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Abstract 

 
Soil erosion is a very serious environmental problem in many parts of the world. Soil erosion and 

associated sedimentation are natural processes caused by water, wind, ice and human impact from 

agricultural practices. Several human activities such as deforestation, overgrazing, changes in the 

land use, and non-sustainable farming practices accelerate soil erosion. Radionuclides such as 
137Cs, 7Be have been used as potential soil erosion tracers. This study presents a validation of 

erosion study of cultivated soils using 137Cs measured by gamma spectroscopy, in comparison with 

the measurements done previously on the selected sites. The study also involves 7Be as second 

tracer with 137Cs. Two mathematical models, a proportional model and a simple mass balance 

model were applied to estimate erosion or deposition rates giving a distinction between 

uncultivated or essentially undisturbed soils and cultivated or soils under permanent pasture. An 

improved depositional model was developed during this study. The simulation results from this 

model are presented. Due to the half-life (53.2 days) of 7Be, a mass balance model was developed 

and used to calculate erosion rates from 7Be.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 4 

 
 

Contents 
 

Acknowledgements                                                                                                                       2 

Abstract                                                                                                                                         3 

1 Introduction 

1.1 Motivation                                                                                                                         8 

      1.2 Erosion measurements using radionuclides 137Cs, 7Be                                                    10 

      1.3 137Cs and 7Be distributions in soil                                                                                    11 

      1.4 Scope of present study                                                                                                     12 

 

2 Theory 

      Part 1: Soil properties and soil erosion basic concepts                                                         13 

Part 2: Measurement techniques for erosion-deposition processes                                       20 

Part 3: Gamma spectroscopy                                                                                                 23 

Part 4: Basics of mathematical modeling for erosion studies                                               27 

 

3 Soil erosion study at Basedow 

3.1 Previous study and site information (2003)                                                                    32 

3.2 Sampling design and site selection for the current study at Basedow (2008)                33 

3.3 Mathematical models used in this study                                                                         39 

3.4 Uncertainty analysis                                                                                                        53 

 

4 Measurement results and discussion 

4.1 137Cs at Basedow (2008)                                                                                                 55 

4.2 Validation of erosion rates at Basedow (2008)                                                               60 

4.3 7Be at Basedow (2008)                                                                                                    62 

 

5 Conclusions                                                                                                                              65 

 

6 Outlook                                                                                                                                    67 

 

7 References                                                                                                                                68 

 

 



 5 

 
List of Figures 
 

1 ISO erosion rates in India                                                                                                             9 

2 Global 137Cs fallout (Modified from SAAS Bulletin 353, Part E, DDR, 1986)                         10 

3 Generalized sketch illustrating the distributions of 137Cs and 7Be in soils under                           

   tillage and undisturbed conditions. In the radionuclide soil profiles, the sketches                         

   indicate radionuclide activity with depth in the 10 to 60 cm deep soil profiles.                         12 

4 Textural triangle                                                                                                                           14 

5 Soil aggregation                                                                                                                           14 

6 Open channel and pipe flow                                                                                                        16 

7 Types of erosion                                                                                                                          16 

8 Wind erosion transport modes                                                                                                    17 

9 Common Slope shapes                                                                                                                18 

10 Erosion and deposition for the slope shapes (Figure not to scale)                                            18 

11 Activity concentrations (in terms of fresh mass of grass) of 40K, 90Sr, 134Cs, 137Cs, with air  

     temperature, precipitation and calculated soil moisture for a given soil type with annual  

     cycle.                                                                                                                                         19 

12 Sampling strategies                                                                                                                   22 

13 Measurement accuracy, precision and bias                                                                               22 

14 Gamma spectrometer                                                                                                                23 

15 Semiconductor detector                                                                                                            24 

16 Gamma spectrum of soil obtained with a 137Cs calibration source.                                          24 

17 Expanded view of a photopeak                                                                                                 25 

18 Efficiency calibration curve for a semiconductor detector                                                       26 

19 Peak and background areas for background subtraction                                                          27 

20 Schematic of a slope segment used to solve the mass balance equation                                  29 

21 Steps for model selection                                                                                                          31 

22 Location of 137Cs Reference site using Navigator system                                                        33 

23 Transect plot for study site Basedow                                                                                       35 

24 Study site Basedow                                                                                                                  35 

25 Depth incremental gauge and scraper plate at the study site.                                                  36 

26 Sampling Depth Map of Study Area                                                                                        37 

27 Sampling in progress using scraper plate and a gauge                                                             37 

28 Basic Idea for Proportional model                                                                                            40 

29 Basic idea of Mass balance model at eroding sites                                                                   42 

30 The soil block representing eroding layer ∆Z                                                                                   43 



 6 

31 Basic Idea of deposition Model                                                                                                46 

32 Comparison of predictions using the two depositional models discussed for various                   

     erosion rates                                                                                                                              47 

33 Profiles of sediment calculated for different erosion rates by deposition model 2                  48 

34 A comparison of relationship between soil-erosion rate and percentage reduction in  

     137Cs inventory by using the proportional model and the mass balance model resp.                   

     at Holzendorf study site                                                                                                            49 

35 Comparison of loss of 137Cs (Bq m-3) with proportional and simple mass balance model 

     assuming a constant soil erosion rate of  0.0052 m yr-1                                                            50 

36 7Be erosion model                                                                                                                     51 

37 A: Activities of 137Cs at Reference sites at Basedow (2008)                                                    56 

     B: Activities of 137Cs at a tilled site at Basedow (2008)  

38 Activity distribution of 137Cs along the transect at Basedow                                                    58 

39: Erosion rates calculated with the proportional model from 137 Cs data at Basedow  

      (2008)                                                                                                                                        59 

40 Erosion rates calculated with the simple mass balance model for 137 Cs at Basedow  

     (2008)                                                                                                                                         59 

41 Transect plot for study site Basedow                                                                                         61 

42 Comparison of erosion rates for years 2003(Green graph) and 2008(Cyan graph) for   

     137Cs, calculated by mass balance model                                                                                   61 

43 Activity distribution of 7Be along the transect at Basedow                                                       63 

44 Erosion rates calculated with mass balance model using the 7Be data at Basedow (2008)       64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 7 

 
 

 
 
List of Tables 
 
 
Table 1: Area under different classes of soil erosion by water in India                                     9 

Table 2: Summary of types of erosion models                                                                         30 

Table 3: Characteristics of the study area                                                                                32 

Table 4: Transect values for the Profiles at Basedow (2008)                                                  34 

Table 5: 137Cs Activities (Bq m-2), particle correction factors (P) and plowing 

               depths (d) for each measuring points at Basedow.                                                   57 

Table 6: Input parameters for the proportional and the simple mass balance models            58 

Table 7: 7Be activities (Bq m-2) at Basedow                                                                           62 

Table 8: Input parameters for 7Be mass balance model (Jha-Kirchner model 2)                    63 

 
 

 

 

 

 

 

 

 

 

 



 8 

 

Chapter 1 

 Introduction   
To give a nice start to introduce erosion it has been said that science is not a vocation but a way of 

life and that erosion science is an opportunity to make the world a better place. Soil erosion affects 

the land and its inhabitants in various direct and indirect ways. Soil erosion and sedimentation 

cause not only on-site degradation of a non-renewable natural resource, but also off-site problems 

such as downstream sediment deposition in fields, floodplains and water streams. These problems 

and concerns over the degradation of the landscape by erosion, and their impacts on soil fertility 

and crop productivity in agricultural land, water pollution, and sedimentation in lakes, reservoirs 

and floodplains are the gist of erosion studies. Due to increase in world population, increasing 

water scarcity and limited land resources to feed everyone in this world there is an immediate need 

of comprehensive erosion studies.   

 

1.1 Motivation   

 

The science is meant to be for the betterment of society. I would like to quote a sentence said by 

Dalai Lama, "The threat of nuclear weapons and man's ability to destroy the environment are 

really alarming. And yet there are other almost imperceptible changes - I am thinking of the 

exhaustion of our natural resources and especially of soil erosion - and these are perhaps 

more dangerous still, because once we begin to feel their repercussions it will be too 

late." (P144 of the Dalai Lama's Little Book of Inner Peace: 2002, Element Books, London). This 

sentence was one of my motivations for this present work on soil erosion.  

 

The main goal of this work is to quantify erosion and deposition processes with the help of the 

environmental radionuclides 137Cs and 7Be. The main idea behind this is to couple experimental 

data of the above mentioned radionuclides with mathematical models to quantify erosion processes 

and to predict the long term impact of agriculture, water and wind on soils. 

 

The basic knowledge about soil physics, radioactivity, and gamma spectrometry with the practical 

experience was gained in the environmental physics course. This introduction to soils was the 

triggering point to put up this project 

   

The main aspect for motivation towards this project lies in my own country, India. Fig.1 below 

shows the map of India with erosion rates given regionwise. 
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Figure 1: ISO erosion rates in India in Mg ha-1 yr-1 (Gurumel Singh, Ram Babu, and Pratap  

               Narain, L.S. Bhushan and L.P. Abroi) 

 

The erosion rates in tabular format are given in Table 1. 

 

 

 

 

Table 1 show that most of the regions in India are suffering from high erosion rates. By using the 

new techniques in erosion quantification the land management practices can be improved and the 

erosion risk can be reduced in India. 

 

Soil erosion by water, wind and tillage affects both agriculture and the natural environment. 

Studying about this phenomenon would be one of the advancements in science. Soil erosion occurs 

worldwide and since the last two decades it has been a main topic of discussion all over the world. 
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The use of environmental radionuclides such as 90Sr, 137Cs to study medium term soil erosion (40 

yrs) started in early 1990’s. The technique was extended with the help of 210Pb for studying long 

term erosion processes (100 yrs). In recent 5-10 years this technique was used to study short term 

erosion rates after a heavy storm event. Using these new techniques better knowledge about 

erosion can be gained and this knowledge can be implemented for erosion risk management. 

 

1.2 Erosion measurements using radionuclides 137Cs, 7Be 

 

The erosion and sedimentation study by using man-made and natural radioisotopes is a key 

technique, which has developed over the past 50 years. Fallout 137Cs and cosmogenic 7Be are 

radionuclides that have been used to provide independent measurements of soil-erosion and 

sediment-deposition rates and patterns (Ritchie and McHenry, 1990; Walling, 1998; Walling et.al., 

1999; Zapata and Garcia-Agudo, 2000). 

Caesium-137 from atmospheric nuclear-weapons tests in the 1950s and 1960s (Fig.2) is a unique 

tracer of erosion and sedimentation, since there are no natural sources of 137Cs in the nature.  This 
137Cs is globally distributed by high- yield thermonuclear weapon tests, where it is mixed and 

circulated globally before being deposited on the landscape. Deposition was affected by 

precipitation rates and number of surface nuclear weapon tests conducted each year (Davis, 1963). 

