatershed was similar. 

However, the source contributions for the fingerprinting method using the Zr and Cs-137 were 
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quite different from each other. Possible reasons included the high Cs-137 data variance and the 

fingerprinting method was based on the average contribution from five storm events. However, 

only one storm event had enough sediment to measure Cs-137. Source Group 2 was recalculated 

for the one storm event and the fingerprinting method using Mg and Ca showed that the sediment 

had 1% from cultivated land, 91% from rangeland and 8% from gullies; results using Zr and Cs-

137 showed 100% was from cultivated land. Note that the results from Mg and Ca had a RME of 

<0.1% and the Zr and Cs-137 had an error of 225,000%. The latter had larger error because Zr 

had different concentration distribution in the sources from Cs-137. For the Zr, the concentration 

was lowest in the cultivated soil samples, then rangeland, and highest in the gully. The Zr 

concentration in the sediment was the closest to the rangeland samples. For Cs-137, the 

concentration was lowest in the gully samples, then cultivated land, and highest in the rangeland. 

The Cs-137 in sediment was closest to cultivated land. This means if use Zr only, mixing model 

would predict highest contribution from rangeland but if use Cs-137 only, the mixing model 

would predict highest contribution from the cultivate land. The different element distribution in 

the sources decided the fail or large error of the mixing model. Mg and Ca concentrations had the 

same distribution in the sources (sediment samples were both closest to cultivated land). This 

means that use either Mg or Ca, mixing model would predict the similar results. 

The results for Z4 and Z5 both varied a lot when using different chemical properties. For the Z5, 

the channels were well covered by trees and grass, but the average predicted contribution from 

gully was higher than the other subwatersheds, except subwatershed 1 where channels were not 

well covered and had active head cuts. It was likely that the pond in the middle end of the 

subwatershed (Figure 64) had an effect on the sediment transport. Although there was spillway on 

the pond, there would be water flow out of the pond for large rainfall events. The element 

concentration distributions in the sources were also examined for the Z4 and Z5 subwatersheds. 

When the two elements used in the mixing model had different distributions (element 
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concentration in the sediment closest to the element concentration in certain source), the mixing 

model tend to predict higher error. Note that the same element may contribute may contribute 

different amounts in the mixing model for different subwatersheds. All the element 

concentrations in surface samples were listed in Appendices. 

Elements listed in Table 15 for each subwatershed were in the order that the DFA selected them 

for the mixing model. The higher on the list, the more the element(s) can separate sources 

correctly and had lower errors. This supported the use of the DFA in properly selecting elements. 

 

Figure 64 Pond location in subwatershed Z5 in the Bull Creek watershed. The watershed 

boundary is the white line. 

 

Table 16 Source contribution predicted by the Collins’ method. 

Subwatershed 

ID 

Source Group 1 (%) Source Group 2 (%) 

Upland Gully Cultivated Rangeland Gully 

1 100 0 100 0 0 

6 100 0 0 100 0 

Z3 100 0 0 0 100 

Z4 100 0 0 100 0 

Z5 0 100 0 100 0 
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The Collins’ method was applied to the study area with the results given in Table 16. The Collins’ 

method only identified one source for each subwatershed, which was expected due to the high 

variance of the source data. When the SVsi (weighting representing the within-source variability 

of fingerprint property i in source category s) was small, the element concentration from the 

source was reduced significantly, and the remaining source would dominate. Therefore, the 

Collins’s method was not suitable for this study.  

The DFA has been used to classify groups for a wide range of disciplines (Armitage, 1950, 

Cornfield, 1962, Bhatia, 1983, Ramos and Rickard Liow, 2013). Although DFA has been used to 

selected properties for the fingerprinting method, it has not been used to predict the source 

contribution directly (Walling et al., 1999). However, the DFA can be used to predict the source 

contribution and thus overcome some of the disadvantage of the mixing model. Results from 

DFA method are listed in Table 17 and Table 18, and Figure 65 and Figure 66, and were 

compared to those from the mixing model. Only highly significant elements that distinguished the 

sources were used in the comparison. For the subwatersheds Z3, Z4 and Z5, the DFA method 

used more elements than the mixing model to achieve the maximum classification accuracy. For 

the comparison, the corresponding mixing model was changed to use the same elements to 

predict the source contributions.  
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Figure 65 Comparison of results for the Mixing model and the DFA method for Source 1, upland 

and gullies. 

 

 

Figure 66 Comparison of results for the Mixing model and the DFA method for Source 2, 

cultivated land, rangeland and gullies. 
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Table 17 Fingerprinting method results from mixing model and the Discriminant Function 

Analysis method (DFA) method for Source Group 1, upland and gully. 

Subwatershed 
ID 

Element Method 

Upland Gully 
Root Mean 

Error 
(%) 

Correct 
Classification 

(%) * 

Source 
Contribution 

 (%) 

1 Br 

Mixing 

Model 
7 93 <0.1 

100 

DFA 8 92 <0.1 

6 Zr 

Mixing 

Model 
64 36 <0.1 

100 

DFA 64 36 <0.1 

Z3 Mn, Zr 

Mixing 

Model 
92 8 <0.1 

95 

DFA 92 8 <0.1 

Z4 Ba 

Mixing 

Model 
62 38 3.4 

87 

DFA 67 33 3.3 

Z5 Mn, S 

Mixing 

Model 
76 24 2.1 

100 

DFA 71 29 3.5 

* % of original grouped cases correctly classified 
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Table 18 Fingerprinting method results from mixing model and the Discriminant Function 

Analysis method (DFA) method for Source Group 2, cultivated land, rangeland and gullies. 

Subwatershed  
ID 

Element Method 

Cultivated Rangeland Gully Root 
Mean 
Error 
(%) 

Correct 
Classification 

(%) * Source Contribution (%) 

1 Br 

Mixing 

Model 
0 10 90 <0.1 

89 

DFA 5 9 86 0.7 

6 As 

Mixing 

Model 
6 89 5 <0.1 

67 

DFA 9 80 11 <0.1 

Z3 Mg, Ca 

Mixing 

Model 
36 50 14 <0.1 

79 

DFA 13 83 4 1.7 

Z4 
Zr, Hf, 

C 

Mixing 

Model 
0 52 48 7.7 

87 

DFA 43 23 34 14 

Z5 Ca, Zr 

Mixing 

Model 
72 0 28 <0.1 

84 

DFA 33 56 11 <0.1 

* % of original grouped cases correctly classified 

 

The Wilcoxon Signed Ranks Test, a nonparametric paired test, at a significance level of 0.05 was 

performed to compare the source contributions and the model error between the mixing model 

and DFA method, with the results shown in Table 19. When predicting two source contributions 

using the same properties, the mixing model and DFA method did not have significant difference. 

The DFA method did not have statistically higher model error than the fingerprinting method. 

When predicting three sources, although there were no significant differences among the source 

contributions, the DFA method had significant higher model error than the mixing model. When 

comparing Source 1 and Source 2, Source 2 on average had larger model error and the percentage 
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of original grouped cases correctly classified decreased from 96% to 81% for Sources 1 and 2, 

respectively. Moreover, when predicting three sources, the mixing model more likely predicted 

zero contribution for some source. Predicting zero contribution with three source types has also 

been reported by other researchers (Small et al., 2002, Carter et al., 2003).Lees (1997) found that 

the fingerprinting method fail percentage increased with increasing number of sources.  

Table 19 Wilcoxon Signed Ranks test results comparing the Mixing model and the Discriminant 

Function Analysis method (DFA) method. 

Paired Test 
Source 

Group 

Z-value for Wilcoxon Signed 

Ranks Test 
p-value 

Model Error 1
1
 -0.94 0.35 

Model Error 2
2
 -2.02 0.04 

Upland Contribution 1 -0.14 0.89 

Gully Contribution 1 -0.14 0.89 

Cultivated Land Contribution 2 -0.14 0.89 

Rangeland Contribution 2 -0.41 0.69 

Gully Contribution 2 -1.48 0.14 

1
upland and gullies 

2
cultivated land, rangeland and gullies 

 

The mixing model, Collins’ method and DFA method were also performed for the whole Bull 

Creek watershed, with the results given in Table 20 and Table 21. For the Source 1 the Mixing 

model and the DFA predicted similar results. However, for Source 2 the two methods predicted 

different contribution for the cultivated land and rangeland. The Mixing model predicted higher 

soil loss for the cultivated land and lower soil loss from rangeland compared to the DFA method. 

Typically, cultivated land will have higher soil erosion rates compared to rangeland. However, in 

this study area, the sediment from the cultivated land was transported through the rangeland 

before reaching the channel. The rangeland acted as a natural buffer strip, which can trap 
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sediment from the cultivated land (Zhang et al., 2010). Therefore, even if the cultivated land had 

higher erosion rates, it likely had a lower sediment delivery ratio at the watershed outlet. More 

information was needed to evaluate the results with three sources.  

Wilson et al. (2008) used the fingerprinting method to study the source contribution for the Fort 

Cobb Reservoir watershed. Their results showed that the upland contribution to the deposited 

sediment was 52±7% and the gully contributed 48±7%. When predicting two sources, both the 

Mixing model and the DFA method predicted reasonable results. However, when predicting three 

sources, both methods predicted higher contributions from upland sources (cultivated land plus 

rangeland) and lower gully contribution. Source 2 had smaller model error than Source 1; 

nevertheless, the more sources included, the lower the correct classification rates. Small et al. 

(2002) reported that as the number of sources increased, possibility of spurious numerical 

solutions increased. 

Table 20 Comparison of fingerprinting methods source contributions for the Bull Creek 

watershed for Source Group 1, upland and gully. 

Method 

Upland Gully Root 
Mean 
Error 
(%) 

% of original grouped 
cases correctly classified Contribution (%) 

Collins' 100 0 3.3E+7 

87 
Mixing 
Model 

50 50 3.8 

DFA* 57 43 4.1 

* Discriminant Function Analysis 
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Table 21 Comparison of fingerprinting methods source contributions for the Bull Creek 

watershed for Source Group 2, cultivated land, rangeland and gullies. 

Method 

Cultivated 
Land 

Rangeland Gully 
Root 
Mean 
Error 
(%) 

% of original grouped 
cases correctly classified 

Contribution (%) 

Collins' 0 100 0 1.6E+5 

79 
Mixing 

Model 
43 17 40 1.0 

DFA* 21 42 37 1.4 

* Discriminant Function Analysis 

To investigate the occurrence of a zero contribution and determine if it was related to the number 

of sources, the mixing model was used for the whole Bull Creek watershed. Sediment collected 

from the outlets of the subwatersheds using trap samples was considered as spatial sources for the 

outlet of the whole watershed (see Collins et al., 1996). Sampler 11 was the trap that collected 

sediment at the outlet of the whole watershed, less subwatershed 1. To avoid overlap of the 

subwatersheds, traps 4, 5, 6, 9, Z2, and Z5 were selected as the sources for the whole watershed, 

with the results given in Table 22.When the source number increased, the percentage of original 

grouped cases correctly classified decreased. The Collins’ method still predicted sediment 

contribution only from one source and had largest model error. Although the mixing model 

predicted the lowest model error, it predicted zero contribution from three subwatersheds. The 

DFA did not predict any source contribution as zero. This indicated that the DFA method might 

avoid the potential spurious numerical solutions of the mixing model.  
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Table 22 Fingerprinting method source contributions by subwatershed for the Bull Creek 

watershed. 