Global fallout began in 1954, peaked in 1963 to 1964 and has decreased since this maximum. 

Unique events such as the Chernobyl accident in April 1986 caused regional dispersal of 137Cs that 

affect the total global deposition budget. This yearly pattern of fallout can be used to develop the 

chronology of deposition horizons in lakes, reservoirs, and floodplains. 137Cs can be easily 

measured by gamma spectroscopy.  

 

Figure 2: Global 137Cs fallout (Modified from SAAS Bulletin 353, Part E, DDR, 1986) 
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Beryllium-7 is also a naturally occurring radionuclide produced by the bombardment of the 

atmosphere by cosmic rays, producing O and N atoms in the troposphere and stratosphere. 

Production of 7Be is relatively constant, producing a constant fallout deposition on the landscape. 

Gamma spectroscopy is used to measure 7Be (Murray et.al., 1987). 

When 137Cs, 7Be reach the soil surface, they are quickly and strongly adsorbed by ion exchange 

sites and are essentially non exchangeable in most environments. Physical processes such as water 

and wind are the dominant factors moving 137Cs, 7Be –tagged soil particles within and between 

landscape compartments. Concentrations of 137Cs, 7Be have been used to describe erosion 

processes in catchments and in some depth in the soil profile from which sediment was eroded 

(Ritchie and McHenry, 1990, Zapata and Garcia-Agudo, 2000).  

Measurements of the vertical distribution of 137Cs and 7Be in depositional environments provide 

information on the chronology of sediment deposition for time periods of weeks (7Be) to decades 

(137Cs).  

 

 

1.3 137Cs and 7Be distributions in soil 
 
Figure 3 illustrates a general approach of how 137Cs and 7Be can be used to examine soil erosion 

and sedimentation in an agricultural area (tilled area). Both the isotopes are deposited on the 

surface by dry and wet fallout. Each radionuclide is distributed differently in the soil because of 

differences in half-lives, delivery rates, delivery histories, and land use. An undisturbed soil will 

exhibit higher radionuclide activities near the soil surface, which reflects their surficial input and 

slow downward transport. The shorter half life of 7Be (53.2 days) results in less downward 

migration of 7Be. Hence, 7Be is found only at the soil surface. Because 137Cs had its peak delivery 

before 1955-1970 (Fig.2), its activities often have a distinct peak at approximately 7-10 cm depth 

in the soil. Plowing homogenizes 137Cs within the plowed layer, but because of its short half life 

and constant input, 7Be activities are highest at the surface and are homogeneous only immediately 

after plowing. Because there has been almost no 137Cs fallout since 1970s (Fig.2 with exclusion of 

Chernobyll peak (1986)), its distribution will remain homogenous within the soil profile, even after 

the plowing is done. On the other hand, 7Be is continuously deposited on the land surface. Its 

distribution will remain homogenous if the soil is plowed annually, but it will accumulate at the 

surface and slowly rebuild a profile with decreasing activity with depth, if no till practices are 

implemented. 
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Figure 3: Generalized sketch illustrating the distributions of 137Cs and 7Be in soils under  

                  tillage and undisturbed conditions. In the radionuclide soil profiles, the sketches   
               indicate radionuclide activity with depth in the 10 to 60 cm deep soil profiles. 

 

1.4 Scope of the present study 

 

The methods for using 137Cs are well developed, methods using 7Be are just beginning, but show 

promise and further research and development are needed. With this suite of radionuclides 

available as tracers, there is a potential to measure short term (single rain events), medium term 

(~40 years) erosion rates with the help of  7Be, 137Cs and respectively. The use of tests with new 

and refined methods will help in the soil conservation technologies to be rapidly evaluated in a 

cost-effective manner.  

 

More specifically following tasks will be performed during this study 

• A second sampling at Basedow and the measurement of samples for 137Cs and 7Be, where 

the first study has been performed by Kietzer (2007). 

• Use of measurement results in the existing soil-erosion quantification models and the 

comparison with the previous results. 

• Development and simulation of a new deposition model and comparison with the old model 

(Walling and He model, 1990). 

• Development and use of a new model for 7Be to quantify erosion rates. 
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Chapter 2 

Theory 
The goal of this study is to understand the soil structure and the effect of different parameters like 

water, wind and agricultural practices on soil properties. This chapter is divided in four parts, so 

that the whole structure of erosion from soil properties until erosion modeling will be unfolded in 

brief. 

Part 1  

Soil properties and soil erosion basic concepts 

2.1 Physical properties of soil  

Soil properties affect soil erosion and, in turn, soil erosion affects soil properties. Soil is the upper 

layer of much of the Earth’s surface. Natural soils are the product of physical weathering, chemical 

weathering, and biological processes operating through time. The weathering affects the geological 

material to produce mineral components of soil. Human activities affect both soil formation and 

soil erosion. Land uses that changes the shape, Hydrology, and vegetation cover of the land, 

changing the processes of soil formation. Soils can be manufactured for use as plant growth media 

on severely disturbed lands, such as mining and construction sites, by combining available soil, 

rock fragments, organic matter and several other amendments. Thus soil properties, as modified by 

human activities, influence future land-use opportunities. 

The response of soils to erosive forces is determined by the interaction of physical and chemical 

properties. Basic soil properties that affect erosion processes include soil texture, structure, 

chemistry, and organic matter content. These properties largely determine soil structure, 

aggregation, permeability, and soil erodability. These properties determine erosion and sediment 

characteristics. The most important properties are briefly discussed below: 

 

 

2.1.1 Soil texture 

Soil texture refers to the distribution of primary particle sizes that describes soil. The basic particle-

size groups are classified on the basis of diameters as sand (coarse to fine, 2-0.063mm), silt (0.063-

0.002mm) and clay (<0.002mm), according to the German Classification system (Fig.4). 
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Figure 4: Textural Triangle 

Ref: http://www.terragis.bees.unsw.edu.au/terraGIS_soil/sp_soil_texture.html 

 

2.1.2 Soil Structure 

Soil structure refers to the arrangement of soil particles and aggregates. The types of structures 

include granular, platy, blocky, and massive soils. Structure influences the movement of air and 

water through the soil. As water or wind moves across the soil surface, the shearing forces of water 

and wind detach particles from the bulk material and initiate the erosion process. The attractive 

forces among soil particles which produce the above mentioned structures must be overcome. 

2.1.3 Soil aggregation  

Soil particles commonly are clustered into aggregates, by the attractive forces among individual 

particles. When the percentage of clay, organic matter, iron, and aluminum oxides in the soil 

increases, then the size of aggregate increases (Fig .5).   

 

Figure5: Soil aggregation 

Ref: www.seafriends.org.nz/enviro/soil/ecology.htm 
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2.1.4 Soil permeability 

Soil permeability characterizes the rate at which fluid can flow through the pores of a solid. If soil 

has high permeability, water will soak into it easily. If the permeability is low, water will tend to 

accumulate on the surface or flow across the surface if it is not level. Soil texture, structure, and 

aggregation determine soil permeability. The process of water moving into the soil is known as 

infiltration, and as permeability increases infiltration increases, thereby decreasing erosion. In case 

of arid lands or lands with less rainfall activity, the soils are dry and in that case wind erosion may 

play a vital role. 

 

2.1.5 Soil erodability 

It refers to the susceptibility of soil particles or aggregates to erosive forces. Differences in soil 

erodability result from differences in differences in physical and chemical properties through 

complex interactions. 

 

2.1.6 Sediment properties 

Sediment is a product of erosion, consisting of primary soil particles and aggregates detached from 

the soil surface by raindrop impact, concentrated water flow and wind. 

Sediment particles are carried along with the water and wind flow until velocity of the flow 

decreases and the particles are deposited.  

 

2.2 Erosion processes and their classification 

The major classification of erosion types is by erosive agent, wind or water that causes the erosion. 

Other agents such as gravity and agricultural practices cause erosive soil movement. 

 

2.2.1 Water Erosion 

The classification of erosion caused by water is based on the spatial context in which erosion takes 

place. Water erosion includes detachment, entrainment, transport and deposition of soil particles. 

The most important type of water erosion is caused by rainfall, surface runoff from rainfall, and 

surface runoff from irrigation. Water erosion is a very spatial phenomenon and it also depends on 

the topographic position within a watershed (drainage basin or catchments). Watersheds range 

from less than an acre (hectare) to thousands of acres (hectares), including large river basins. 

Water flow and its paths are central to the study of water erosion. Water flows in two types of 

conduits, open channels and pipes (Fig.6). An open channel has free water exposed to the 

atmospheric pressure, while pipe flow fills the conduit with water that flows under hydraulic 

pressure (Chow, 1959). Open channel flow occurs in rills, gullies, and stream channels. Pipe flow 

occurs through the soil macro pores in the soils which are saturated.   
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Figure 6: Open channel and pipe flow 

 

The major types of water erosion are interrill, rill, ephemeral gully, permanent gully and stream 

channel erosion (Fig.7). 

Rill and interrill erosion occurs on the hillslopes where runoff occurs as an overland flow. 

Ephemeral gully erosion occurs where topography collects runoff into a few major flow 

concentrations.  

 

Figure 7: Types of erosion 

Ref: www.britanica.com/erosion.bmp 

 

2.2.2 Wind Erosion 

If the forces applied to the soil by wind are greater than the resistance of soil erosion occurs. Wind 

erodes the soil by saltation, suspension, and creep along the soil surface. Medium sized and coarse 

particles transported mainly by creep and saltation and may be deposited near their source. Fine 

particles are transported by suspension, and they are deposited thousands of miles from their 

source. The process of wind erosion can be explained by figure 8, 

 

 

Water 
surface 

Open channel flow with a 
free surface exposed to 
atmospheric pressure 

Full pipe flow under 
hydraulic pressure 

Water 
surface 

wet
soil 
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Figure 8: Wind erosion transport modes (percentages are typical values) 

 

2.2.3 Links between Water and Wind Erosion 

 

The link between wind and water erosion is minimal. The greatest erosion for the two processes 

tends to occur in different areas of the landscape, and thus their rates should not necessarily be 

added to obtain a total erosion rate for an area.  Another link can be established as the wind blown 

sediment reaching the impoundments by streams. The wind blown sediment is low compared to 

runoff but it can be of more importance if it is eroded from an area which is contaminated with 

toxic compounds and transported with the sediment. 

 

Environmental conditions determine the types and rates of erosion operating in a particular area. 

These conditions can be described primarily by 4 components  

i) Climate 

ii)  Topography 

iii)  Soil 

iv) Land cover and use 

These factors influence all types of erosions in different ways. All the above mentioned 

components are described briefly here. 

 

1) Climate 

Climate refers to weather and the variability of weather conditions through time. It influences 

erosion directly and indirectly. Precipitation is the single most important climatic variable affecting 

water erosion. Erosion by rainfall occurs from raindrops striking soil, and water flowing over the 

soil. Rainfall intensity provides an estimate of erosion per unit rainfall, which multiplied by the 

rainfall amount, provides a total erosivity for a storm. 