Method 

Subwatershed Root 
Mean 
Error 
(%) 

% of original 
grouped cases 

correctly 
classified 

4 5 6 9 Z2 Z3 

Contribution (%) 

Collins' 0 0 100 0 0 0 3000 

70 
Mixing 

Model 
0 47 0 0 2 51 0.5 

DFA* 23 17 14 19 13 14 7.7 

* Discriminant Function Analysis 

4.2.2 Fingerprinting method evaluation 

4.2.2.1 Element concentrations greater than source concentrations 

Elements that passed the Kruskal-Wallis H-test but had sediment concentrations  that outside the 

range of their sources are listed in Table 23. Koiter et al. (2013) reviewed the chemical 

transformations during the water erosion processes, and found that the elements can enrich in the 

sediment (e.g., selective erosion and atmospheric deposition) or be lost during the transportation 

(e.g., leaching, dissolved elements infiltrated and absorbed to soil, biological inputs). Among the 

elements given in Table 23, H, Sr, Zr and Hf were both enriched and reduced in the sediment. 

Sampling and measurement errors were the likely causes of element concentrations greater than 

the surface source. Only ten samples had two replicates with differences between replicates 

ranging from 8 - 30%.  However, only 1.0 g was used for the ICP-MS analysis, which introduces 

uncertainty associated with the representativeness of the soil samples. Another possible reason for 

excessive concentrations was the mean concentrations were used. Some elements were in the 

range of the observed minimum and maximum concentrations. However, the model can only use 

the mean concentrations. 
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Table 23 Element sediment concentrations greater than and less than surface samples (source) for 

the fingerprinting method.  

Sediment Concentration 

Greater than Surface Samples Less than Surface Samples 

Na, H, Li, Mn, Co, Cu, As, Sr, Ba, Ge, Zr, 

Hf, C 

Br, N, Cs-137, Si, Ti, H, Ge, B, Mg, Sr, Nb, Hf, 

Mo, Zr 

 

4.2.2.2 Number of sources and chemical properties 

The mixing model fail chance increased with the increasing number of sources. Martinez-

Carreras et al. (2008) also found that the number of elements used in the mixing model could 

affect the uncertainty of the source contribution prediction.  They reported that with an increase 

of the number of properties, the uncertainty range of the source concentrations decreased, the 

uncertainty was independent of the property type.  

4.2.2.3 Particle size correction factor 

Elements were found to have a strong relationship with the particle size and organic matter due to 

the SSA (Walling et al., 2000). The particle size correction factor, Z, was the same as the one 

used in the Cs-137 method. However, research showed that particle size correction factors varied 

for different elements and that relationships between the SSAs were not uniform (Russell et al., 

2000). The selective deposition process had varying effects on different elements. The effect was 

greater (Na) than others (Mn, Fe, Zn, etc.). Moreover, sediment was transported in the form of 

both aggregates and primary particles, and detachment, transport and deposition change along the 

flow path (Schiettecatte et al., 2008). As the transport capacity increases, the selective deposition 

process becomes less significant. Motha et al. (2002) corrected the particle size and organic 

matter by comparing the field collected source runoff and the suspended sediment, and then 

compared the chemical concentrations in the original sediment and the concentrations calculated 
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using the particle size correction. Their results showed significant differences for geochemical 

and magnetic properties, but no significant differences for isotopes (Cs-137 and Pb-210). 

Therefore, due to the lack of clear relationships between the element properties and particle size, 

the existing particle size correction factor was not utilized.  

For this study, the element concentration change with the clay content is given in Figure 67. All 

the elements used in the mixing model were included in Figure 67.  There were no clear 

relationships between the element concentrations and clay content. Similar results were found by 

Stone and Walling (1997). The possibility for this phenomenon would be that the different 

absorption of the element on fine particles and the different parent materials for sampling soils.  
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(e)                                     (f) 

Figure 67 Relationship between element concentration and percent clay. 

 

Phillips et al. (2000) reported that when using the sediment trap for the fingerprinting method, a 

representative sediment sample could be collected when the grain size was smaller than 63 μm. 

Application of the sediment trap assumed that the selective deposition processes had limited 

influence when the grain size was less than 63μm (Walling et al. 2000). Some researcher limited 

the grain size to 10μm (Wilkinson et al., 2009).  

4.3 WEPP soil loss predictions and source comparison 

4.3.1 Cs-137 and WEPP hillslope soil loss prediction comparison 

Different WEPP hillslope models were developed for each of the eight of the 11 transects.  

Transects 1 and 9 had missing Cs-137 samples and transect 10 likely had sampling errors and 

thus were not included in the WEPP simulations. Soil loss predictions from WEPP and the Cs-

137 method are given in Figure 68. Note that the Cs-137 predictions included the particle size 

correction factor (Z). For transect 11, the Cs-137 results were from the Mass Balance Model III 

with Z. The negative value in the Figure 68 means an erosion rate and a positive value means a 

deposition rate. The WEPP hillslope model for the rangeland had all the same inputs parameters 

except the hillslope steepness, slope length and the soil type for the top parts of the transect 5 and 
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6. The top parts of the transect 5 and 6 had the Quinlan-rock outcrop complex soil while the other 

parts had the same Quinlan-Woodward complex soil as the other transects. The positions where 

the plant coverage changed for each transect. Samples for the Cs-137 method were taken at the 

points where coverage changed or slope steepness changed.  
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Figure 68 Rangeland soil loss predicted using the Cs-137 method with the particle correction 

factor, Z, and WEPP. 

 

The soil loss predicted by WEPP increased from the slope top to the bottom. The second 

sampling point (top-middle of the transect) had almost the same soil loss as the first sampling 

point (top of the transect) reflected the influence of the plant coverage change. The soil erosion 

rates were highly related to the slope steepness. Figure 69 shows the relationship between soil 

erosion and slope steepness, and shows that the soil erosion rates increased with the increasing 

slope steepness. However, transect 5 and 6 were two exceptions; they had the highest average 

slope steepness with the lowest average soil erosion rates. This was because the tops of transect 5 

and 6 had a large amount of rocks which resulted in very low erosion (Ellison, 1948).   
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(a)                                      (b) 

Figure 69 Relationship between WEPP predicted soil erosion rates and slope steepness for 

rangeland: (a) samples from all the rangeland transects (b) all the rangeland transects except 

transect 5 and 6. 

 

For the cultivated land, the effects of the terrace were incorporated into the WEPP model by 

adjusting the slope length and steepness. Comparison between cultivated land soil erosion 

predicted by WEPP and the Cs-137 method are given in Figure 70 and Table 24. The WEPP 

predicted significantly low soil erosion rates compared to the Cs-137 method. However, at the 

downslope terrace bank, WEPP predicted higher soil erosion rates compared to the Cs-137 

method, which was due to the high steep slope steepness of the downslope terrace bank. The soil 

erosion rates changed from the top to the bottom on the cultivated transect and had the same trend 

for both the Cs-137 method and WEPP (Figure 71).  Due to the lack of detailed field measured 

steepness data, the three terraces were set to the same steepness and length in the WEPP hillslope 

model. Terrance maintenance and cattle grazing data were not available and thus not included in 

the WEP model.  
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Figure 70 Comparison between soil loss predicted from the Cs-137 method and WEPP for 

cultivated land in the Bull Creek watershed. 

 

 

Figure 71 Comparison between soil erosion rates change between the Cs-137 method and WEPP 

from the top to the bottom of the hillslope for the cultivated transect for. 
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Table 24 Predicted soil loss comparison between the Cs-137 method and WEPP for terraces. 

Sample 
Number 

Cs-137 
(Bq/m

2
) 

Soil Loss (Mg ha
-1

 yr
-1

) 

Proportional 
Model 

Mass 
Balance 
Model I 

Mass 
Balance 
Model II 

Mass 
Balance 

Model III 
WEPP 

Upper-E* 1190 -14 -21 -8 -13 -3 

Upper-B** 439 -30 -66 -25 -26 -11 

Upper Middle 968 -19 -30 -11 -18 -9 

Middle-E 1040 -17 -27 -10 -10 -13 

Middle-B 465 -29 -63 -24 -24 -45 

Middle 234 -34 -94 -37 -37 -19 

Bottom-E 825 -22 -37 -14 -14 -22 

Bottom-B 577 -27 -54 -20 -20 -69 

Bottom Middle 281 -33 -86 -33 -33 -21 

*Upper-E, middle-E and bottom-E are the samples from the end of the terrace (red dot from 
Figure 48 from left to right); ** Upper-B, middle-B and bottom-B are the samples from the 

downslope terrace bank (blue dot from Figure 48 from left to right). 

 

Figure 72 shows the relationship between the WEPP model and the Cs-137 method. From the 

figure, it may difficult to see a clear relationship. However, the results from these two methods 

were significantly correlated at the 0.01 level (based on Bivariate correlation test), and there was 

no significant difference between the medians (Nonparametric paired sample Wilcoxon test). 

WEPP predicted significantly lower soil erosion rates compared to the Cs-137 method (paired t-

test, 0.05 level). The Nash–Sutcliffe model efficiency (NSE) coefficient was used to compare the 

WEPP model predictions with the Cs-137 method. Using the Cs-137 method results as the 

observed data (independent variable), the NSE efficiencies were high for the rangeland (0.95), 

cultivated land (0.78), and the combined data (0.78).  
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(a)                                      (b) 

Figure 72 Comparison between WEPP and Cs-137 method predictions: (a) rangeland, (b) upland 

(rangeland and cultivated land). 

 

4.3.2 Source contribution comparison between fingerprinting method and WEPP watershed 

model 

Sediment yield predicted by the WEPP watershed model for each subwatershed are given in 

Table 25 and Table 26. The sediment contributions were calculated based on the sediment yield 

from each landuse in the watershed. The results were compared to the fingerprinting method in 

Figure 73 and Figure 74. The WEPP watershed model predicted a lower sediment yield from the 

rangeland compared to which from the fingerprinting method. For the subwatershed 6 and Z4, the 

cultivated land had higher sediment yield than the channel and for the other subwatersheds; the 

cultivated land had lower sediment yield than the channel. For subwatershed Z5 and 11, the 

upland contributed less than the channel, and for the other subwatershed, the upland contributed 

more than the channel. All the rangeland contributed lest than 10% of the total sediment. The 

cultivated land had a higher percentage in the total sediment for the subwatersheds 6 and Z4, and 

less for the rest subwatersheds. 
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Table 25 Source contributions predicted by the WEPP watershed model for the Bull Creek 

watershed. 

Subwatershed 
ID 

Contribution (%) 

Upland 
Channel 

Cultivated land Rangeland Total 

1 41 9.6 51 49 

6 65 7.9 73 27 

Z3 45 8.4 53 47 

Z4 63 2.0 65 35 

Z5 33 3.4 36 64 

11 18 2.6 20 80 

 

 

Table 26 Sediment yield predicted by the WEPP watershed model for the Bull Creek watershed. 

Subwatershed 
ID 

Sediment Yield (t/ha/yr) 

Area 
(ha) 

Delivery 
Ratio 

Upland 
Channel Cultivated 

Land 
Rangeland Total 

1 1.7 0.4 2.1 2.0 34 0.40 

6 2.9 0.4 3.2 1.2 108 0.43 

Z3 2.5 0.5 2.9 2.6 480 0.39 

Z4 5.7 0.2 5.9 3.2 130 0.50 

Z5 2.8 0.3 3.1 5.4 300 0.52 

11 3.0 0.4 3.5 13.7 1080 0.14 
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Figure 73 Comparing the source contribution predicted by fingerprinting method and WEPP 

watershed model (upland and gully). 

 

 

Figure 74 Comparing the source contribution predicted by fingerprinting method and WEPP 

watershed model (cultivated land, rangeland and gully). 
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When comparing to the results from the fingerprinting method, WEPP predicted less erosion from 

the gullies in subwatershed 1. Although WEPP can simulate the channel erosion, it did not 

include the classical gully erosion. Gullies developing in this area would limit the predictions 

from WEPP. For the subwatersheds 6 and Z4, which had similar landforms, all three models had 

similar results when there were two source types (up land and gully). WEPP predicted higher 

sediment yield from the cultivated land, while the fingerprinting method predicted more sediment 

contribution from the rangeland. WEPP predicted higher sediment yield from channel and lower 

sediment yield from the upland for subwatersheds Z3 and Z5. In these two subwatersheds, there 

were small ponds and some channels were connected using pipes, these were not considered in 

the WEPP watershed model. The overall mean and median contributions from these three sources 

predicted by fingerprinting method and WEPP were not significantly different at the 95% 

confidence level, except for the cultivated land contributions predicted by DFA and WEPP.
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CHAPTER V 

 

 

SUMMARY AND CONCLUSIONS 

The Cs-137 and fingerprinting methods have become popular techniques to predict soil loss in 

recently years. These two methods were used to predict hillslope soil loss and source contribution 

in the Bull Creek watershed. Results were compared to the process-based soil erosion model 

WEPP. The advantages and limitations of the Cs-137 and fingerprinting methods were discussed.  

The Cs-137 method predicted reasonable long-time average soil erosion and deposition rates with 

less information and a one-time soil sampling compared to the WEPP hillslope model. The Cs-

137 method also predicted the spatial erosion/deposition distribution along a hillslope that 

integrated soil erosion factors like soil properties, landcover, land management, and other over 

time. However, analyzing the effect of a single soil erosion factor using the Cs-137 method was 

difficult. Sampling methods for the Cs-137 method are critical. Precise reference site 

measurements were crucial to predict soil loss and sediment deposition accurately. The reference 

site Cs-137 inventory had a large variance due in part to the random micro-scale effects. Field 

samples had similar problems, and thus replicate samples were recommended. High measuring 

errors were also recognized for the Gama spectrometer for low signal samples, and the instrument 

operator adds uncertainty in the measurements.  

For the Cs-137 method, the conversion model was recommended based on the vertical 

distribution of the Cs-137 and current and historical land management. The Diffusion and 
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Migration model was used for rangeland and all of the conversion models, except the Mass 

Balance Model I, appropriately predicted erosion for the cultivated land. The use of the particle 

size correction factor, Z, with the conversion models requires additional research. For example, 

using both particle size and organic matter correction factors over corrects. In addition, for this 

study Cs-137 levels did not have a clear relationship with clay particles as reported in the 

literature.  Future improvements in the Cs-137 method to estimate soil and erosion and deposition 

in areas similar to Bull Creek watershed include: 1) improving the sampling method to account 

for micro-scale factors that affect the Cs-137 distribution, 2) develop a more accurate method to 

reflect the influence of the selective deposition processes, and 3) additional research to 

characterize the soil erosion and deposition process for the terrace system. 

The fingerprinting method provided useful information on watershed-scale source contributions. 

This method predicted source contributions more accurately for two sources; as the number of 

sources increased, the accuracy decreased. Three methods were used to identify sediment sources: 

the mixing model, the Collins’ improved model, and the Discriminant Function Analysis (DFA). 

Due to the large sample variance, the Collins’ improved model was not used for this study. 

Results from DFA method had slightly larger model errors compared to the mixing model, but 

predictions were not significantly different.  The DFA method was recommended since the 

mixing model predicted zero contribution for some sources when the source number was greater 

than two.  Additional research is needed to evaluate the DFA method for identifying source 

contributions since it has the potential to provide results that are more reasonable and avoid the 

spurious numerical solutions of the mixing model. 

An obstacle encountered for the fingerprinting method was accurately accounting for the fine 

particle enrichment during the sediment transport process. Element selection should be based on 

the statistical methods and the properties of elements to adsorb to fine particles. For this study 

area, the elements used in the fingerprinting method did not have clear relationships with the fine 
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particles, which added uncertainty in the predictions. Each element may have a unique particle 

size correction factor, and thus using a single particle correction factor contributed to uncertainty. 

Therefore, the particle size correction factor was not used in the fingerprinting method. Effects of 

the selective deposition process were minimized by sieving all samples using a 63 μm mesh prior 

to testing. 

When there were two source types, the fingerprinting method and WEPP watershed model 

predicted similar source contributions. However, with three source types their predictions 

diverged. In addition, WEPP predicted significantly less sediment yield from the rangeland 

compared to the fingerprinting method, and thus the fingerprinting method predicted rangeland 

contributed a large proportion of the total sediment yield. It is important to clarify the difference 

between soil erosion predictions and inferences drawn from the fingerprinting method, which 

only estimates the relative source contributions. Combining erosion models with the 

fingerprinting method provides a more detailed evaluation of erosion predictions, which may 

result in improved land management recommendations and decisions. 

 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Recommended future research includes improving the accuracy of the reference site information 

for the Cs-137 method by increasing the sample number and collecting samples using the large 

soil ring by depth along with increasing the number of reference locations. Next, developing an 

improved particle size correction factor is critical. Additional studies may include developing 

relationships between the soil properties (isotopes and elements) and particle size, accounting for 

changes in element enrichment and loss during the transport process, and evaluating both the 

organic and particle size correction factors. Laboratory or plot scale erosion studies should be 

conducted using special tracers to study particle size and element changes during transport.  
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Finally, improvements in the DFA method should be evaluated using an indoor rainfall simulator 

to develop a series of controlled experiments to investigate mixtures of different source materials. 
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APPENDICES 

 

 

Table A 1 Central point information of the soil samples for cultivated land and rangeland in Bull 

Creek watershed 

Soil 
Sample 
Number 

Soil 
Type

*
 

Land cover 
The point take the note in GPS 

Remarks 
Latitude(N) Longitude(W) 

FS01 54&55 Cultivated 35°20′59.9432″ 98°43′38.0357″ 
 

FS02 51 Cultivated 35°20′55.9305″ 98°43′32.3225″ 
 

FS03 50 Cultivated 35°20′53.7661″ 98°43′28.4637″ 
 

FS04 54&55 Cultivated 35°20′49.1150″ 98°43′15.7128″ 
Ignore the 
small area 

54 

FS05 47 Cultivated 35°21′7.5206″ 98°43′23.8691″ 
 

FS06 39&40 Cultivated 35°21′15.1332″ 98°43′33.1334″ 
 

FS07 7&8 Cultivated 35°21′16.7268″ 98°43′19.6817″ 
 

FS08 54&55 Cultivated 35°21′10.0719″ 98°43′16.9114″ 
 

FS09 50&51 Cultivated 35°21′5.97350″ 98°43′42.0017″ 
 

FS10 47 Cultivated 35°20′59.9284″ 98°43′13.6938″ 

Split by 
road, took 
samples in 
the north 

part 

FS11 7&8 Cultivated 35°20′57.3871″ 98°42′35.6716″ 

Not 
cultivated 

not 
rangeland,o

verseed 
with 

weight, for 
cows. 

FS12 54&55 Cultivated 35°21′17.7536″ 98°42′13.8694″ 
 

FS13 54&55 Cultivated 35°21′20.2997″ 98°43′53.6405″ 
 

FS14 50&51 Cultivated 35°21′19.6080″ 98°44′1.40190″ 
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FS15 7&8 Cultivated 35°21′26.3517″ 98°44′3.40583″ 
 

FS16 12 Cultivated 35°22′39.2838″ 98°44′3.91389″ 

Corton in 
last 

summer, 
and weath 

in fall 

FS17 54&55 Cultivated 35°22′35.2349″ 98°44′1.09624″ 

Corton in 
last 

summer, 
and weath 

in fall 

FS18 7&8 Cultivated 35°22′31.1617″ 98°43′35.3271″ 
 

FS19 7&8 Cultivated 35°22′34.8940″ 98°43′1.95555″ 
 

FS20 39&40 Cultivated 35°22′28.0826″ 98°43′4.55796″ 
 

FS21 13 Cultivated 35°22′19.5657″ 98°42′56.2049″ 
Ignore the 
rock hill in 
the middle 

FS22 50&51 Cultivated 35°22′28.2414″ 98°42′51.7280″ 
 

FS23 7&8 Cultivated 35°22′26.0074″ 98°42′39.4778″ 
 

FS24 54&55 Cultivated 35°22′25.5289″ 98°42′37.2747″ 
 

FS25 39&40 Cultivated 35°22′37.1108″ 98°42′34.9726″ 
Ignore the 
small grass 

land 

FS26 53 Cultivated 35°22′21.6077″ 98°42′45.0913″ 
A really 

small area 

FS27 39&40 Rangeland 35°22′39.1838″ 98°42′53.8591″ 
 

FS28 39&40 Rangeland 35°22′32.3725″ 98°43′13.3915″ 
 

FS29 53 Rangeland 35°22′9.76253″ 98°42′48.0343″ 
 

FS30 50&51 Rangeland 35°21′57.4817″ 98°42′47.7583″ 
 

FS31 39&40 Rangeland 35°22′31.6705″ 98°43′40.3052″ 
 

FS32 12 Rangeland 35°22′21.0564″ 98°43′57.8504″ 
 

FS33 7&8 Cultivated 35°22′19.9567″ 98°44′17.2408″ 
 

FS34 54&55 Rangeland 35°21′59.9250″ 98°43′23.2165″ 
 

FS35 39&40 Rangeland 35°22′5.17765″ 98°43′5.04169″ 
 

FS36 39&40 Rangeland 35°21′32.9671″ 98°43′15.8775″ 
 

FS37 13 Rangeland 35°20′51.7723″ 98°42′46.1104″ 
 

FS38 54&55 Rangeland 35°21′38.6624″ 98°42′48.3749″ 
 

FS39 7&8 Rangeland 35°21′23.8659″ 98°43′12.4914″ 
 

FS40 54&55 Rangeland 35°21′22.5891″ 98°42′41.5053″ 
 

FS41 39&40 Rangeland 35°22′12.0685″ 98°42′14.8823″ 
 

FS42 38 Rangeland 35°21′40.7695″ 98°42′1.60592″ 

Rock 
hills,just 
took one 

sample for 
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all 

FS43 39&40 Rangeland 35°21′22.0239″ 98°42′3.58496″ 
 

FS44 20 Rangeland 35°21′27.2527″ 98°41′41.0093″ 
 

FS45 28 Rangeland 35°22′6.24854″ 98°42′8.32134″ 
 

FS46 7&8 Cultivated 35°22′26.5952″ 98°42′17.0390″ 
 

FS47 39&40 Cultivated 35°22′16.3442″ 98°42′3.80895″ 
 

FS48 39&40 Rangeland 35°21′53.5580″ 98°43′51.5260″ 
 

FS49 39&40 Rangeland 35°22′6.9840″ 98°43′33.6240″ 
 

FS50 7&8 Rangeland 35°21′58.332″ 98°43′42.8740″ 
 

* 
Soil type refers to the MUKEY in Table 2.
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Table A 2 The position and length of gullies in which sediment samples were taken in Bull Creek 

watershed 

Gully Soil 
Samples' 