Wind 
Suspension 

Creep 

Suspension 

Saltation 

Saltation 

Saltation: loose material removed from the surface (50-80% of total load. d< 1mm) 
Suspension: Lifted Particles (<35% of total load, d<100µm)  
Creep:  larger particles are rolled along the surface by winds (<25% of total load, d<2 mm) 



 18 

2) Topography 

Topography refers to the geometry of the land surface. The important geometric variables are slope 

length and steepness, shape in the profile view, and slope in the plan view. The figure 9 describes 

the common slope shapes. 

 

 

Figure 9: Common slope shapes 

 

The simple plot explaining the effect of slope shapes on erosion is shown below (Fig.10): 

 

Figure 10: Erosion and deposition for the slope shapes (Figure not to scale) 

Ref: Text book for soil erosion, Toy, Foster, Renard, John Wiley 

 

The erosion at a location depends mainly on two factors, the distance of the slope beginning to the 

location of interest and slope steepness. 

Uniform 
Convex 

Complex: convex-concave 
Concave 

Complex: concave-convex 

Erosion 

deposition 

Distance 

Concave 
Convex-concave 

Uniform 

Convex 
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3) Soil 

Soil serves many functions. It nourishes and supports growing plants. It is a construction material 

that supports buildings and roads. It also produces sediment by erosion that can fill reservoirs and 

water channels. Erosion varies over the landscape because soil properties vary over the landscape. 

For example, soil behavior at the top of hillslopes is very much determined by the parent material 

from which the soil is derived (Renard et al., 1997). In contrast the soils on the lower parts of the 

hill slopes where deposition has occurred have different environment than the hilltops.  

Soils vary in erodability during a year. Soils are more erodible based on the product of rainfall 

energy and intensity during those months when soil moisture tends to be high. Taking a typical 

example of northern Germany, soil moisture was studied for sandy soil and clay (Ehlken and 

Kirchner, 1996). It shows that during the summer months i.e. June-July the temperatures are 

~25deg.During these months the wind erosion plays an important role as the soil is dried out 

(Fig.11).  During the other months the soil moisture is comparatively high. Soil moisture is 

increased during the rainy seasons and decrease during the winter months. During the rainy season 

thus water erosion becomes dominating with taking into account steep hill slopes. During the 

winter months the temperatures are low and therefore less water is evaporated from soils. 

Therefore soil erodability increases. Increase in soil moisture increases runoff amount. Wetting and 

drying cycles increase the erodability if they lead to cracking of soils. 

 

Figure 11: Activity concentrations (in terms of fresh mass of grass) of 40K, 90Sr, 134Cs, 137Cs, with  

                air temperature, precipitation and calculated soil moisture for a given soil type with       

                annual cycle (Ehlken and Kirchner, 1996).  
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4) Land Cover and use 

 

Land use is the most effective factor contributing to the erosion processes. Land use refers to both 

general land use and the management applied to the land. For example, land use can be totally 

undisturbed area maintained in faultless conditions by excluding all human activity. Another use 

can be cattle grazing. But immense grazing removes an extensive amount of vegetation. Soil 

disturbance, which affects erosion in addition to vegetation, is also determined by management. 

During construction on urban development site, filling of a landfill, or mining, all vegetation is 

generally removed and soil is fully exposed to erosion. Another land use is military training and 

recreational areas, where the degree of vegetation and soil disturbance is determined by the level of 

use. Erosion occurs exactly the same way on all land uses. Land use affect both the forces applied 

to the soil such as raindrop impact or surface runoff, and resistance of the soil to those forces. 

 

Part 2 

 Measurement techniques for erosion and deposition processes 

 
Erosion measurements are the foundation of both water and wind erosion–prediction and erosion- 

control technologies. Erosion measurements provide a basis for government policies and programs, 

calculating environmental impacts resulting from human activities and conservation planning.  

Erosion is measured for three basic reasons 

1) Establishment of erosion inventories 

2) Scientific erosion research 

3) Development and evaluation of erosion-control practices 

The types of erosion measurements differ for water and wind erosion. For water erosion, 

measurements are done at different spatial scales as the sediment source-area boundaries can be 

established and runoff moves downslope in a predictable direction. For example, water erosion can 

be measured for interrill, rill, overland flow areas, fields and small watersheds. 

For wind erosion, sediment source-area boundaries usually cannot be established as wind changes 

direction, carrying sediment both into and out of the study area. Therefore wind erosion is 

measured by sedimentation-transportation mode. 

Sediment deposition can be measured on hillslopes, in backwater areas, in drainage ditches and 

stream channels, on floodplains, in reservoirs, or in constructed sediment basins and terrace 

channels. 

The 4 fundamental ways to measure erosion are  



 21 

1. change in weight 

2. change in surface elevation 

3. change in channel cross section diameter 

4. Sediment collection from erosion plots and watersheds. 

 

2.3 Temporal and Spatial measurement scales 

 

Practical temporal scales for measurement range from a single windstorm or rainstorm to several 

years. Practical spatial scales for water erosion range from interrill and rill sediment sources on 

hillslopes to sediment discharge from watersheds. Spatial scales for wind erosion measurements 

range from small plots or areas, such as mill- tailing disposal site, agricultural fields to entire 

regions.  

 

2.3.1 Sampling strategies  

 

Erosion-measurement sites are selected according to a sampling strategy. The sampling strategies 

are classified into purposive, random, uniform, stratified, and complex sampling. 

 Purposive Sampling refers to site selection according to some purposive principle (Toebes and 

Ouryvaev, 1970; Young, 1972). This means sites are deliberately selected as representative of the 

study area. 

The most common sampling strategies include, Random, uniform, stratified sampling. 

In random sampling each point in a study area has an equal chance of inclusion in the sample. It 

also represents the spatial variability of environmental conditions. 

Uniform sampling is done by placing a grid over a map of study area and measurement sites are 

located at intersections of the grid lines. This sampling assures uniform spatial coverage. If there is 

a periodic repetition of features or conditions within the study area, such as nearly uniform spacing 

of stream channels, and the sampling interval happens to match this periodicity, the sample 

measured in this way does not represent the study area. 

Stratified sampling involves the study area is divided into strata based on selection criteria, such 

as soil, topography, vegetation or land use and management. Sites within the strata are included 

into the sample by random sampling. 

 

These sampling strategies are described by figure 12. 
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Figure 12: sampling strategies 

 

 

2.3.2 Measurement accuracy 

 

The accuracy of a measurement process reflects the degree of conformity between the values 

produced by the measurement process and the value of that entity. The accurate process is both 

precise and unbiased. Bias refers to systematic errors in measured values. Figure 13 describes the 

measurement accuracy in four combinations of precision and bias.  

 
Figure13: Measurement accuracy, precision and bias (Figure not to scale) 

               (Ref: Reported by American Society of photogrammetry and remote sensing) 

 

Erosion research requires careful planning, accurate measurements, and thorough data analysis to 

arrive at correct data interpretations and conclusions. 
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Part 3  

Gamma Spectroscopy 
There are several methods for determining the gamma-emitted radioactivity in samples of soil and 

sediment, such as Geiger Müller tubes, photographic films liquid scintillation counter etc. 

However, the most cost-effective but expensive method is by high-resolution, low level gamma 

spectroscopy techniques using high purity germanium (HPGe) detectors. The radionuclides within 

the soil (or sediment) emit gamma photons at known energies. These interact with the germanium 

in the detector, which intern emits signals corresponding to the energies of incoming photons. 

Semiconductor detectors have a p-i-n diode structure in which the intrinsic region is created by 

depletion of charge carriers when a reverse bias is applied across the diode. When photons interact 

within the depletion region, charge carriers (holes and electrons) are freed and are swept to their 

respective collecting electrode by the electric field. The resultant charge is integrated by a charge 

sensitive preamplifier and converted to a voltage pulse with amplitude proportional to the original 

photon energy. The signals from the detector crystal are passed through the amplifier and recorded 

by a multi channel analyzer (MCA) system. On a MCA the signals are displayed as a histogram in 

which emission counts are plotted against radionuclide energies. Software packages then convert 

the peak count information to specific activities (Bq Kg-1) using calibration procedures performed 

by the user. The components of Gamma spectrometer are shown in Figure 14.  

 

 

 

In a semiconductor detector, the incident photon ideally performs a Photo effect and the emitted 

electron transfers all its energy to secondary or tertiary electrons, which are collected as a charge 

pulse at electrical terminals of the detector. The height of the pulse is proportional to the energy of 

the photon and is specific for the nucleus that emitted the photon. Unfortunately this happens in a 

 Ge Detector 

High Voltage 
Supply 

 Mixer/router 
for multiple 
detectors 

 Preamplifier  ADC Amplifier  MCA 

Figure 14: Gamma Spectrometer (http://canberra.com m/products/476.asp) 
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small percentage of interactions due to Compton scattering and also small photo cross section. The 

resulting pulse is unspecific for emitting nucleus in the case of Compton scattering. Figure 15 

shows the schematic diagram of the semiconductor detector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: semiconductor detector (http://canberra.com m/products/476.asp) 

Figure 16 shows a gamma spectrum obtained from a soil in IUP, Universität Bremen Radioactivity 

laboratory.  

 
Figure 16: Gamma spectrum of soil. The peaks in between are generated by photons undergoing  

                  photo effect („photo peak“), the region at the left of the peak is generated by photons  

                  undergoing Compton scattering („Compton background“). 
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The peak is not recorded in one single channel alone. It occupies a range of channels and has a 

form that can be approximated by a Gaussian curve. The characteristic properties are the energy at 

the center, the width (expressed e.g. as FWHM, Full Width at Half Maximum) and the total 

number of counts. Figure 17 shows the expanded view of a typical photopeak. 

 

 

 

 
 

 

Figure.17: Expanded view of a photopeak (http://www.canberra.com/literature/935.asp) 

 

2.3.3 Sample geometry 

 

Sample geometry is important because by self shielding of gamma photons, it influences the 

sample volume “seen” by the detector. For different purposes, different geometries may be 

optimal. In the case of bulk samples of large volume, often a geometry is chosen which lets the 

sample surround the detector, e.g. in form of a “Marinelli beaker”. For very small samples, a 

detector with a hole is chosen which surrounds the sample. 

 

2.3.4 Evaluation of     gamma spectra 

 

In order to give specific results, a γ spectrometer has to be calibrated in terms of energy and 

efficiency, and as we are dealing with a counting experiment, the statistical errors of the 

experiment have to be taken into account.  

 

The calibrations performed are as follows 

1 Energy Calibration 

Assuming linear amplifiers, channel numbers are proportional to pulse height. The process of 

calibration consists of recording a spectrum of a calibration source with several known gamma 

energies, finding the corresponding peaks in the spectrum and entering the energies into the MCA. 