Number 

Start End 
Length 

(m) 
Latitude(N) Longitude(W) Latitude(N) Longitude(W) 

GS01 35°21′14.646″ 98°41′55.538″ 35°21′14.646″ 98°41′2.593″ 301.9 

GS02 35°21′15.679″ 98°42′3.65″ 35°21′14.646″ 98°41′2.593″ 214.9 

GS03 35°21′9.46″ 98°42′5.223″ 35°21′15.679″ 98°42′3.65″ 198.6 

GS04 35°21′14.646″ 98°41′2.593″ 35°21′42.755″ 98°41′53.788″ 668.9 

GS05 35°21′25.499″ 98°41′40.047″ 35°21′31.104″ 98°41′56.246″ 458.2 

GS06-North 35°22′9.926″ 98°44′1.145″ 
35°21′47.311″ 98°43′44.67″ 1192.3 

GS06-South 35°21′56.903″ 98°44′3.68″ 

GS07 35°21′46.524″ 98°43′45.894″ 35°21′40.144″ 98°44′6.914″ 565.6 

GS08 35°22′38.2″ 98°43′41.065″ 35°22′12.766″ 98°43′37.045″ 834.6 

GS09 35°22′12.766″ 98°43′37.045″ 35°21′53.669″ 98°43′28.785″ 623.1 

GS10 35°21′30.137″ 98°43′45.304″ 35°21′34.507″ 98°43′37.613″ 244.4 

GS11 35°21′32.496″ 98°43′35.559″ 35°21′18.381″ 98°43′35.996″ 439.2 

GS12 35°21′45.322″ 98°43′27.117″ 35°21′51.266″ 98°42′52.215″ 1136.9 

GS13 35°22′9.765″ 98°43′8.297″ 35°22′0.21″ 98°43′3.461″ 329.8 

GS14 35°22′32.808″ 98°43′17.095″ 35°22′19.581″ 98°43′16.163″ 415.8 

GS15 35°22′19.814″ 98°42′45.572″ 35°22′5.277″ 98°42′42.718″ 454.1 

GS16 35°21′51.266″ 98°42′52.215″ 35°21′50.275″ 98°42′33.162″ 513.7 

GS17 35°22′3.47″ 98°42′41.203″ 35°21′51.409″ 98°42′32.405″ 434.6 

GS18 35°21′51.7″ 98°42′30.249″ 35°21′56.77″ 98°42′8.02″ 637.5 

GS19 35°21′44.303″ 98°42′28.377″ 35°21′34.209″ 98°42′37.161″ 390.3 

GS20 35°21′32.854″ 98°42′38.734″ 35°21′12.774″ 98°43′0.549″ 883.2 
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Table A 3 The position information for traps and auto samplers in Bull Creek watershed 

Number 
Trap or 

Sampler 

Points in the GPS(not very reliable) 

Remark 
Latitude longitude 

Altitud
e 

(Tietjen 
et al., 

2010) 

0 Trap 35°21′40.03137″ 98°41′53.66679″ 1433 
End of the 

gully 

1 Trap 35°21′31.32180″ 98°41′56.24772″ 1462 
End of the 

gully 

2 Trap 35°21′31.81680″ 98°41′55.04586″ 1427 
End of the 

gully 

3 
Auto 

Sampler 
35°21′43.55235″ 98°41′53.52342″ 1420 

End of the 

gully 

4 Trap 35°21′47.77285″ 98°43′46.01424″ 1521 
End of the 

gully 

5 Trap 35°21′46.28619″ 98°43′46.20468″ 1510 
End of the 

gully 

6 Trap 35°21′57.97863″ 98°43′31.79496″ 1480 
End of the 

gully 

7 Trap 35°22′0.33699″ 98°43′2.77536″ 1485 

Main 
stem,after the 

gully 

8 Trap 35°22′10.73217″ 98°42′44.49537″ 1480 
End of the 

gully 

9 Trap 35°21′50.63931″ 98°42′33.07167″ 1418 
End of the 

gully 

10 
Auto 

Sampler 
35°21′50.67468″ 98°42′26.46891″ 1434 

Main 
stem,after the 

gully 

11 Trap 35°21′53.61183″ 98°42′12.16053″ 1445 

Main 
stem,before 

reservoir 

12 Trap 35°21′26.78958″ 98°43′48.16983″ 1551 
End of the 

gully 
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Number 
Trap or 

Sampler 

Points in the GPS(not very reliable) 

Remark 
Latitude longitude 

Altitud
e 

(Tietjen 
et al., 

2010) 

13 Trap 35°21′27.34200″ 98°42′42.26256″ 1490 
End of the 

gully 
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Table A 4 The position information for the 11 transects in Bull Creek watershed 

Transect 

Number 

Start Point Stop Point 

Latitude Longitude Latitude Longitude 

1 
35°21′05.09256

″ 

98°41′52.82592

″ 

35°21′04.85073

″ 

98°41′49.60923

″ 

2 
35°21′05.24169

″ 

98°41′49.50816

″ 

35°21′10.05705

″ 

98°41′49.09794

″ 

3 
35°21′11.19969

″ 
98°41′39.20874

″ 
35°21′08.69166

″ 
98°41′40.23591

″ 

4 
35°21′10.90476

″ 

98°41′47.84460

″ 

35°21′11.19969

″ 

98°41′39.20874

″ 

5 
35°21′31.92453

″ 

98°42′02.05218

″ 

35°21′33.55551

″ 

98°42′05.53608

″ 

6 
35°21′27.92052

″ 

98°42′06.04296

″ 

35°21′33.09039

″ 

98°42′05.68845

″ 

7 
35°21′32.43825

″ 
98°41′46.87089

″ 
35°21′35.31384

″ 
98°41′43.85553

″ 

8 
35°21′32.34690

″ 

98°41′46.78188

″ 

35°21′29.92266

″ 

98°41′50.42364

″ 

9 
35°21′44.25030

″ 

98°41′44.78433

″ 

35°21′42.06870

″ 

98°41′44.79549

″ 

10 
35°21′10.01529

″ 

98°41′58.81191

″ 

35°21′12.14649

″ 

98°41′54.45591

″ 

11 
35°21′22.57794

″ 

98°42′16.51545

″ 

35°21′23.89239

″ 
98°42′12.1761″ 
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Table A 5 Soil erosion/deposition rates calculated by the Cs-137 method and their lower and upper 95 percent confidence intervals. 

Sites 

Cs-137 
inventor

y 

(Bq m
-2

) 

Erosion/Depositi
on Rate* 

Including Z** 

(Mg ha
-1

 yr
-1

) 

Erosion/Depositi
on Rate*  

Excluding Z** 

(Mg ha
-1

 yr
-1

) 

Confidence Interval 

include Z** 

Confidence Interval 

exclude Z** 
Confidence Interval 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

Include 

Z 

Exclude 

Z 

T02-

01 
1577 -0.45 -1.19 -1.50 0.60 -3.23 0.87 1.05 2.06 

T02-

02 
1772 -0.18 -0.63 -0.74 0.38 -1.97 0.69 0.56 1.34 

T02-

03 
1132 -1.0 -2.53 -2.82 0.83 -6.03 0.96 1.84 3.49 

T02-

04 
1180 -0.90 -2.44 -2.62 0.81 -5.85 0.96 1.70 3.40 

T03-

02 
1330 -0.72 -1.90 -2.20 0.74 -4.77 0.96 1.46 2.87 

T03-
03 

1750 -0.18 -0.72 -0.74 0.38 -2.20 0.74 0.56 1.46 

T03-
04 

1362 -0.72 -1.81 -2.20 0.74 -4.57 0.96 1.46 2.78 

T04-

04 
1577 -0.45 -1.19 -1.50 0.60 -3.23 0.87 1.05 2.06 

T04-

03 
1714 -0.27 -0.81 -1.01 0.47 -2.40 0.78 0.74 1.59 

T04-

02 
1400 -0.63 -1.72 -1.97 0.69 -4.39 0.94 1.34 2.67 
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Sites 

Cs-137 
inventor

y 

(Bq m
-2

) 

Erosion/Depositi
on Rate* 

Including Z** 

(Mg ha
-1

 yr
-1

) 

Erosion/Depositi
on Rate*  

Excluding Z** 

(Mg ha
-1

 yr
-1

) 

Confidence Interval 

include Z** 

Confidence Interval 

exclude Z** 
Confidence Interval 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

Include 

Z 

Exclude 

Z 

T04-

01 
1330 -0.72 -1.90 -2.20 0.74 -4.77 0.96 1.46 2.87 

T05-
04 

1730 -0.27 -0.72 -1.01 0.47 -2.20 0.74 0.74 1.46 

T05-
03 

482 -1.90 -4.73 -4.77 0.96 -10.1 0.65 2.87 5.38 

T05-

02 
466 -1.90 -4.82 -4.77 0.96 -10.2 0.63 2.87 5.44 

T05-

01 
1080 -1.10 -2.71 -3.02 0.85 -6.38 0.94 1.95 3.67 

T06-

01 
1220 -0.90 -2.26 -2.62 0.81 -5.49 0.96 1.70 3.23 

T06-

02 
1180 -0.90 -2.44 -2.62 0.81 -5.85 0.96 1.70 3.40 

T06-

03 
1610 -0.36 -1.10 -1.28 0.54 -3.02 0.85 0.90 1.95 

T06-

04 
1950 0.25 -0.09 -0.45 0.94 -0.43 0.25 0.69 0.34 

T07-

01 
1370 -0.72 -1.81 -2.20 0.74 -4.57 0.96 1.46 2.78 

T07- 1220 -0.90 -2.26 -2.62 0.81 -5.49 0.96 1.70 3.23 
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Sites 

Cs-137 
inventor

y 

(Bq m
-2

) 

Erosion/Depositi
on Rate* 

Including Z** 

(Mg ha
-1

 yr
-1

) 

Erosion/Depositi
on Rate*  

Excluding Z** 

(Mg ha
-1

 yr
-1

) 

Confidence Interval 

include Z** 

Confidence Interval 

exclude Z** 
Confidence Interval 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

Include 

Z 

Exclude 

Z 

02 

T07-

03 
540 -1.81 -4.52 -4.57 0.96 -9.77 0.69 2.78 5.22 

T08-

01 
1370 -0.72 -1.81 -2.20 0.74 -4.57 0.96 1.46 2.78 

T08-

02 
1130 -1.01 -2.53 -2.82 0.83 -6.03 0.96 1.84 3.49 

T08-

03 
384 -1.99 -5.08 -4.95 0.96 -10.7 0.58 2.96 5.64 

T10-

03 
336 -2.08 -5.17 -5.13 0.96 -10.9 0.56 3.05 5.71 

T10-

02 
377 -1.99 -5.08 -4.95 0.96 -10.7 0.58 2.96 5.64 

T10-

01 
358 -2.08 -5.26 -5.13 0.96 -11.0 0.54 3.05 5.80 

T11-1 968 -18.2 -19.7 -31.9 -4.5 -34.2 -5.2 13.7 14.5 

T11-2 235 -37.1 -46.7 -59.6 -14.6 -73.1 -20.3 22.5 26.4 

T11-3 281 -33.4 -42.0 -54.3 -12.5 -66.5 -17.5 20.9 24.5 

*Negative is erosion and a position number is deposition; 

**Particle size correction factor.  
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Table A 6 Elements tested by ICP-MS for surface soil and gully samples (Part 1) 

Sample No. 
Li B Na Mg Al P Ca V 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-1 167 73 795 119945 126730 84119 216038 251 

FS-2 133 300 567 37652 129116 54116 32012 215 

FS-3 263 302 903 82002 180743 52196 28209 260 

FS-4 430 380 864 192568 212838 63851 131081 308 

FS-5 214 91 737 49292 165094 74371 20755 293 

FS-6 200 348 730 97545 151786 86161 195536 231 

FS-7 163 705 639 41821 168659 65942 57971 280 

FS-8 297 595 1338 131866 212687 66978 261940 350 

FS-9 205 324 630 59638 168033 63388 38798 266 

FS-10 366 410 808 115737 195896 67351 51119 310 

FS-11 272 231 659 70260 187500 56250 177431 275 

FS-12 197 391 830 63219 158273 47302 73381 299 

FS-13 346 261 886 179484 205163 64946 203125 282 

FS-14 249 266 1256 108743 174157 58146 160815 283 

FS-15 320 235 716 113605 194017 44798 89595 288 

FS-16 257 329 1591 206106 172414 91954 347126 303 

FS-17 224 254 1288 169253 173851 74425 270977 292 

FS-18 214 259 702 53273 182292 55556 41493 302 

FS-19 300 264 1060 110178 221893 50888 116420 289 

FS-20 209 162 607 41355 227273 47028 19213 301 

FS-21 277 229 788 92738 171779 60583 90644 283 

FS-22 366 418 965 111838 259328 59142 63060 414 

FS-23 272 532 899 77573 254870 63149 58929 392 

FS-24 289 125 707 73909 281716 67724 47015 420 

FS-25 256 463 868 88037 267578 70117 69727 416 

FS-26 266 280 678 65972 209150 60294 24020 316 

FS-27 307 525 1176 137559 213087 69966 138423 340 

FS-28 161 329 1046 223620 124026 76948 378571 356 

FS-29 340 490 1017 129854 196429 71266 758442 338 

FS-30 179 243 791 61502 177052 63806 479851 312 

FS-31 262 333 800 108468 219512 82927 90854 319 

FS-32 185 394 735 110331 164021 79762 130688 263 

FS-33 273 385 730 85319 211957 54484 33152 284 

FS-34 228 475 1242 224777 188988 59077 405060 336 

FS-35 246 423 1178 155695 183432 61095 231065 328 

FS-36 186 335 1014 162011 160140 73324 231564 367 

FS-37 207 172 508 51220 170305 67530 41159 261 

FS-38 196 296 940 171788 182011 60894 424302 289 
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Sample No. 
Li B Na Mg Al P Ca V 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-39 159 107 560 76007 147953 61745 101510 257 

FS-40 253 128 519 105189 169497 41667 337736 270 

FS-41 229 205 883 77896 153872 44207 69055 241 

FS-42 190 369 815 121477 136503 58221 146812 237 

FS-43 216 353 833 86869 167788 55556 115909 238 

FS-44 212 163 523 58604 167045 45455 90097 234 

FS-45 281 241 657 73256 174729 69186 46705 242 

FS-46 349 292 696 90359 224183 54085 17304 319 

FS-47 301 292 670 79464 192500 51042 52232 271 

FS-48 281 178 858 205460 145029 48994 237787 273 

FS-49 274 265 707 137043 173293 63415 135671 273 

FS-50 231 190 549 79403 139758 57233 62893 211 

GS-1 339 177 797 66456 227323 41456 61392 323 

GS-2 365 372 1345 199662 210236 77365 346284 368 

GS-3 350 283 1267 196284 210899 69595 427365 348 

GS-4 287 195 843 112903 187109 60484 150806 282 

GS-5 288 250 1430 158146 182236 69382 231742 309 

GS-6 308 248 1526 390351 160969 78289 610746 338 

GS-7 304 231 2248 281879 150289 64262 334732 305 

GS-8 327 185 1271 331933 176647 89706 482143 324 

GS-9 316 194 816 192708 193958 65278 245660 311 

GS-10 183 73 658 118000 135240 50500 141500 194 

GS-11 257 172 1040 204023 192902 73707 273707 295 

GS-12 225 164 1224 270522 163310 57276 361194 302 

GS-B-12 230 193 1081 257194 143651 56115 351799 299 

GS-13 269 281 844 150347 212674 55035 317014 342 

GS-14 251 240 623 86201 211591 49026 121266 339 

GS-15 330 222 643 75157 235755 43711 45440 314 

GS-16 245 385 3157 295455 159621 91919 956061 384 

GS-B-16 225 188 4651 146318 141492 58721 190504 291 

GS-17 294 329 1584 160096 242644 72596 758654 392 

GS-18 273 260 1899 150000 200455 65909 286688 312 

GS-19 229 325 1720 149597 149173 68548 529435 274 

GS-20 465 575 3582 192164 224888 68657 816418 371 

GB 01 128 7589 773 23727 101558 1833 16077 147 

GB 02 119 11061 561 28161 72646 2170 224215 117 

GB 03 239 56791 2138 182589 127892 5321 203430 272 

GB 04 172 -5194 1357 78386 115062 3353 139832 193 
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Table A 7 Elements tested by ICP-MS for surface soil and gully samples (Part 2) 

Sample No. 
Mn Co Cu Zn As Sr Cs-133 Ba 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-1 4002 61 92 417 31 629 14 841 

FS-2 3719 66 98 381 35 285 15 904 

FS-3 4266 79 186 427 33 152 17 995 

FS-4 4348 75 121 372 32 140 18 1019 

FS-5 4726 85 98 396 40 204 16 1175 

FS-6 4044 72 103 372 35 350 16 948 

FS-7 3303 75 98 351 52 261 17 1065 

FS-8 3996 81 147 435 57 299 19 1321 

FS-9 4118 73 127 407 38 536 17 1100 

FS-10 4676 70 117 407 41 150 18 1252 

FS-11 4168 65 107 479 37 286 17 1349 

FS-12 4888 76 105 338 43 736 12 1162 

FS-13 4903 80 133 461 35 633 19 1042 

FS-14 3858 67 123 404 35 487 17 1208 

FS-15 4317 78 140 444 38 637 20 1236 

FS-16 6415 92 148 530 53 1203 21 1125 

FS-17 5629 82 155 447 45 1193 20 1042 

FS-18 3602 71 108 363 45 446 18 1311 

FS-19 3807 79 130 398 41 370 19 1568 

FS-20 3509 76 107 390 42 425 20 1467 

FS-21 3676 69 119 410 37 218 18 1350 

FS-22 4426 75 121 521 48 851 21 1364 

FS-23 4318 82 132 466 48 791 24 1479 

FS-24 4193 77 123 606 49 688 24 1599 

FS-25 5207 93 138 523 55 936 24 1549 

FS-26 3986 64 104 425 39 549 18 1126 

FS-27 4190 72 148 480 44 1190 18 1139 

FS-28 5768 64 80 468 34 1916 14 1375 

FS-29 5051 75 134 581 49 446 20 2159 

FS-30 5178 59 90 489 40 394 18 1121 

FS-31 5577 79 148 680 40 1207 21 1337 

FS-32 5703 59 115 532 38 877 18 1024 

FS-33 4853 76 113 387 33 438 20 1133 

FS-34 4673 82 125 421 41 1097 20 1051 

FS-35 4455 71 124 482 44 627 18 1312 

FS-36 4986 73 129 514 44 1161 19 1118 

FS-37 4512 56 108 523 29 194 17 1409 

FS-38 3450 71 100 370 38 485 17 1224 



175 

 

Sample No. 
Mn Co Cu Zn As Sr Cs-133 Ba 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-39 3742 64 91 381 35 703 15 872 

FS-40 3742 63 95 341 39 395 15 864 

FS-41 4268 62 135 454 44 1215 16 1286 

FS-42 6527 75 100 562 55 25839 16 3558 

FS-43 6162 76 109 586 49 1682 16 1953 

FS-44 4789 60 96 508 43 12695 16 2517 

FS-45 5078 81 119 612 43 682 17 953 

FS-46 3660 73 111 467 38 245 19 1001 

FS-47 3780 72 106 385 35 280 19 895 

FS-48 4483 65 118 468 40 2270 16 1152 

FS-49 3872 69 112 407 41 707 16 1045 

FS-50 3553 59 83 390 32 791 14 763 

GS-1 7658 96 128 532 62 9114 20 2717 

GS-2 8243 114 156 750 65 17534 21 3171 

GS-3 7635 110 142 794 58 22264 21 3096 

GS-4 5565 83 128 544 46 6109 14 2320 

GS-5 7640 97 135 688 62 2067 19 1906 

GS-6 8355 107 164 520 55 4803 19 1927 

GS-7 5101 77 145 418 42 3507 16 1355 

GS-8 5588 85 126 504 47 2521 18 1451 

GS-9 5660 85 145 453 45 1590 18 1362 

GS-10 3450 56 104 321 28 487 14 810 

GS-11 4727 77 170 678 37 1264 19 1397 

GS-12 6250 84 138 465 47 1744 17 1493 

GS-B-12 5342 77 137 379 42 1960 15 1564 

GS-13 4479 85 146 415 48 792 20 1928 

GS-14 3977 73 139 420 46 1227 19 1519 

GS-15 3129 77 117 421 42 508 19 1652 

GS-16 10379 105 122 497 54 2432 19 1782 

GS-B-16 4419 73 101 434 41 981 16 1109 

GS-17 8365 122 193 611 63 4135 21 2285 

GS-18 6526 87 166 494 50 2679 20 1916 

GS-19 7843 76 121 415 45 5544 16 1414 

GS-20 4907 83 134 416 51 991 20 1824 

GB 01 4214 43 56 237 33 3176 10 1069 

GB 02 2611 32 39 179 20 14449 7 1206 

GB 03 4826 63 106 339 26 552 12 712 

GB 04 3706 52 89 309 28 610 12 683 
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Table A 8 Elements tested by ICP-MS for surface soil and gully samples (Part 3) 