Alternatively, the (known) energies of the isotopes in the sample can be used. This is standard 

method for known energies. The MCA then performs a least squares fit to the data and assigns 
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each channel energy according to: 

 

E = a n + b 

 

 

where, 

a = offset, 

b = proportionality factor and  

n = channel number. 

 

2 Efficiency calibration  

Due to sample geometry, the number of emitted photons reaching the detector always differs. In 

the detector only a part of incident photons will produce photo effect. This fraction depends on 

detector properties. These factors play a significant role during the bulk measurements. Therefore 

efficiency calibration is done for the known absolute activities (Fig.18). The efficiency can be 

calculated as follows: 

( ) netN
E

t f A
=

⋅ ⋅
ε  

where, 

netN  = Counts in peak (with subtracted background) 

( )Eε = energy dependent peak efficiency (dimensionless quantity) 

t = time of measurement (in seconds) 

f = Branching ratio (probability of emission) of gamma emission (dimensionless quantity)  

A= activity of the sample (Bq) 

 

 

 
 

 

 
 

Figure 18: Efficiency calibration curve for a semiconductor detector: the dots mark measurements  

                 for different gamma energies obtained with different radionuclides, the line is the       

                 interpolation used for other energies. (http://www.canberra.com/literature/931.asp) 
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3 Counting statistics 

As mentioned above, the contents (N) of the observed gamma lines are mere numbers from a 

counting experiment, and they are often partially buried in a background. This fact produces an 

uncertainty of the result, which can be expressed by the standard deviation of the peak count rate. 

To find the number of counts of the whole peak the counts of the channels around the given energy 

peak are summed up, and the average of two sets of these channels of background left NB1 and 

right of the peak NB2 are subtracted (Fig.19). The number of channels depends on the experimental 

conditions e.g. peak FWHM, channel width etc. 
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Figure 19:  Peak and background areas for background subtraction 

          (http://www.ortec-online.com/application-notes/an59.pdf) 

 

 

Part 4 

Basics of mathematical modeling for erosion studies 
2.4 Introduction 

Erosion modeling is a powerful tool first of all to the scientists working in this area to interpret and 

generalize the experimental data and secondly for policy development, erosion inventories, 

conservation planning, and engineering design. Erosion modeling consists of mathematical 

equations that calculate values for erosion variables using input values for climate, soil, 

topography, and land use. A particular set of these equations is known as a mathematical model. 

Various erosion models compute estimates of soil loss, deposition, sediment yield, and transport 

characteristics of sediment. 

 

 

 



 28 

2.5 Fundamentals of erosion modeling 

 

Every erosion model must represent how the four factors of climate, soil, topography, and land use 

affect soil loss and related variables. A simple erosion model is 

SL = CF · SF· TF · LUF (Universal Soil Loss equation (USLE)) 

Where, 

SL    = soil loss 

CF    = climate factor 

SF    = soil factor 

TF    = topographic factor 

LUF = land use factor 

A value of average annual soil loss is calculated for a particular field site with specific land use by 

using the above equation. 

 

2.6 Elements of erosion model mathematics 

 

Mathematical equations written in erosion model have 5 components 

1 Independent variables e.g. erosivity, soil erodability, topography, canopy cover, ground cover  

2 Dependent variables e.g. soil loss, deposition, sediment load, sediment characteristics  

3 Parameters 

4 mathematical operators 

5 computational sequence and logic 

Here parameters are in terms of mathematical equations that modify the values for the independent 

variables as a part of mathematical computations. E.g. the ground cover factor (GCF) is computed 

in some models as  

GCF = exp (-b· percent ground cover) 

Here b is a parameter whose value is a function of ratio of rill to interrill erosion. Parameter values 

are determined by fitting an equation to experimental data or by deriving an equation from theory. 

The main governing equation in erosion models is a conservation of mass equation which is given 

by equation (1), 

................(1)net

G
D

x

∆ =
∆

 

 where, 

G

x

∆
∆

 = change in sediment load G with distance x  

netD  = net detachment or deposition rate  
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 The conservation of mass equations involves both time and space and is very difficult to solve in 

its complete form. The equation can be simplified by steady state and solved to produce soil loss 

equations that are used in erosion models.  

Equation (1) applies to a point in space. The sediment load G is a variable of interest, and can be 

determined by simplifying equation (1) as, 

 

.......................(2)out in netG G x D= + ∆ ⋅  

Where,  outG  is the sediment leaving the segment which is shown by figure 20, inG   is the sediment 

load coming into the sediment and x∆  is the length of the segment. 

 

Figure 20: Schematic of a slope segment used to solve the mass balance equation 

The conservation of mass equation in its time dependent version can be written as, 

( ) ................(3)tor
ent net exit

S
G x D G

t

∆ = + ∆ ⋅ −
∆

 

where, 

torS

t

∆
∆

= storage rate (change in storage of sediment in the spatial segment over time interval ∆t) 

( )ent netG x D+ ∆ ⋅  = rate at which sediment enters the segment in time t∆  

exitG    = rate at which sediment leaves the segment in time t∆  

The logic in the mathematical model described in equation (3) can be explained as: 

 

If G > exitG  , there is a sediment accumulation within the segment and 

If G < exitG , sediment diminishes. 

 

 

The different types of mathematical models for erosion processes can be explained by Table 2. 

∆x 

Sediment length 

Sediment in 
Gin 

Sediment out 
Gout 

Net deposition 
Dnet 
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Table 2: Summary of types of erosion models 

Model Type Form Derivation Method Strengths 

Regression Few equations having a 

form that fits the expt. 

Data 

Fits equations to 

empirical database 

Simple and easy to 

use 

Index based Uses indices, usually a 

multiplicative form to 

explain factors 

affecting erosion 

Values derived from 

large empirical database 

Very powerful and 

easy to use 

Simple process based Uses steady state 

equations which 

represent erosion 

processes 

Equations derived from 

theory, empirical 

database  

Simple to use 

Combined index and 

process based 

Captures both index 

and simple process 

based models 

Equations derived from 

theory, empirical 

database in best way 

Simple to use 

Dynamic between 

storms 

Use equations to 

represent how variables 

controlling erosion 

change between storms 

theoretically 

Uses conservation of 

mass equations 

Powerful and 

represents wide 

range of conditions 

Dynamic within and 

between  storms 

Can calculate erosion 

within  storms 

It’s similar to the model 

above but additional 

database required for 

temporal variation 

between storm events 

 Most Powerful of 

all and represents 

erosion to 

maximum details.  

 

 

2.7 Steps in selecting the model 

 

Organizations and individuals often find themselves choosing an existing erosion model without 

having been involved in the development of the model. An important consideration in selecting a 

model is whether an established user base exists for a model. The steps to select an erosion model 

can be explained by flowchart given in Figure 21.   
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Figure21: Steps for model selection 
 

2.8 Sensitivity of the model 

Sensitivity of a model refers to the degree that soil loss, deposition, sediment load, or other 

important output variables change per unit change in the input value for key variables such as slope 

length, filed length, slope steepness, soil erodability, ground cover, root biomass, roughness etc. A 

sensitivity analysis includes putting different values of a particular variable and observing the 

changes in the output. A sensitivity analysis is a good way to understand how model behaves to 

different inputs. Results from sensitivity analyses must be interpreted carefully to avoid uncertain 

conclusions as sensitivity depends on the situation. For example soil loss is not sensitive to slope 

length at slope steepness below 1% as it is hardly affected by that low steepness. However soil loss 

is moderately sensitive to hillslopes steeper than 20% (Foster, 1982). 

To make a good model and trying to understand the  erosion and depositions processes I would like 

to quote a very good saying here, ‘’ Skill, art, and experience can overcome limited but 

adequate science, but poor art defeats the best science.’’ 
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Chapter 3 

Soil erosion study at Basedow 

 

3.1 Previous study and site information (2003) 

 

Soil movement caused by different erosion processes is a very important factor in soil landscape 

heterogeneity. The measurement campaign had been performed to evaluate the erosion rates in a 

typical pattern of landscapes in the Young Moraine regions of North-East Germany (Kietzer 2007). 

The 137Cs concentrations were measured on the selected sampling points at various study sites. The 

area selected for sampling was Basedow, which is a cultivated area, situated north of Berlin. Table 

3 shows the measurement site with the transect made for measurements and some information on 

wind and water erosion. 

 

Table 3: Characteristics of the study area 

Names Basedow 

 

                 Location 

 

Approx. 6 km northwest from Prenzlau and close to Basedow 
Potential water erosion danger  Low 

Potential wind erosion danger High 

 

The 137Cs activities with the reference activities were measured by using gamma spectroscopy at 

the Bundesamt für Strahlenschutz. The measured activities of 137Cs for each sampling point gave a 

profile over a measuring depth, together with the total 137Cs inventory for all sampling points. The 

concentration of 137Cs in these soil profiles was compared with the concentration of reference 

profiles (permanent grass land). Using this data, the soil erosion rates were calculated using 

different erosion models which are explained in the following sections of this chapter. 
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3.2 Sampling design and site selection for the current study at Basedow (2008) 

3.2.1 Field inspection of study area 
 
A thorough inspection of the study area is highly recommended for a successful sampling program. 

The main goal of inspection is to select specific sites which can be used in the actual sampling 

program. Such an exploration was done before the actual sampling campaign on 12th April. The 

objectives of this pre sampling visit were to determine whether suitable reference sites exist, to 

mark the sampling locations and to make an inventory of landforms, soils, and cultural practices 

present in the area.   

The selection of reference sites is central for successful execution of a 137Cs-based erosion study. 

The reference sites used in this study was based on the following assumptions, 

1 This site experienced neither soil loss nor deposition. The inventory reflects atmospheric  

    inputs of 137Cs and 7Be and their decay through time.   

2 It is under continues vegetation for a period since the deposition of 137Cs began in early  

   1950s.  

3 The reference site was located as close as possible to the study sites. (Fig.22) 

 

 
Figure 22: location of 137Cs Reference site using Navigator system 

 
 
3.2.2 Sampling design 
 
Sampling Design refers to the way in which the specific points to be sampled in the field are 

chosen and their relationship to the other points to be sampled. The most commonly used sampling 

designs for radionuclide studies are systematic, non stratified sampling using either transects or 

grids. In the study presented here the sampling design chosen was systematic and non-stratified 
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using a transect plot. The coordinates for the sampling site are shown in the Table 4. The 

coordinates were fixed by using a low resolution Automobile GPS system. The appropriate 

uncertainties were used in the calculation of transect. This particular transect was chosen, as it was 

a combination of convex and concave slopes. Fig.23 shows transect studied at Basedow. The 

highest point on the transect is between site 5 and 6. The lowest point is given by site 12. The 

arrows indicate the different slopes which could accelerate the movement of soil along them. The 

site where the two arrows meet could be a potential deposition site.  