Sample No. 
Pb U-238 Si Ti Ge Br Zr Nb 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-1 88 8 1698 379 0.48 151 158 1.79 

FS-2 86 7 2073 392 0.45 112 159 1.44 

FS-3 101 8 2753 703 0.57 126 159 1.79 

FS-4 85 9 3091 1005 0.51 143 145 1.98 

FS-5 109 8 3569 1266 0.59 178 170 2.03 

FS-6 85 7 2738 901 0.59 164 152 2.84 

FS-7 103 10 3442 1287 0.66 190 183 2.90 

FS-8 107 11 5037 1572 0.68 186 176 4.89 

FS-9 99 9 4385 1298 0.54 211 162 2.05 

FS-10 100 11 5019 1797 0.70 170 172 2.87 

FS-11 101 10 3594 794 0.62 272 176 2.52 

FS-12 90 11 2050 1014 0.56 146 172 10.4 

FS-13 85 9 2133 1341 0.53 181 173 1.81 

FS-14 88 10 2079 1231 0.45 196 159 1.69 

FS-15 93 9 2052 1321 0.62 187 183 1.50 

FS-16 112 14 2270 1509 0.51 144 115 3.36 

FS-17 94 11 2284 1434 0.49 142 129 2.69 

FS-18 106 12 2622 1726 0.59 117 178 2.52 

FS-19 107 11 2204 1646 0.58 128 184 2.20 

FS-20 116 11 2360 1738 0.66 150 194 2.66 

FS-21 99 10 1173 1723 0.48 94 164 2.99 

FS-22 111 13 1080 1015 0.63 104 223 2.72 

FS-23 121 14 992 832 0.61 125 217 2.76 

FS-24 123 13 1091 896 0.67 166 244 3.28 

FS-25 132 13 1729 872 0.71 104 277 3.01 

FS-26 98 10 1186 695 0.54 86 190 2.35 

FS-27 113 10 1310 878 0.51 157 166 4.21 

FS-28 111 11 1089 571 0.49 141 148 3.04 

FS-29 113 10 1318 1145 0.52 147 132 4.97 

FS-30 104 8 1269 943 0.75 104 152 3.06 

FS-31 166 9 1341 859 0.69 201 174 5.20 

FS-32 121 8 899 618 0.56 142 92 4.79 

FS-33 92 9 1114 904 0.48 104 162 2.28 

FS-34 92 9 680 404 0.52 103 218 2.17 

FS-35 106 10 1241 723 0.58 98 155 4.51 

FS-36 112 13 987 747 0.45 94 120 4.23 

FS-37 112 7 866 1075 0.57 137 130 4.97 

FS-38 79 8 823 885 0.49 127 155 3.60 
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Sample No. 
Pb U-238 Si Ti Ge Br Zr Nb 

ppb ppb ppb ppb ppb ppb ppb ppb 

FS-39 87 8 1928 520 0.60 104 166 1.47 

FS-40 75 7 2233 603 0.57 73 151 1.36 

FS-41 105 8 1460 420 0.44 132 152 1.83 

FS-42 137 8 1720 527 0.42 140 129 1.91 

FS-43 156 11 2283 462 0.51 138 161 2.24 

FS-44 118 9 1383 397 0.42 153 140 1.69 

FS-45 111 9 1709 1250 0.59 129 167 1.98 

FS-46 97 10 1376 926 0.67 65 183 4.23 

FS-47 88 9 1720 836 0.58 52 169 2.93 

FS-48 95 10 1491 472 0.40 70 154 1.72 

FS-49 99 9 1424 493 0.53 99 187 1.66 

FS-50 97 8 1528 353 0.57 76 187 1.50 

GS-1 118 14 2965 530 0.95 87 251 1.90 

GS-2 150 14 2747 589 1.01 77 251 2.03 

GS-3 137 13 3456 693 1.01 75 252 5.41 

GS-4 107 10 1375 363 0.60 80 208 1.41 

GS-5 133 13 2334 543 0.84 111 207 3.37 

GS-6 100 14 1829 384 0.66 98 236 1.75 

GS-7 79 9 1310 571 0.50 99 206 1.68 

GS-8 96 14 2015 564 0.63 124 272 1.68 

GS-9 97 9 1448 624 0.52 119 211 1.91 

GS-10 64 7 783 265 0.40 130 126 0.90 

GS-11 100 9 3333 459 0.57 107 186 1.15 

GS-12 83 10 3153 390 0.75 67 210 0.76 

GS-B-12 74 10 1919 500 0.54 78 210 0.90 

GS-13 103 10 1835 594 0.69 86 225 1.56 

GS-14 107 10 1737 418 0.65 175 194 2.44 

GS-15 96 8 1406 625 0.63 112 205 1.73 

GS-16 96 14 2684 660 0.76 92 244 2.27 

GS-B-16 83 11 2752 466 0.78 96 203 1.36 

GS-17 134 11 2572 623 0.96 132 259 1.68 

GS-18 101 9 1526 593 0.65 77 212 1.79 

GS-19 86 8 1863 545 0.40 97 185 1.41 

GS-20 88 10 1864 823 0.56 91 194 1.87 

GB 01 46 6 707 188 0.46 47 104 0.56 

GB 02 36 4 506 389 0.35 36 62 0.57 

GB 03 52 10 638 484 0.55 83 119 0.74 

GB 04 51 6 615 358 0.58 30 125 0.53 
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Table A 9 Elements tested by ICP-MS for surface soil and gully samples (Part 4) 

Sample No. 
Mo Sn Hf Cs-137 N C S H 

ppb ppb ppb MBq/g % % % % 

FS-1 2.56 7.36 3.25 2581 0.18 1.82 0.11 0.23 

FS-2 1.91 6.94 3.71 1869 0.15 0.92 0.08 0.17 

FS-3 2.40 7.43 3.83 3257 0.16 1.03 0.07 0.23 

FS-4 2.85 8.02 3.46 238 0.15 1.15 0.06 0.24 

FS-5 2.37 6.59 4.04 2422 0.23 1.30 0.06 0.26 

FS-6 3.51 6.29 3.36 2589 0.15 1.48 0.06 0.22 

FS-7 3.48 7.45 4.26 2058 0.17 1.00 0.05 0.24 

FS-8 3.02 7.31 4.02 1067 0.17 1.54 0.05 0.24 

FS-9 1.83 5.41 4.08 2452 0.20 1.42 0.05 0.29 

FS-10 2.91 7.97 4.40 2662 0.15 1.07 0.04 0.23 

FS-11 2.53 5.95 3.90 872 0.18 1.27 0.04 0.28 

FS-12 2.41 5.76 4.08 576 0.15 1.07 0.04 0.29 

FS-13 2.01 5.58 4.47 2590 0.20 1.74 0.05 0.41 

FS-14 1.50 5.35 3.74 1088 0.19 1.29 0.04 0.33 

FS-15 1.92 5.26 5.35 878 0.14 1.05 0.04 0.31 

FS-16 4.58 5.39 2.54 3089 0.20 2.15 0.08 0.30 

FS-17 2.70 5.00 2.88 3036 0.17 1.82 0.07 0.27 

FS-18 2.53 5.92 4.59 2011 0.15 0.88 0.07 0.23 

FS-19 2.14 5.64 5.23 2302 0.15 1.04 0.06 0.28 

FS-20 2.36 5.89 5.11 2543 0.22 1.37 0.08 0.56 

FS-21 3.39 7.24 4.20 2850 0.16 1.23 0.12 0.29 

FS-22 3.64 9.44 6.66 1620 0.18 1.11 0.07 0.29 

FS-23 3.57 6.27 6.13 2382 0.17 1.12 0.06 0.28 

FS-24 3.68 7.01 6.69 1756 0.27 2.15 0.08 0.66 

FS-25 4.10 7.46 7.18 2491 0.19 1.49 0.06 0.50 

FS-26 2.81 7.48 5.08 3295 0.17 1.20 0.06 0.29 

FS-27 3.94 7.67 3.32 5437 0.29 2.86 0.15 0.61 

FS-28 3.91 4.69 2.58 15686 0.19 3.09 0.09 0.23 

FS-29 8.39 7.06 2.25 9732 0.28 2.90 0.09 0.36 

FS-30 5.56 6.42 1.77 3954 0.18 1.89 0.08 0.29 

FS-31 4.70 8.66 3.93 6184 0.26 2.11 0.08 0.36 

FS-32 4.18 4.70 1.69 16880 0.30 2.82 0.08 0.41 

FS-33 2.66 7.58 4.92 2695 0.10 0.80 0.04 0.22 

FS-34 3.57 4.93 5.71 2348 0.16 3.35 0.06 0.50 

FS-35 4.69 5.62 2.80 6501 0.24 2.59 0.06 0.39 

FS-36 4.79 5.52 2.05 7654 0.24 2.76 0.07 0.36 

FS-37 3.90 8.46 2.85 5104 0.27 2.29 0.07 0.40 

FS-38 3.81 6.80 3.41 3006 0.15 2.70 0.05 0.28 
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Sample No. 
Mo Sn Hf Cs-137 N C S H 

ppb ppb ppb MBq/g % % % % 

FS-39 3.02 5.32 3.09 3057 0.14 1.58 0.05 0.22 

FS-40 2.86 4.91 2.83 1642 0.14 1.91 0.05 0.32 

FS-41 5.09 4.25 3.05 8788 0.26 2.06 0.06 0.43 

FS-42 5.79 4.73 2.18 13008 0.26 2.26 0.11 0.35 

FS-43 3.69 6.94 3.01 11922 0.23 2.42 0.07 0.35 

FS-44 3.18 3.80 2.78 14275 0.23 2.22 0.07 0.42 

FS-45 3.37 5.72 2.81 5017 0.30 2.41 0.06 0.49 

FS-46 4.05 8.28 5.11 2854 0.21 1.19 0.06 0.30 

FS-47 3.79 7.20 4.54 2250 0.16 1.05 0.06 0.27 

FS-48 2.97 4.54 3.46 5526 0.21 1.19 0.06 0.30 

FS-49 2.88 4.86 3.63 7673 0.16 1.05 0.06 0.27 

FS-50 2.74 4.94 3.70 5868 0.20 2.15 0.05 0.35 

GS-1 6.33 12.03 6.33 968 0.12 0.89 0.06 0.25 

GS-2 6.42 9.80 4.73 1020 0.17 1.73 0.06 0.26 

GS-3 6.76 11.49 5.41 1048 0.18 1.66 0.06 0.29 

GS-4 3.43 5.44 4.03 762 0.16 1.63 0.06 0.33 

GS-5 4.78 9.27 4.49 1056 0.20 2.06 0.06 0.28 

GS-6 3.95 8.99 7.02 906 0.11 2.09 0.05 0.25 

GS-7 2.85 6.38 5.70 1078 0.18 1.99 0.05 0.25 

GS-8 4.41 9.66 6.09 1373 0.15 1.85 0.04 0.26 

GS-9 3.47 6.42 4.69 1483 0.18 2.07 0.08 0.33 

GS-10 1.80 3.30 2.80 2059 0.22 1.67 0.05 0.31 

GS-11 2.44 3.59 3.30 2862 0.21 2.58 0.06 0.39 

GS-12 3.73 6.16 4.85 0 0.13 1.83 0.04 0.28 

GS-B-12 3.42 5.58 5.22 558 0.13 2.03 0.04 0.29 

GS-13 2.95 6.60 5.90 1198 0.16 1.45 0.04 0.35 

GS-14 3.08 5.19 4.71 3491 0.19 1.69 0.05 0.39 

GS-15 4.09 5.50 5.50 1364 0.17 0.98 0.04 0.34 

GS-16 5.81 9.34 5.81 538 0.22 2.23 0.32 0.29 

GS-B-16 3.68 7.75 4.84 495 0.13 1.33 0.10 0.21 

GS-17 5.53 8.41 5.53 612 0.17 1.29 0.08 0.39 

GS-18 3.90 5.52 4.71 1838 0.19 1.82 0.27 0.36 

GS-19 4.84 6.45 4.03 599 0.16 1.92 0.78 0.20 

GS-20 4.66 6.16 4.66 410 0.21 1.98 1.20 0.45 

GB 01 2.41 2.78 2.68 171 0.14 0.86 0.20 0.30 

GB 02 1.60 1.92 0.89 1237 0.18 1.95 0.14 0.27 

GB 03 1.75 2.77 2.43 987 0.15 1.91 0.09 0.28 

GB 04 1.76 2.21 3.63 124 0.08 0.96 0.07 0.29 
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Table A 10 Elements tested by ICP-MS for sediment trap samples (Part 1) 