 

Table 4: Transect values for the Profiles at Basedow (2008) 

 

Angle Profile 

In angle [o] Out angle [o] 

Distance between 

sampling points (m) 

1 3.32 3.12 19 

2 3.11 3.32 35 

3 2.03 3.11 25 

4 0.57 2.03 10 

5 0 0.57 2 

6 0 1.54 8 

7 1.54 3.95 20 

8 3.95 1.35 20 

9 1.35 -0.97 30 

10 -0.97 3.41 20 

11 3.41 8.02 20 

12 8.02 4.67 11 

13 4.67 1.72 1 

16 1.72 1.14 1 

17 1.14 -2.45 9 
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Figure 23: Transect plot for study site Basedow 

 

The appropriateness of transects in sloping terrain depends partly on the curvature. Where there is 

no significant across-slope curvature each point receives flow only from those points immediately 

upslope. Thus the variability of a radionuclide was captured with a single transect. The area under 

study is shown in figure 24. 

 

 

Figure24: Study site Basedow 

 

Transect selected 

for erosion studies 
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3.2.3 Sampling Method 

Methods for the collection of soil samples to determine levels of 137Cs and other fallout 

radionuclides, such as 7Be will depend on purposes of the project, site and soil characteristics, the 

total number of samples that can be analysed, distribution of radionuclide in the soil and the 

sample mass required. The use of 137Cs in erosion studies has been widely developed, while the 

application of fallout 7Be is still developing. It is possible to measure these radionuclides 

simultaneously.  

 

3.2.3.1 Depth Incremental sampling using Gauge-Scraper Plate method 

The Scraper plate was specifically developed by BfS, Berlin, for establishing the depth distribution 

of 137Cs and 7Be at the reference and Study sites. The total sampling was done by two components: 

a gauge of dimensions 15×20×2 cm that can be placed on the ground to cut a specific part of soil of 

mentioned dimensions and a scraper plate to cut the layer of soil of a certain depth (Figure 25). 

 

  

Figure 25: Depth incremental gauge and scraper plate at the study site. The gauge is placed on    

   the soil and with the help of scraper plate the soil of particular depth is cut. 

 

 

The depth diagram for sampling was made before the sampling, in which each sampling point was 

assigned a particular depth for which samples were to be collected (Fig 26).  

 

Gauge Scraper 
Plate 
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Figure 26: Sampling Depth Map of Study Area 

At the sampling point a hole was made bigger than the sampling depth. The gauge was put on the 

ground near the corner of the hole. A measuring scale was fixed in the soil profile with the help of 

a screw. The upper five layers of soil were 2cm in height and below 10 cm each layer of height 5 

cm were cut (Figure 27). 

 

Figure 27: Sampling in progress using scraper plate and a gauge 
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The mass of soil collected within the frame will depend on its bulk density and the depth increment 

involved. Generally, the soil bulk density increases with depth. A decision on the minimum depth 

of sampling was made from the experience of a previous sampling campaign (Kietzer, 2007).  

 

3.2.4 Recording of site and sample information 

The accurate collection of soil samples and recording of sample information in logbooks is 

important. In this sampling campaign along with the sampling depth maps the plastic bags to for 

the sample collection were prepared. For each sampling point one big plastic bag with  various 

small plastic bags, all labelled with sampling point, profile number and the depth were prepared. 

The samples after collection were brought into the BFS laboratory and were given a sample code. 

Thus at the laboratory, an information sheet containing the date of sample collection, sample code 

and profile number was prepared. 

 

3.2.5 Sample processing 

Proper sample processing is required in any field and laboratory program. It also requires a high 

degree of standardization which is practiced in this study too. 

 Air drying, grinding and sieving 

The initial stages of sample handling include Air drying and Oven drying. The samples were put 

on the aluminium sheets for drying at room temperature and later the samples were put into an 

oven at 105 degrees for complete drying. The mass of the sample was measured before and after 

drying. After drying the samples were disaggregated (by hand) and passed through a 4-mm mesh 

sieve to separate the soil (< 4 mm) from the rock fragments (>4mm). The mass of soil after sieving 

was measured again. In the end this sieved soil was filled in Aluminium bottles (geometry for this 

study) and was taken to the gamma spectroscopy lab for measurement. 

 

3.2.6 Particle size correction factors calculation  

If at a specific location in a study area fine particles and organic material were preferentially 

mobilized, and no account was taken of this selective removal of material, the 137Cs inventory at 

this location would imply a greater loss of soil from the profile than had actually occurred. 

Similarly if coarser material was preferentially deposited at an aggrading site, then 137Cs inventory 

at this location would tend to underestimate the true deposition rate. To overcome these associated 

problems the particle size correction factors were calculated for each site. 

The particle size correction factors (P) were calculated during the previous sampling campaign 

(Kietzer, 2007) by using the equation (5). These correction factors were included in the erosion-

deposition models used in this study. The information on ploughing depths (d) for each sampling 

point was taken from the previous sampling campaign (Kietzer, 2007).   
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3.3 Mathematical models used in this study at Basedow (2008) 

 

The potential for using caesium-137 (137Cs) measurements in soil erosion and sediment budget 

investigations has attracted increasing attention in recent years (cf. Ritchie & Ritchie, 1995; 

Walling & Quine, 1990, 1992, 1995). Work undertaken in a wide range of environments in 

different areas of the world has demonstrated that 137Cs measurements afford a valuable means of 

estimating medium-term rates of soil loss and sediment deposition which possesses many 

advantages over conventional monitoring techniques (cf. Loughran, 1989). These advantages 

include the potential for deriving retrospective estimates of erosion and deposition rates based on a 

single site visit and for assembling distributed information for individual points in the landscape 

which can be used to study spatial patterns of soil redistribution.  

Walling and Quine (1990) provide a useful review of the many different approaches which have 

been used to convert 137Cs measurements to quantitative estimates of erosion and deposition rates 

and of the uncertainties and inconsistencies involved. These methods include both empirical 

relationships and theoretical models and accounting procedures. 

One of the primary objectives of two research projects recently launched by IAEA (“The 

Assessment of Soil Erosion through the Use of 137Cs and Related Techniques as a Basis for Soil 

Conservation, Sustainable Agricultural Production and Environmental Protection” and 

“Sedimentation Assessment Studies by Environmental Radionuclides and Their Application to Soil 

Conservation Measurements”) aimed at promoting the use of 137Cs and other environmental 

radionuclides in soil erosion and sediment budget investigations is to standardize the methods and 

procedures employed. 

 

The models selected for the study of erosion processes previously (Kietzer, 2007) were as follows, 

 

1 Proportional model 

2 Simplified mass balance model 

3 Mass balance model 

4 Mass balance model incorporating soil movement resulting from tillage 

 

5 137Cs depth distribution model  

6 diffusion and migration model 

 

Due to time constraint the first two models namely a proportional and simple mass balance models 

were used for this work.  

 

 

Cultivated 
Soils 

Uncultivated 
soils 
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3.3.1 Proportional model  

 

The proportional model has been widely used for estimating soil erosion rate from the 137Cs 

measurements on cultivated soils (cf. de Jong et al. 1983; Frederick & Perrens, 1988; Mitchell et 

al., 1980; Martz & de Jong, 1987; Vanden Berghe & Gulinck, 1987; Walling & Quine, 1990). 

 

Basic Idea 

It is assumed that 137Cs fallout inputs are completely mixed within the plough or cultivation layer 

and that the soil loss is directly proportional to the amount of 137Cs removed from the soil profile 

since the beginning of the 137Cs accumulation. Thus, if half of the 137Cs input has been removed, 

the total soil loss over the period is assumed to be 50% of the plough depth. (Fig.28)  

 

 

Figure 28: Basic Idea for Proportional model 
 
The model can be represented as follows: 
 

10 ......................(4)
100

B d x
Y

T P

⋅ ⋅= ⋅
⋅ ⋅

 

Where, 

            Y = mean annual soil loss (t ha-1 yr-1); 

 d = depth of plough or cultivation layer (m); 

 B = bulk density of soil (kg m-3); 

            X = percentage reduction in total 137Cs inventory (defined as (Aref-A)/Aref×100); 

 T = time elapsed since initiation of 137Cs accumulation (yr); 

 Aref= local 137Cs reference inventory (Bq m-2); 

 A = measured total 137Cs inventory at the sampling point (Bq m-2); 

 P = particle size correction factor. 

 

137Cs fallout, getting 
accumulated in the soil 

137Cs fallout 
getting mixed 
by ploughing 

137Cs removed 
from the soil 
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In most cases where this model has been employed, no account has been taken of the effects of 

selective removal of small particles on the validity of the results obtained. If selective removal of 

this soil fraction has occurred, erosion rates will be overestimated since 137Cs is preferentially 

associated with the fine fraction (Owens and Walling, 1997). A particle size correction factor P has 

therefore been incorporated into Equation 1 to take account of this problem. P is a function of the 

ratio of the 137Cs concentration of mobilized sediment to that of the original soil (cf. He & Walling, 

1996). 

0.650.65137

137
................................(5)

 concentrations of mobilized sediment
 concentrations of original soil

ms

sl

SCs
P

Cs S

  
= =   
   

 

 

Advantages and disadvantages of the model 

1 It requires only the information on plough depth with activity at sampling point and the reference  

   activity values at that point. Therefore it is easy to use.  

2 The accumulation of 137Cs fallout input occurs over several years. Some of its input remains at 

the surface of soil before being mixed by cultivation. If erosion occurs and surface fallout is 

removed before plough, the model will overestimate the rate of soil loss. 

3 The model doesn’t take into account the dilution of 137Cs concentrations by repeated ploughing 

and therefore it underestimates the erosion rates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

3.3.2 Mass Balance Models 

Mass balance models, which have been widely used, try to overcome the limitations of the simple 

proportional model by modeling the changes in the 137Cs content of the soil profile in time, 

compared to 137Cs fallout inputs, losses of 137Cs from a profile due to erosion and the mixing of 

soil containing no 137Cs from below the original plough depth (Kachanoski et al., 1984; Fredericks 

et al., 1988; Quine, 1989, 1995; Walling and Quine, 1990; He and Walling, 1997; Yang et al., 

1998; Yang et al., 2000). 

 

1 Simplified Mass balance model (Mass balance model 1) 

This mass balance model was proposed by Zhang et al. in 1990. 

Basic Idea 

This model takes into account both inputs and outputs of 137Cs from a profile over the period since 

the fallout. It assumes that the mass of soil which is being eroded is time invariant, but the 137Cs 

concentration varies due to cultivation practices such as ploughing.  It assumes the total fallout of 
137Cs occurred in 1963. 137Cs is assumed to be deposited in soil in 1963, and with constant 

ploughing and dilution the amount of 137Cs lost every year is estimated.  

           

  If           A(t) < Aref,  it is a eroding site and, 

            If A(t) > Aref,  it is a deposition site 

where A(t) is the activity of measured 137Cs at time t and Aref is the reference activity, i.e. the 

activity of 137Cs at undisturbed areas. This model also includes a particle size correction factor P 

for the small particles. 