Trap No. 
Li B Na Mg Al P Ca V 

ppb ppb ppb ppb ppb ppb ppb ppb 

1 182 32 707 75400 96700 5000 135300 143 

1 218 45 818 86000 121000 5210 137500 194 

1 220 37 1070 88200 115000 4940 139700 169 

1 237 42 983 90300 122000 5890 141900 180 

1 215 6189 958 90856 160278 6221 152740 267 

1 216 -1395 1477 72982 183639 5178 148466 259 

1 231 9571 1301 139980 163310 6299 276171 252 

4 204 41 1240 98700 103000 4600 104500 178 

4 226 54 941 150000 114000 5760 182600 188 

4 362 85 3060 200500 165000 7060 275000 270 

4 307 43 2450 127000 168000 6560 148500 231 

4 312 14679 3501 211554 206810 8206 323547 355 

4 322 7582 1810 110859 243840 7851 103601 334 

4 314 2986 2732 199781 170217 6260 254828 275 

5 242 35 863 118000 132000 4730 138600 209 

5 415 65 5270 192000 179000 5980 198000 260 

5 306 87 3710 168000 160000 5520 180400 265 

5 318 4286 3845 176136 217803 6316 215311 375 

5 294 2298 1573 175325 152847 6681 198801 293 

5 503 30518 52598 223497 319537 13927 211429 406 

5 669 -1399 5926 306655 344424 7518 186851 477 

6 384 156 1210 245500 168000 7700 277200 249 

6 280 12210 1503 138593 178959 6134 154490 276 

9 264 48 2060 124000 137000 6060 146300 217 

9 252 59 1019 128000 150000 6290 157300 225 

9 353 69 1980 170000 182000 8850 240900 278 

9 303 89 3440 157000 179000 12400 233200 299 

9 375 5794 89486 208941 244456 14356 326174 329 

9 278 10867 1175 167797 181256 6668 218345 318 

9 376 -4285 6349 191909 265444 7901 260064 354 

11 331 49 1320 147000 143000 6550 218900 225 

11 292 4492 5083 151742 210542 8934 210642 295 

11 371 2196 2138 188623 249701 6921 242515 383 

11 391 -299 2153 168643 246686 7984 219276 341 

Z2 239 47 1390 235000 93200 5330 342100 172 

Z2 352 5084 44607 214036 232978 71219 431662 252 

Z3 235 110 2320 151000 166000 5880 198000 238 

Z3 235 59 1037 151000 113000 5670 189200 201 
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Trap No. 
Li B Na Mg Al P Ca V 

ppb ppb ppb ppb ppb ppb ppb ppb 

Z3 228 48 1150 168000 111000 6050 249700 237 

Z3 230 84 1260 158000 117000 6540 227700 235 

Z3 230 -1296 1463 182208 148100 6376 242346 258 

Z4 258 40 876 70200 136000 5120 75460 192 

Z4 229 52 777 70400 130000 5650 75130 205 

Z4 264 59 2890 83700 154000 5680 86790 242 

Z4 236 47 785 76300 134000 5380 90090 206 

Z4 249 300 7537 103467 185102 7660 123901 256 

Z4 269 9386 1815 178832 149176 5976 208687 270 

Z4 248 9894 737 61883 205077 5089 109934 276 

Z4 209 -7167 1129 67460 152299 4659 70476 224 

Z5 212 52 1270 112000 104000 5600 170500 178 

Z5 244 120 2870 122000 126000 32000 312400 192 

Z5 302 62 1080 136000 141000 6010 202400 225 

Z5 288 -1600 6592 155769 205159 8387 242951 288 

Z5 251 8982 2353 131138 156287 7841 205589 251 
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Table A 11 Elements tested by ICP-MS for sediment trap samples (Part 2) 

Trap No. 
Mn Co Cu Zn As Sr Cs-133 Ba 

ppb ppb ppb ppb ppb ppb ppb ppb 

1 4010 64 205 799 27 5290 12 2700 

1 5560 77 347 1770 33 5980 16 2830 

1 5330 75 248 1030 31 7190 15 2740 

1 6090 81 307 713 34 6510 16 2810 

1 6599 84 213 802 47 5640 22 2456 

1 7254 88 242 997 58 4514 21 2640 

1 8993 96 134 703 59 1515 20 2034 

4 2770 53 211 782 26 881 13 1120 

4 3840 69 208 620 30 1380 15 1390 

4 6585 87 257 964 44 2600 18 2245 

4 4040 81 217 2150 40 1730 19 2270 

4 9497 103 495 1967 60 3305 21 2307 

4 7213 102 220 1072 58 1546 21 1731 

4 5783 81 221 779 45 2578 18 1563 

5 3990 73 198 944 31 1040 15 1520 

5 6320 95 265 809 41 1890 18 2060 

5 4440 79 209 604 37 1670 18 1460 

5 8034 96 266 1031 54 2392 24 1994 

5 4675 74 201 696 38 1998 17 1129 

5 8876 136 944 4687 80 2344 22 2374 

5 7034 143 473 2088 78 2588 25 2058 

6 5635 85 221 708 37 1185 18 1335 

6 4690 85 261 1450 40 1061 19 1306 

9 5100 90 537 2070 37 1050 18 1600 

9 4480 80 207 674 39 946 19 1510 

9 11000 102 317 842 50 1640 21 2450 

9 44800 116 325 1520 97 1710 20 3560 

9 21643 123 571 2203 77 2657 24 2737 

9 6500 98 494 1705 49 1476 20 1486 

9 10373 121 518 1365 53 1903 26 2830 

11 13800 98 177 673 49 11100 16 3620 

11 25976 102 439 1208 68 3873 23 2256 

11 8932 123 259 964 68 6168 24 2345 

11 9937 113 226 912 58 2771 26 2003 

Z2 3690 66 136 458 28 841 15 1960 

Z2 4965 78 683 2801 68 1505 21 1296 

Z3 4440 85 564 3180 39 1100 17 1250 

Z3 4030 64 161 544 30 965 15 1160 
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Trap No. 
Mn Co Cu Zn As Sr Cs-133 Ba 

ppb ppb ppb ppb ppb ppb ppb ppb 

Z3 5620 74 144 542 36 992 16 1530 

Z3 5660 75 189 2580 35 1110 17 1650 

Z3 5725 80 183 690 43 1197 18 1316 

Z4 4720 81 287 959 35 883 17 1520 

Z4 4460 75 216 750 36 889 17 1560 

Z4 5930 81 393 654 42 1720 19 1770 

Z4 4480 69 170 541 35 1270 16 1430 

Z4 6944 86 279 1259 47 2028 19 1379 

Z4 4643 72 195 648 40 1967 15 1248 

Z4 8225 91 242 1149 60 5926 19 2878 

Z4 4370 66 159 620 36 948 16 1095 

Z5 4900 73 271 954 33 7210 14 1550 

Z5 5140 63 349 692 37 7270 13 1620 

Z5 6070 81 243 841 38 12000 16 1930 

Z5 7119 96 370 1046 60 13097 20 2240 

Z5 6866 80 234 803 43 7495 17 1577 
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Table A 12 Elements tested by ICP-MS for sediment trap samples (Part 3) 

Trap No. 
Pb U-238 Si Ti Ge Br Zr Nb 

ppb ppb ppb ppb ppb ppb ppb ppb 

1 207 6 1240 118 0.48 98 141 1.07 

1 247 7 669 140 0.53 90 161 1.32 

1 195 7 787 153 0.50 122 167 1.08 

1 195 7 1285 171 0.54 140 171 1.58 

1 158 9 541 457 0.80 28 184 2.34 

1 118 10 558 397 0.75 47 182 1.98 

1 106 11 601 561 0.72 23 163 1.29 

4 147 7 689 195 0.41 82 141 0.66 

4 191 9 819 189 0.43 93 161 0.79 

4 171 11 666 186 0.47 218 216 1.95 

4 176 9 557 131 0.47 326 192 0.84 

4 215 12 388 635 0.63 122 199 2.57 

4 126 10 663 353 1.01 79 214 1.71 

4 96 10 722 610 0.66 65 171 1.15 

5 205 7 822 132 0.47 222 183 0.70 

5 142 8 619 142 0.49 327 239 1.05 

5 140 8 876 170 0.45 169 205 1.16 

5 141 8 331 557 0.74 79 241 2.21 

5 91 9 514 544 0.61 41 165 2.32 

5 249 13 625 740 0.65 364 275 1.66 

5 170 12 1309 551 0.83 170 360 1.63 

6 167 10 675 198 0.43 71 192 2.15 

6 110 9 560 423 0.72 39 176 1.21 

9 348 8 649 222 0.51 136 184 4.93 

9 205 8 713 156 0.56 115 190 1.62 

9 183 10 846 141 0.52 196 231 2.13 

9 319 9 874 172 0.51 208 197 1.20 

9 203 10 445 607 0.76 328 221 1.90 

9 121 10 634 465 0.65 39 186 1.92 

9 190 10 643 576 0.91 140 260 1.24 

11 141 9 665 113 0.43 173 209 1.30 

11 160 9 572 489 0.80 190 196 1.60 

11 141 11 504 459 0.79 85 250 1.99 

11 128 10 743 569 0.92 70 236 1.53 

Z2 72 10 555 105 0.33 65 167 1.08 

Z2 443 23 476 968 0.55 186 144 2.89 

Z3 252 8 2420 323 0.44 71 152 1.19 

Z3 187 8 1080 152 0.43 80 151 1.16 
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Trap No. 
Pb U-238 Si Ti Ge Br Zr Nb 

ppb ppb ppb ppb ppb ppb ppb ppb 

Z3 116 10 577 122 0.39 143 167 1.87 

Z3 134 8 787 158 0.48 130 165 1.31 

Z3 93 9 480 510 0.55 32 157 0.81 

Z4 244 7 755 186 0.56 101 167 1.10 

Z4 190 7 786 158 0.57 93 162 0.76 

Z4 201 8 957 176 0.78 129 193 1.99 

Z4 128 7 593 119 0.50 103 156 1.93 

Z4 112 9 526 354 0.71 119 169 0.77 

Z4 81 10 422 472 0.52 78 158 1.41 

Z4 162 10 417 386 0.80 52 195 1.77 

Z4 87 8 625 333 0.76 71 146 0.83 

Z5 251 7 915 184 0.44 94 141 0.91 

Z5 244 7 934 394 0.41 126 99 2.68 

Z5 179 8 655 153 0.49 126 191 1.90 

Z5 150 10 515 539 0.75 187 210 1.66 

Z5 99 9 443 468 0.61 82 147 1.88 
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Table A 13 Elements tested by ICP-MS for sediment trap samples (Part 4) 