 

 

Figure 29: Basic idea of Mass balance model at eroding sites 

 

 The mathematical approach behind the model can be explained as follows: 

For an eroding site i.e. A(t) < Aref, the total 137Cs inventory can be expressed as , 
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nt 1963

n

n 0

n

z
A(t ) Aref 1 P ...........................(6)

d

 t t n t

where t = time step

            n = 0 set to 1963 

−
 ∆  = −   

  

= + ⋅∆  

 

For example as shown in figure 29, if the sampling is done in the year 2004, equation (1) can be 

written as, 

 

 

 

 

i.e. 

41

( ) 1n

z
A t Aref P

d

 ∆  = −   
  

 

Here, 

A(tn)  = sampling inventory (Bq/m2) 

Aref = reference inventory (Bq/m2)  

P      = particle size correction factor 

d      = depth of plough or cultivation layer (m) 

z∆    =   height of soil eroded during a time step (m) 

In equation (1) ∆Z is the height of soil, eroded every year from a cultivation layer d. (figure 30) 

 

 

Figure30: The soil block representing eroding layer ∆Z 

 

∆Z 

d(cultivation layer) 

1m 

1m 

( ) 1 1 1 ...... 1n

z z z z
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d d d d

 ∆   ∆   ∆   ∆        = − − − −              
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The erosion rate, eroY can be written as, 

............................(7)ero
ref

Z B
Y

t F

∆ ⋅=
∆ ⋅

 

Where, 

 t∆    = time step (set to 1 year) 

 refF  = reference area of the soil block (which is 1 m2) 

   B   = bulk density of the soil (kg m-3) 

Equation (7) can be rewritten as, 

.........................(8)eroZ Y B t Fref∆ = ⋅ ⋅∆ ⋅  

 Using equation (8) in equation (6), we get the erosion rate as 

1

196310
1 1 ..........................(9)

100

nt

ero

dB X
Y

P t

−
 

  = − −  ∆  
 

 

Here, 

Yero= erosion rate (t ha-1 yr-1) 

X = Percentage reduction in total 137Cs inventory = 
( )

100
Aref A t

Aref

− ×    
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2 Deposition Model 1 (Zhang et al. 1990) 

 

This model was developed by Zhang in 1990. The basic idea of the model is, for a depositional site 

(A(t) > Aref), to assume a constant deposition rate depY  (t ha-1 yr-1), which can be estimated from 

the 137Cs concentration of the deposited sediment. This 137Cs concentration of deposited sediment 

represents the mean of 137Cs concentrations from the eroded sites from the upslope areas. 

Therefore the concentration of 137Cs deposited annually ( )d lC t , can be given as follows, 

1

1

( )
( ) , 1... ........................(10) 

i

eroi

k

e l i i
i

d l k

i
i

C t Z S
C t l n

R S

=

=

⋅ ∆ ⋅
= =

⋅

∑

∑
 

Where, 

  k       = number of eroding areas 

( )
ie lC t  = 137Cs concentration mobilized from eroded area Si (Bq m-3) 

  iZ∆    =   height of soil eroded during a time step (m) 

   Si      = slope area for point i (m2) 

  n        = year of sampling (with n=0 set to 1963) 

The 137Cs concentration mobilized from the eroded areas, ( )
ie lC t can be given as, 

 

1963
( )( ) ( ) 1 ...............(11)

l

n l

t
t t

e l ref n

P z
C t A t e P

d d

−
λ − ∆ = ⋅ ⋅ − ⋅ 

   

Therefore the deposition rate in t ha-1yr-1, depY  is obtained by, 

n
dep n

d l
l 1

A(t ) Aref
Y 10 B .......................(12)

C (t )

where,

n = year of sampling

=

 
 −
 = ⋅ ⋅
 
 
 
∑

 

 

This model only gives a rough estimate of the deposition process, which is as a result of erosion on 

the upslope areas. It does not consider the slope steepness and slope areas at depositional sites. 
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3 Depositional model 2 

 

This depositional model was developed in this study. It considers the depositional processes with 

mixing of 137Cs containing soil due to ploughing, giving a more realistic process based approach to 

quantify deposition than depositional model 1.The basic idea of the model is explained below. 

The fallout of 137Cs is assumed to have occurred in 1963. The study area is being ploughed since 

beginning, i.e. since 1963. The initial concentration of soil containing 137Cs is C0. In the following 

years a constant layer of soil, ∆Zd, is eroded from upslope areas and deposited in the area down the 

slope. Now for the depositional site i.e. A(t)>Aref, assuming a constant depositional rate, this 

constant soil layer of thickness ∆Zd is deposited. The soil is mixed by ploughing annually (Fig.31). 

Figure 31: Basic Idea of deposition Model 

 

The initial concentration of 137Cs in the plough depth at time t0 is C0. In the year 1964 the eroded 

soil of thickness ∆Z is deposited and is mixed within the ploughing depth by cultivation. Thus the 

deposited 137Cs concentration Cd (t0+∆t) in 1964 is given by, 

0 0
0

( ) ( )
( ) ......................(13)te

d

d z C z C t t
C t t e

d
−λ⋅∆− ∆ ⋅ + ∆ ⋅ + ∆+ ∆ = ⋅  

 

where, 

d   = plough depth (m) 

z∆ = eroded soil layer (m) 

0C  = initial concentration (Bq m-3) 

t∆  = 1 year 

0( )eC t t+ ∆  = 137Cs concentration eroded from upslope areas in 1964 
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Similarly for year 1965 the concentration deposited is given by using equation (13) as the initial 

concentration before deposition. Thus depositional concentration in 1965 is given by, 

20 1 0 0
0

( ) [ ( ) ] ( 2 )
( 2 ) ....................(14)te

d

d z C C C z C t t Z
C t t e

d
−λ⋅ ∆− ∆ ⋅ + − ⋅ ∆ + + ∆ ⋅ ∆+ ∆ = ⋅  

Thus, for n years, the deposited soil over the period, [sampling year (t)-1963] is given as,   

N td 0 e
d 0

(d z) C (t (N 1) t) C (N t) z
C (t N t) e ....................(15)

d
where N= year of sampling

−λ⋅ ∆− ∆ ⋅ + − ⋅ ∆ + ⋅∆ ⋅ ∆+ ⋅ ∆ = ⋅
 

Equation (15) represents the model proposed here to quantify deposited concentration. 

 

 Simulation results of Depositional model 1 and 2 

This model also allows simulating the 137Cs depth distribution at a depositional site at any year n 

(See Fig.32 (B)). The model results from Walling-He model (equation 9) and Jha-Kirchner model  

(equation 15) for different erosion rates z are presented in Fig.32, A and B respectively. For higher 

erosion rates the model results in Fig.32 (A) show that within 20 years 50% of initial concentration 

of 137Cs is eroded, whereas the model developed in this study (Fig.32 (B)) predicts around 30 

years. This improvement over the Walling-He model takes into account the constant layer wise 

erosion and deposition of soil. Thus for erosion rates ranging from 0.005-0.01 m yr-1 the large 

deviations in Fig.32 (A) were improved in this study (Fig.32 (B)).  

 

Figure 33:  Comparison of predictions using the two depositional models discussed for various  

                  erosion rates (A: equation (9) and B: equation (15)); input parameters d = 0.30 m, 

                  B = 1478 kg m-3, Aref = 6000 Bq m-2, P = 1. 

   

A B 
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Fig. 34 shows the depth distribution of deposited sediment simulated using deposition model 2 

(Jha-Kirchner model). Fig.34 (A, B, C and D) gives the sediment profiles from years 1963 to 2004 

for different erosion rates z. All the 4 profiles reflect that in the Depositional model 2 (Jha-

Kirchner model), the deposited mass and the time-dependency of the layers ploughed is taken into 

account. Thus in Fig.33 (A, B, C and D) the upper 30 cm is homogeneously distributed showing 

the effect of ploughing.  

 

Figure 33: Profiles of sediment calculated for different erosion rates by deposition model 2                  

                 (Equation (10)); Input parameters d = 0.30 m, B = 1478 kg m-3, Aref = 6000 Bq m-2, 

                 P = 1. 

Advantages and disadvantages of simple mass balance models  

1 These models represent an improvement over proportional models by considering  

   constant layer wise erosion each year. 

2 They are simple to use and require information over the plough depth and local  

   reference inventory only. 

3 They do not take into account the freshly deposited 137Cs fallout before its incorporation into     

   plough depth by cultivation, which may occur during rainfall events that produce surface runoff  

   and therefore erosion.  

4 The assumption that total 137Cs fallout occurred in 1963 is an over simplification. 

5 In the depositional model the deposition is considered as weighted mean of all erosion sites     

   Upslope, which is a very naive approach, as it doesn’t explain the physical processes such as  

    mixing soil with no 137Cs. 

 

A B 

D C 
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3.3.3 Comparison of Mass Balance and Proportional Model 

 

The erosion of a depth of soil equivalent to the plough depth would not result in the total removal 

of the original 137Cs inventory, as assumed by the proportional model, since a plough layer will still 

exist and some of the original 137Cs will be mixed within this layer. Mass balance models take into 

account the effect of progressive incorporation of subsoil from below the plough layer. This is 

illustrated by figure 34. In this figure the erosion rate is compared with the percentage reduction in 

the 137Cs inventory relative to its reference inventory, comparing the proportional and simple mass 

balance model. The figure 34 shows the deviation of erosion rates estimated using the above 

mentioned models with increasing percentage reduction in the 137Cs inventory. When the reduction 

in the 137Cs inventory relative to the local inventory exceeds 50%, the proportional model may 

underestimate the erosion rate by more than 35%.   

 

Figure 34: A comparison of relationship between soil-erosion rate and percentage reduction in  

                 137Cs inventory by using the proportional model and the mass balance model resp. at   

                  Holzendorf study site 1 

 

Using the two models, i.e. the Proportional and the Mass balance model, the predicted loss of 137Cs 

from the soil is graphically presented in Figure 35. It shows that the concentration of 137Cs eroded 

every year, calculated by the proportional model remains constant, but that with the simple mass 

balance model it decreases annually, as an effect of ploughing. This decrease in 137Cs concentration 

represents the reality better. 
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Figure 35: Comparison of loss of 137Cs (Bq m-3) with proportional and simple mass balance model 

                  assuming a constant soil erosion rate of  0.0052 m yr-1. 
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3.3.4 Erosion model for 7Be 

 

 A simple mass balance model for 7Be was developed in this study. The difference between the 

137Cs soil depth profile and 7Be soil depth profile is quite large. Due to half life of 53.7 days, 7Be 

does not penetrate deep into soil. The 7Be which is deposited with a rate I is present in the topmost 

layer (∆h) as shown in Fig.36. In this erosion model, it is assumed that 7Be is mostly found in the 

upper 1 mm shown by δ, and is lost by radioactive decay and soil erosion (Fig. 36). 

 

 

 

Figure 36: 7Be erosion model 

 

The basic assumptions of the model are, 

1 The erosion processes are time independent. 

2 7Be does not penetrate into the soil. 

3 The 7Be deposition rate is constant. 

Thus the basic equation giving a mass balance with the above mentioned processes can be written 

as, 
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ero

7 -3

7
1/2

7

ero

z CdC
C I (16)

dt h
where,

C      = concentration of Be (Bq m )

λ       = decay constant of Be (t =53.2 days)

h      = the upper soil layer where Be is deposited  

∆z   = erosion rate(m da

∆ ⋅= −λ − +
∆

∆

⋯⋯⋯⋯⋯

-1

7

y )

I      = Be input by wet/dry deposition 

 

 

 

The steady state solution of equation (16) for equilibrium conditions at a non eroding reference site 

( eroz∆  = 0 and t =∞), is 

ref

7 -3
ref

I C (17) 

where C = Be concentration at a reference site (Bqm )

= ⋅λ⋯⋯⋯⋯
 

 

Using (17) in (16) we get, 

(18)
∆ ⋅= −λ − + ⋅λ

∆
⋯⋯⋯⋯⋯

ero
ref

z CdC
C C

dt h  

From model assumption 1 at equilibrium, 0
dC

dt
= . 

 

Using equation (18) and replacing∆h  with  δ , the erosion rate, Yero in t ha-1 yr-1, follows as  

 

ref
ero

7

C C
Y 10 B (19)

C

where, δ = uppermost 1mm soil layer where Be is mostly present

− = ⋅ ⋅ ⋅λ ⋅δ 
 

⋯⋯

 

 

We can also write equation (19) as 

 

10⋅ ⋅λ= =
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3.4 Uncertainty Analysis 

 

The uncertainty propagation which was performed for all three models, viz. the proportional 

model, the simple mass balance model and the mass balance model for 7Be, is presented in this 

section. In all three models the measurement uncertainty of the gamma spectroscopy for the 

activities of radionuclides (X) and Soil density (B) was used and was propagated in the model. 

  

1 Proportional model 

The erosion rate given by proportional model is, 

 

10 (20)
100

B d X
Y

T P

⋅ ⋅= ⋅
⋅ ⋅

⋯⋯⋯⋯⋯  

Here symbols have usual meanings. 

 

 The uncertainty on Y is given by, 

2 2
2 2 2 (21)Y B X

Y Y

B X

∂ ∂   σ = ⋅σ + ⋅σ   ∂ ∂   
⋯⋯⋯⋯⋯⋯  

Using (21) in (20) we get, 

2 2
2 2 210 10

(22)
100 100Y B X

d X B d

T P T P

⋅ ⋅ ⋅ ⋅   σ = ⋅σ + ⋅σ   ⋅ ⋅ ⋅ ⋅   
⋯⋯⋯⋯  

where, 

2
Yσ = uncertainty on erosion rates (t ha-1 yr-1) 

2
Bσ = uncertainty on bulk density (Kg m-3) 

2
Xσ = uncertainty on difference in activities  

Equation (22) gives the error propagation formula for proportional model. 

 

2 Simple mass balance model 

 

The erosion rate given by simple mass balance model is, 

1

196310
1 1 (23)

100

nt

ero

dB X
Y

P t

−
 

  = ⋅ − −  ∆  
 

⋯⋯⋯⋯⋯⋯  

The error on erosion rate eroY  is given by using equation (23) in equation (20). 
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1 1 1 (24)

100 ( 1963) 100
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Y B X
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d X dB X

P t P t t

 −− − − 

         σ = ⋅ − − ⋅σ + ⋅ − ⋅σ        ∆ ∆ −            

⋯  

where, 

2

eroYσ = uncertainty on erosion rates (t ha-1 yr-1) 

2
Bσ   = uncertainty on bulk density (Kg m-3) 

2
Xσ   = uncertainty on difference in activities  

 

Equation (24) gives the error propagation formula for simple mass balance model. 

 

2 Mass balance model for 7Be 

The erosion rate given by 7Be mass balance model is, 

 

(25)ref
ero

A A
Z d

A
− 

= ⋅λ ⋅ 
 

⋯⋯⋯⋯⋯⋯  

The error on erosion rate eroZ  is given by, 

 

2
2 2 2 2 (26)

ero

ero
Z X

Z
d

X

∂ σ = ⋅σ ⋅λ ⋅ ∂ 
⋯⋯⋯⋯⋯⋯  

where, 

2

eroZσ = uncertainty on erosion rates (m yr-1) 

2
Xσ   = uncertainty on difference in activities  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 



 55 

 

Chapter 4  

Experimental results and discussions  
The samples collected during this study at Basedow were measured using the gamma spectroscopy 

technique. The experimental results obtained for 137Cs and 7Be along with the model results are 

presented in this section. Measuring times for 7Be and 137Cs were different according to the depth 

distributions of both nuclides. The estimates of soil erosion rates were made from the 

measurements of the radioactive nuclides 137Cs and 7Be over the measurement transect. The first 

hand results were made by comparing the activities of both the radionuclides at the measurement 

points with that of activities at reference sites within the uncertainty limit. If the measured activity 

was less than the reference activity the site was declared as eroding site, otherwise the deposition 

site.  

 

4.1 137Cs at Basedow (2008) 

 

The distributions of 137Cs in the Reference (undisturbed) sites and Agricultural (tilled) sites at 

Basedow (2008) are presented in Fig.37 (A). The radionuclide profiles in the agricultural soils 

exhibit considerable differences from the profiles in the undisturbed soils at Basedow. Undisturbed 

sites exhibit a surface maximum of 137Cs activity (1200 and 2000 Bq m-2) decreasing to 380 and 75 

Bq m-2 at a depth of 10 cm. The average value of 137Cs at reference sites is 4073 Bq m-2. This 

shows a slow migration of 137Cs through soils. The 137Cs activities at disturbed sites vary by land 

use (Fig.37 (B)). 137Cs values at all the measurement sites are homogeneous over the total soil 

profile. Plowing to a depth of 20-30 cm, mixes surface soils which are enriched in radionuclides 

with deeper soils, which are depleted in 137Cs.  

 
137Cs activities averaged over an individual profile are shown in Table 5. The values vary 

considerably depending on the erosion or deposition due to plowing. Due to plowing 137Cs 

activities in tilled soils are diluted by mixing with a greater amount of depleted soil. Radionuclide 

signatures from undisturbed and agricultural sites provide the source of soil movement and 

sediment delivery information. At some of the measurement sites, the samples analyzed exhibit 

relatively low 137Cs and 7Be activities corresponding to the undisturbed sites identifying 

themselves as eroding sites. On the other hand the measurement sites situated exactly down slope 

from the eroding sites showing higher 137Cs and 7Be activities compared to the undisturbed sites, 

showing sedimentation processes (Tables 5, 7 and 8). 
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Depth Profile  of Cs-137 at Basedow  (Profile  6)
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Figure37 A: Activities of 137Cs at Reference sites at Basedow (2008) 

                                        B: Activities of 137Cs at a tilled site at Basedow (2008)  
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Table 5: 137Cs Activities (Bq m-2), particle correction factors (P) and plowing depths (d) for   

               each measuring points at Basedow. 

 

Profile 137Cs Activities (Bq m-2) ± 

uncertainties(Bq m-2)  

P Ploughing depth(cm) 

1 3047 ± 210 0.63 30 

2 2716 ± 177 0.71 25 

3 3734 ± 208 1.10 30 

4 3311 ± 196 1.12 25 

5 3826 ± 211 1.41 25 

6 3490 ± 194 1.47 25 

7 4284 ± 232 1.08 25 

8 4696 ± 242 0.78 25 

9 3373 ± 248 0.79 25 

10 3366 ± 190 1.33 25 

11 5334 ± 320 1.33 25 

16 4881 ± 324 1.08 45 

12 5373 ± 298 1.19 30 

17 4986 ± 295 1.23 45 

13 3572 ± 255 1.16 45 

 

 
137Cs was the main radionuclide used to study erosion, due to its long half life (30.3 yrs). It gets 

strongly attached with the soil particles, thus indicating the potential of soil erosion tracer. The 

deposition of 137Cs was assumed to have occurred in the 1960’s due nuclear bomb tests. Fig.2 

shows the measured activities of 137Cs and the reference activity along the transect under study at 

Basedow. The transect under study which is shown as a yellow graph in Fig.38 is discussed in 

details in the Chapter 3 (section 3.2). Fig.2 implies that from the sampling points 1 to 6, which are 

situated along the slope, strong erosion has occurred, since these show 137Cs activities less than the 

reference activity. The sampling point 1 is located at the bottom of the slope but it still shows some 

erosion. The reason behind this is that, the slope still continues from the measurement point 1 

downwards, which was not included in this study. Sampling points 7 and 8 show deposition as they 

are situated exactly downslope from the point 6.  Sampling points 9 to12 are situated along a steep 

slope, thus showing large deposition of eroded soil. The maximum value of 137Cs is at site 12 

(5373 ± 298 Bq m-2). The reason for this maximum is the accumulation of eroded sediment from 

sites 9, 10, 11, 13 and 17. Measurement site 17 shows a deposition (4986 ± 295 Bq m-2), as it is 

situated down slope from site 13. 
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Figure38: Activity distribution of 137Cs along the transect at Basedow ;( Yellow graph:  

              Transect used for sampling (see chapter1), blue graph: 137Cs activities,          

              Maroon graph: Reference activity) 

 

In this study 2 different models were used to quantify soil erosion using 137Cs. A Proportional 

model and a simple mass balance model were used for soil erosion quantification by using 137Cs. 

Both the models used here are discussed in detail in the chapter 3(Section 3.3). These models were 

used to calculate erosion rates in (t ha-1 yr-1) at Basedow. The input parameters used in the model 

are given by Table 6. 

  

 Table 6: Input parameters for the proportional and the simple mass balance models 

Parameter Value Model 
137Cs Reference activity 4074 ± 204 Bq m-2 Proportional Model 

Simple mass balance model 

Year of sampling 2008 Proportional Model 

Simple mass balance model 

Bulk density(average of all 

profiles) 

1475 kg m-3 Proportional Model 

Simple mass balance model 

Average ploughing 

depth(average of all profiles) 

25 cm Proportional Model 

Simple mass balance model 
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The erosion rates which were estimated by using these input parameters are presented in Fig 39 

and 40. 