Trap No. 
Mo Sn Hf Cs-137 N C S H 

ppb ppb ppb MBq/g % % % % 

1 1.62 3.48 0.32 2771 0.19 1.98 0.09 0.70 

1 1.96 1.91 0.32 
 

0.15 1.93 0.05 0.67 

1 1.77 2.27 0.31 1076 0.13 1.64 0.06 0.61 

1 2.13 2.24 0.34 
 

0.20 2.36 0.09 0.77 

1 3.61 2.13 3.95 
 

0.24 2.14 0.13 0.51 

1 2.99 1.60 4.22 
 

0.20 2.29 0.14 0.63 

1 2.88 6.89 3.56 
 

0.13 2.39 0.07 0.49 

4 1.05 2.76 0.37 
 

0.12 1.35 0.04 0.52 

4 1.24 3.06 0.42 1028 0.14 1.89 0.05 0.65 

4 1.96 2.22 0.49 
 

0.25 3.38 0.07 0.90 

4 1.19 3.18 0.48 
 

0.23 2.45 0.07 1.03 

4 2.58 2.14 5.26 
 

0.25 3.16 0.08 0.66 

4 2.57 1.72 6.19 2695 0.12 2.06 0.07 0.37 

4 2.32 2.83 4.91 
 

0.15 2.49 0.07 0.53 

5 1.08 5.03 0.44 152 0.09 1.39 0.04 0.44 

5 1.47 2.51 0.54 
 

0.27 3.31 0.08 1.16 

5 1.49 2.63 0.53 
 

0.16 2.15 0.05 0.68 

5 2.10 2.17 6.70 
 

0.23 2.70 0.07 0.66 

5 2.33 2.22 5.39 
 

0.16 2.28 0.06 0.44 

5 3.45 10.87 8.90 
 

0.30 2.93 0.48 1.03 

5 3.30 8.56 10.70 
 

0.24 2.80 0.12 1.18 

6 1.61 2.56 2.44 722 0.13 2.23 0.05 0.55 

6 2.26 1.47 5.08 
 

0.07 0.90 0.06 0.34 

9 1.51 2.38 0.41 
 

0.17 2.14 0.07 0.79 

9 1.96 2.46 0.50 1605 0.14 2.12 0.06 0.76 

9 2.43 2.65 5.54 
 

0.29 3.54 0.12 1.10 

9 2.51 2.29 0.40 
 

0.29 3.38 0.12 1.13 

9 4.62 5.91 5.02 
 

0.36 3.55 0.68 0.98 

9 2.02 1.67 5.38 
 

0.15 2.48 0.06 0.54 

9 3.34 2.29 6.94 
 

0.23 3.34 0.15 1.02 

11 3.05 3.62 4.60 
 

0.24 3.22 0.09 0.99 

11 3.07 2.61 5.41 
 

0.24 2.62 0.12 0.71 

11 3.39 1.48 6.81 
 

0.26 3.15 0.10 0.85 

11 3.11 6.06 5.72 
 

0.08 1.14 0.06 0.20 

Z2 2.07 2.73 4.65 1810 0.13 2.96 0.08 0.50 

Z2 6.70 9.75 3.39 
 

0.33 3.01 1.01 0.74 

Z3 2.27 2.29 1.90 
 

0.13 2.05 0.05 0.60 

Z3 1.58 2.49 0.34 2126 0.13 2.05 0.04 0.55 
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Trap No. 
Mo Sn Hf Cs-137 N C S H 

ppb ppb ppb MBq/g % % % % 

Z3 1.68 1.89 2.99 
 

0.20 3.15 0.05 0.56 

Z3 1.52 1.93 0.32 
 

0.17 2.55 0.05 0.67 

Z3 2.12 38.89 4.70 
 

0.10 2.14 0.08 0.38 

Z4 1.78 2.66 0.41 848 0.13 1.19 0.07 0.73 

Z4 1.46 2.72 0.37 2008 0.11 0.97 0.05 0.60 

Z4 3.46 3.28 0.49 358 0.08 0.82 0.07 0.35 

Z4 2.08 3.07 4.58 987 0.12 1.04 0.04 0.39 

Z4 2.22 1.87 4.18 
 

0.33 3.01 1.01 0.74 

Z4 1.86 1.94 5.16 
 

0.16 1.69 0.07 0.64 

Z4 3.44 1.95 5.52 
 

0.34 2.94 0.99 0.72 

Z4 1.92 9.65 3.63 
 

0.07 0.90 0.06 0.34 

Z5 1.68 2.39 0.29 1114 0.25 2.44 0.16 0.93 

Z5 3.57 4.69 0.18 
 

0.24 2.99 0.09 0.65 

Z5 2.39 2.65 4.56 
 

0.07 0.90 0.06 0.34 

Z5 3.76 1.73 4.61 
 

0.33 3.01 1.01 0.74 

Z5 2.64 1.38 3.17 
 

0.15 2.38 0.08 0.46 
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Table A 14 Particle size distributions for the surface and gully samples 

Sample No. 
Sand Silt Clay 

% % % 

FS-1 36 50 14 

FS-2 34 52 14 
FS-3 41 44 15 

FS-4 41 44 15 

FS-5 36 50 14 
FS-6 33 50 17 

FS-7 45 42 13 

FS-8 46 40 14 
FS-9 27 52 21 

FS-10 46 42 12 

FS-11 42 44 14 
FS-12 44 42 14 

FS-13 26 50 24 

FS-14 29 50 21 
FS-15 31 46 23 

FS-16 30 54 16 

FS-17 30 54 16 
FS-18 42 44 14 

FS-19 32 48 20 

FS-20 43 38 19 
FS-21 35 50 15 

FS-22 46 40 14 

FS-23 38 44 18 
FS-24 46 36 18 

FS-25 49 34 17 

FS-26 39 46 15 
FS-27 40 44 16 

FS-28 38 50 12 

FS-29 38 46 16 
FS-30 46 40 14 

FS-31 34 46 20 

FS-32 24 62 14 
FS-33 26 52 22 

FS-34 33 44 24 

FS-35 32 48 20 
FS-36 28 54 18 

FS-37 34 52 14 

FS-38 28 54 18 
FS-39 40 44 16 

FS-40 36 48 16 

FS-41 34 50 16 
FS-42 40 46 14 

FS-43 60 28 12 

FS-44 38 44 18 
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Sample No. 
Sand Silt Clay 

% % % 
FS-45 48 36 16 

FS-46 39 46 15 

FS-47 33 52 15 
FS-48 30 54 16 

FS-49 34 46 20 

FS-50 36 48 16 
GS-1 68 20 12 

GS-2 70 20 10 

GS-3 70 20 10 
GS-4 50 30 20 

GS-5 64 24 12 

GS-6 54 32 14 
GS-7 40 44 16 

GS-8 52 30 18 

GS-9 42 36 22 
GS-10 28 48 24 

GS-11 30 44 26 

GS-12 46 34 20 
GS-B-12 44 40 16 

GS-13 42 36 22 

GS-14 38 42 20 
GS-15 36 40 24 

GS-16 60 26 14 

GS-B-16 48 36 16 
GS-17 58 22 20 

GS-18 38 42 20 

GS-19 50 36 14 
GS-20 46 34 20 

GB 01 55 28 18 

GB 02 67 20 14 
GB 03 27 52 22 

GB 04 45 38 18 
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Table A 15 Particle size distributions for the sediment trap samples 

Trap No. 
Sand Silt Clay 

% % % 

1 46 40 14 

1 30 48 22 
1 14 64 22 

1 52 32.4 15.6 

1 66 22.4 11.6 
1 38 38.4 23.6 

4 40 44 16 

4 26 54.4 19.6 
4 22 56.4 21.6 

5 54 28 18 

5 32 46.4 21.6 
5 18 46.4 35.6 

5 22 54.4 23.6 

5 18 50.4 31.6 
6 30 50 20 

9 42 40 18 

9 24 46.4 29.6 
11 18 48.4 33.6 

Z2 44 38 18 

Z2 26 50.4 23.6 
Z3 40 42 18 

Z3 34 46.4 19.6 

Z3 20 54.4 25.6 
Z4 44 34 22 

Z4 48 36 16 

Z4 44 38.4 17.6 
Z4 20 42.4 37.6 

Z4 48 38.4 13.6 

Z4 40 44.4 15.6 
Z5 46 38.4 15.6 

Z5 32 46.4 21.6 
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Acid Extraction Procedures  

i. Grind soil sample, then wet sieving through a 63 μm mesh sieve.  

ii. Ovens dry the sample at 105ºC overnight. 

iii.  Weigh 1 g of dry sample to the nearest 0.01 g and transfer to a 100 ml glass tube.  

iv.  Add 10 ml concentrated HNO3, mix the slurry, and cover with a watch glass. 

v. Heat the sample to 90ºC ± 5ºC and reflux for 10 to 15 minutes without boiling. 

vi.  Allow the sample to cool, add 5 ml of concentrated HNO3, replace the cover, and reflux 

for 30 minutes. 

vii.  If brown fumes are generated, indicating oxidation of the sample by HNO3, repeat this 

step (addition of 5 ml of concentrated HNO3) until no brown fumes are given off by the 

sample indicating the complete reaction with HNO3. 

viii.  Using a ribbed watch glass heat at 90ºC ± 5ºC without boiling for two hours. Ensure the 

sample does not evaporate below 5 ml. 

ix.  Cool sample. 

x. Add 2 ml of water, cover the vessel with a watch glass, warm to start the peroxide reaction.  

xi.  Slowly add 3 ml of 30% H2O2 in 1 ml increments to the sample. For high organic content, 

additional H2O2 may be needed, but do not add more than a total of 10 ml of H2O2. Care must 

be taken to ensure that losses do not occur due to excessively vigorous effervescence. 

xii.  Cool sample. 

xiii.  Filter samples through Whatman No. 41 filter using PE funnel, collect in 100 ml flasks, 

rinse filter paper thoroughly with 18 MΩ water. 

xiv. Fill the 100 ml flask to mark and mix. 

xv. Sample is now ready for analysis by ICP-MS. 
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