 

Figure 39: Erosion rates calculated with the proportional model from 137 Cs data at Basedow 

(2008) 

 

Figure 40: Erosion rates calculated with the simple mass balance model for 137 Cs at Basedow 

(2008) 

 



 60 

The results shown in Fig.39 do not consider the effect of mixing and fresh fallout input of 137 Cs 

and thus underestimate the erosion rates. Erosion rates calculated from both the models are 

sensitive to ploughing depth (d) and particle size correction factors (P) Nevertheless this approach 

was used here to get a first estimate of the erosion- deposition processes. If we compare model 

results from Fig.39 and Fig.40, it shows that the Proportional model may underestimate the erosion 

rates by 30%.The net erosion rate i.e. the arithmetic sum of all erosion and  deposition rates, for the 

proportional model  is (39.5 t ha-1 yr-1) and that for the mass balance model is (48 t ha-1 yr-1). The 

uncertainties are also plotted in the Fig 39 and 40.  

 

 

4.2 Validations of erosion rates for Basedow (2008)  

 

Validation of erosion rates is also a part of this study. Fig.41 presents the bar graphs showing 

erosion rates in t ha-1 yr-1 from the study performed in 2003 (chapter 3 (section 3.1)) with that of  

our results from  2008. The error bars are only shown in the 2008 study as no information was 

found on the errors from the year 2003.  

It can be noted from Fig.42 that the erosion rates calculated in this study with the help of mass 

balance model, gives a better picture of erosion-deposition processes at Basedow. The most 

interesting results are found to be at measurement sites 1, 3, 7, 8, 11 and 13. By comparing Fig.41 

with Fig.42 it can be seen that the measurement sites 1 and 3 are situated along the slope which 

continues from site 1 downwards. Therefore sites 1and 3 must be eroding sites. They are 

documented as eroding sites in this study.  Measurement sites 7 and 8 are situated downslope from 

the highest point on the transect. The soil eroded from site 6 will be deposited on the sites 7 and 

8.This information is well interpreted in the current study. Measurement site 11 is situated along a 

steep slope which continues till the lowest point on the transect. Thus all the eroded soil from 

higher parts i.e. sites 9 and 10 will be accumulated in the deep parts of the slope. Thus 

measurement site 11 being an eroding site is registered as depositional site in 2008 results. 

Measurement site 13 is the end of transect and it is situated above the lowest point along the 

transect. Site 13 should be an eroding area and is also found in this study. 

The net erosion rate i.e. the arithmetic sum of all erosion and deposition rates, calculated in the 

previous study was -15 t ha-1 yr-1. The erosion rates found in this study were 50 t ha-1 yr-1.  

A non-parametric Wilcoxon test was performed for the eroded areas from the previous study and 

the current study. The significance value was found out to be 0.6, with the critical value Zcri< 0.05. 

Due to differences in depositional sites (Fig.43) the significance value for depositional areas was 

found below the critical value (Zcri). 
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Fig.41: Transect plot for study site Basedow 
 

 
Figure 42: Comparison of erosion rates for years 2003(Green graph) and 2008(Cyan graph) for   

                  137Cs, calculated by mass balance model 
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4.3 7Be at Basedow (2008) 

 

The half-life of 7Be (53.2 days) is very short compared to 137Cs (30.3 years). Its main source on 

land is deposition from the atmosphere. Thus the activities of 7Be are highest at the soil surface and 

decrease rapidly with depth. Existing field and laboratory evidence suggest that 7Be is mostly 

found in the upper few millimeters of soil (Blake et al., 1999; Walling and Woodward, 1992, 

Schuller et al., 2006). The inventories of 7Be shown in Table 7 are the activities in the upper 2 cm 

at all sampling points. The activity of 7Be at reference sites was found to be 158 ± 17 Bq m-2.    

 

Table 7: 7Be activities (Bq m-2) at Basedow 

Profile 137Be Activities (Bq m-2) ± 

uncertainties(Bq m-2) 

1 81 ± 24 

2 79 ± 21 

3 99 ± 26 

4 162 ± 44 

5 108 ± 14 

6 43 ± 14 

7 161 ± 20 

8 136 ± 26 

9 148 ± 43 

10 166 ± 37 

11 225 ± 43 

16 163 ± 28 

12 132 ± 35 

17 125 ± 24 

13 115  ± 34 

 

 

Along with 137Cs, 7Be was used as tracer to quantify erosion processes. The 7Be distribution in the 

soils was assumed to decrease very rapidly from the surface downward with a total depth of 

penetration of 2 cm. Fig.42 shows the distribution of 7Be over the complete transect. The same 

logic, comparison of reference and actual activities was applied to give the first hand estimates of 

erosion processes. Fig.43 shows that at sites 4 and 7 the accumulation of eroded sediment from the 

upslope areas. At site 11(225 ± 43 Bq m-2), which is situated in between the two slopes also 

contributes to the deposition processes. These results show the detachment and movement of 

eroded sediment after the heavy storm event. The erosion and deposition shown here is initiated by 
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water erosion. Due to its short half-life the 7Be activities measured here are the values only for the 

year 2008 at Basedow and they can be different every year.   

 

In this study a mass balance model was developed to quantify soil erosion using 7Be.The model is 

discussed in detail in chapter 3 (section 3.3). This model calculates erosion rate in t ha-1 day-1 at 

Basedow. The input parameters used in the model are given by Table 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43: Activity distribution of 7Be along the transect at Basedow; (blue points: Transect 

                  used for sampling (see chapter3, section 3.2), maroon points:7Be activities, 

                  yellow points: Reference activity) 

 

 

Table 8: Input parameters for 7Be mass balance model (Jha-Kirchner model 2) 

 

Parameter Value 
7Be Reference activity 158 ±17 Bq m-2 

Year of sampling 2008 

Bulk density(average of all 

profiles) 

1475 Kg m-3 

Average ploughing 

depth(average of all profiles) 

0.001m (as 7Be sticks to the 

uppermost layer only) 

 

The erosion rates which were estimated by using these input parameters are presented in Fig.44.  
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Figure 44: Erosion rates calculated with mass balance model using the 7Be data at Basedow (2008) 

 

Fig.44 shows the erosion rates calculated by mass balance model for 7Be.  The total erosion rate is 

expressed in terms of height of soil eroded in a year (m yr-1). The erosion rate Yero calculated in 

this study at Basedow is (450 t ha-1 yr-1). In 1 year 7Be can go through almost 7 half- lives. 

Considering the depth distribution for 7Be and 7 half life’s the value found in this study could be an 

overestimation of erosion rate. In the bar graph shown in Figure 44 at sites 4, 7, 8, 9, 10, 11, 16 the 

erosion rates were statistically insignificant and hence were not plotted together with the other 

results.   
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Chapter 5 

Conclusions  
 

Erosion rates for agricultural soils at Basedow were determined by using two radionuclides, 137Cs 

and 7Be. In combination, the two radionuclides provide a valuable means of investigating soil 

erosion and assessing erosion risk in the study area.  

 

Our study confirms that 137Cs deposited across the landscape by fallout from nuclear tests is a 

unique and useful tool for studying erosion and sedimentation. The results verify that there is long 

term erosion as a result of wind, water and agricultural practices. The annual erosion rates at 

Basedow calculated using a mass balance and a proportional model were in the range between 30-

50 t ha-1yr-1. These values show an improvement over the erosion rates calculated in the previous 

study (Kietzer 2007) by proportional model (-12 t ha-1 yr-1) and mass balance model (-15 t ha-1 yr-

1).The erosion rates calculated here are much higher than  the erosion rates found in the other 

studies performed worldwide by P.Schuller and D.E.Walling (2003), Ping Yan and Peijun Shi 

(2004), Walling D E and Quine T A (1993) suggesting the erosion rates of the order of  5-9 t ha-

1yr-1. 

 
7Be was used as second tracer to study erosion processes immediately after storm events. 7Be is a 

new technique and less information is available on its depth distribution in the soils. Thus, 7Be was 

assumed to be uniformly distributed in the study area prior to erosion. 7Be provides a useful 

compliment to that provided by 137Cs measurements.  The results for 7Be at Basedow show the 

erosion rates of 450 t ha-1 yr-1, shortly after a rainfall event. This is clearly an overestimation 

compared to the studies performed by Blake et al., 1999; Walling and Woodward, 1992, Schuller 

et al., 2006, estimating net erosion rates of the order of  90-150 t ha-1 yr-1 derived from revised soil 

loss equation (RUSLE; soil and water conservation society, 1993), GIS database and a depth 

distribution model. The erosion rates derived here are only due to water erosion.  

 

An improved depositional model was developed in this study for calculating the amount of 

deposition as a function and time since the beginning of fallout of 137Cs, mixing of soil with no 
137Cs and erosion rates. We believe that our Deposition model may be a more realistic approach to 

study erosion-deposition processes compared to the simple mass balance model suggested by 

Walling and He. This model presently is limited to one eroding and one deposition site. The next 

step will be to generalize this model so that it can represent the actual study area.  



 66 

Some of the main advantages and limitations of the137Cs and 7Be technique in the context of soil 

erosion and sedimentation studies can be put forth after using the technique. The technique using 

radionuclides for soil erosion quantification is based on contemporary sampling. The results 

obtained using these techniques are based on single site visit. This technique is not affected by 

scales of measurements.   

As this technique uses gamma spectroscopy it becomes costlier to use. The mathematical models 

used to quantify erosion processes along with the technique must be handled with care as they may 

over or underestimate the erosion rates.  
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Chapter 6 

Outlook 
 

It can be seen from this study that the estimates of soil erosion and deposition strongly depends on 

the model used; the models are sensitive to parameter of choice. In other words, it is essential to 

use models and determine the parameters for those models with great care. To overcome this 

limitation of the method the 7Be isotope was considered as an extra tracer. Due to its short half life 

erosion rates derived from 7Be cannot give an indication of long term erosion-deposition processes. 

To have a yearly inventory of erosion rates minimum 10 year measurements should be performed 

on the same area in the different times of the year. By documenting short-term (approx.100 days) 

erosion rates associated with heavy rainfall, 7Be measurements greatly extend the potential for 

using environmental radionuclides in soil erosion investigations. 

 

Along with the scientific scope of the present, soil erosion quantification has some practical 

applications. The use of these new technique and refined methods together with mathematical 

models for soil erosion quantification within an agricultural context will allow systems of land use 

management, and the effectiveness of specific soil-conservation technologies, to be rapidly 

evaluated in a cost-effective manner. The use of contour ploughing and wind breaks, leaving 

unploughed grass strips between ploughed land,  avoiding overgrazing and the over-use of crop 

lands, allowing plants to grow along the river banks, encouraging biological diversity could be 

very simplistic approaches to fight against soil erosion (Reference: 

http://www.botany.uwc.ac.za/Envfacts/facts/erosion.htm). 

 

Using 137Cs is a fast and cheap method to study erosion compared to the traditional methods like 

silt bags. To overcome the limitations of mass balance models a more generalized model 

considering almost all possible erosion triggering processes is required. Some of the approaches 

could be to use a WEPP model (Water Erosion Prediction project), a Diffusion-Migration model 

which considers the migration of 137Cs into the soil profile, to include Chernobyl input and fresh 
137Cs input or a mass balance model with tillage.    
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