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SOIL DEGRADATION AS A RESULT OF WATER EROSION 
Degradación del Suelo como Resultado de la Erosión Hídrica 

 
L. Darrell Norton1, Eusebio Jr. Ventura2‡ and Katerina Dontsova1 

 
SUMMARY 

 
The loss of topsoil is often thought of as the only 

ramification of soil erosion by water.  However, there 
are other important degradational aspects of the 
interaction of water and soil at the very earth surface.  
Low electrolyte rain water, when impinged upon 
either bare or covered soil, tends to react chemically 
causing dispersion of clays.  This phenomena leads to 
a lowering of the infiltration capacity of the soil to the 
extent that runoff will occur and thus transporting the 
dispersed clays, soil particles, pesticides and nutrients 
off-site. The process causes considerable off-site 
effects such as siltation of waterways and 
contamination of waterbodies with chemicals as well 
as the on-site degradation and loss of productivity. 
The process is particularly problematic on marginal 
soils where subsoils having lesser productivity and 
increased runoff and erosion potential are exposed. 
The objective of this paper is to summarize the 
various soil degradational processes occurring due to 
water erosion and discuss various ways that the 
knowledge of these processes can be used to develop 
low cost, effective methods to control erosion thereby 
preventing the soil degradation. The information here 
presented is the result of several years of both field 
and laboratory experimentation conducted by the 
authors and other personnel at the United States 
Department of Agriculture and Purdue University’s 
National Soil Erosion Research Laboratory at West 
Lafayette, Indiana, USA. 
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RESUMEN 
 
La pérdida del suelo superficial a menudo se 

considera como la única consecuencia de la erosión 
hídrica. Sin embargo, existen otros aspectos 
importantes degradativos relacionados con la 
interacción del agua y suelo en la parte más 
superficial. Cuando el agua de lluvia con baja 
concentración electrolítica llega a un suelo con o sin 
cobertura, tiende a reaccionar químicamente, 
causando dispersión de arcillas. Este fenómeno 
produce una reducción de la capacidad de infiltración 
del agua en el suelo a grado tal que se genera un 
escurrimiento superficial, el cual transporta las arcillas 
dispersas, partículas de suelo, pesticidas y nutrimentos 
fuera del sitio. Dicho proceso causa también efectos 
considerables fuera del sitio, tales como el 
asolvamiento de canales y contaminación de cuerpos 
de agua con sustancias químicas, así como la 
degradación y pérdida de productividad en el sitio. El 
proceso es en particular problemático en terrenos 
marginales donde se encuentran expuestos subsuelos 
de menor productividad y con un potencial de erosión 
y escurrimiento mayor. El objetivo de este manuscrito 
es resumir los procesos de degradación que ocurren 
como consecuencia de la erosión hídrica y discutir las 
formas en que el conocimiento de esos procesos puede 
usarse para desarrollar métodos de bajo costo y 
efectivos para controlar la erosión, con lo que se 
previene la degradación de los suelos. Los resultados 
aquí presentados son el esfuerzo de varios años de 
experimentación tanto en campo como en laboratorio 
realizados por los autores y personal del Laboratorio 
Nacional de Investigación en Erosión de Suelos del 
Departamento de Agricultura de los Estados Unidos y 
la Universidad de Purdue en West Lafayette, Indiana, 
EUA. 
 
Palabras clave: Mejoradores de suelo, escurrimiento 
superficial, productividad del suelo.  
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INTRODUCTION 
 
Soil degradation by water erosion is a serious 

problem in many parts of the world. In the worst case, 
it leads to total destruction of the land. This 
phenomenon causes not only the loss of productive 
topsoil but also many adverse off-site effects such as 
sedimentation of waterways, flooding and pollution 
with chemicals in the runoff. The process of soil 
erosion by water is a double edge sword in the sense 
that the soil, which is needed on-site, is lost along 
with its nutrients and the water that carries it is not 
available for use by plants. Both adversely affect the 
ability of people to maintain sustainable production in 
many areas of the world. The problems of soil erosion 
by water alone are of an immediate considerable 
economic consequence, however, the long-term costs 
are truly immeasurable. Technology has given us 
means to control water erosion but the approach has 
largely been the use of costly engineering methods 
that are purely temporary and expensive. Given the 
low cost of agricultural goods world-wide with recent 
globalization of most economies, farmers can not 
afford to institute such practices unless subsidized by 
governments. Since most of the population in the 
world now is non-agrarian, the sympathy for 
supporting erosion control through taxes is 
diminishing in most countries. With a thorough 
understanding of the processes of soil degradation by 
water erosion, more effective and economic means of 
erosion control can be formulated to help farmers 
more profitably and sustainably farm their lands. This 
paper will attempt to discuss the major processes that 
can be managed by land users to control erosion at 
low cost. The objective of this paper is to convey the 
knowledge of basic process that lead to soil 
degradation by water erosion so that land users can 
adapt them in their farming systems to control erosion 
while maintaining profitability and sustainability. 

 
PROCESSES OF WATER EROSION 

 
One of the fundamental properties of soil-

rainwater interaction is the fact that natural rain is low 
in electrolytes because it forms by a natural distilling 
process (Norton, 1995). This interaction does several 
things, including the leaching of salts from the soil 
profiles to surface or groundwater. For the same 
reason, irrigation with waters other than snowmelt 
leads to the adverse process of salinization. However, 
at the very soil/air/water interface the powerful 

physicochemical interaction of low electrolyte 
rainwater with soils can create an extreme diffusional 
gradient whereby the soil quickly can release 
electrolytes to the rainwater (Zhang, et al., 1997a), 
which causes rapid dispersion of clay particles and the 
release of many nutrients to the soil solution at the 
zone of interaction (Zhang, et al., 1999). The process 
can also considerably affect the amount of pesticides 
in the runoff (Zhang, et al., 1997b). The coupling of 
the physicochemical processes with the physical 
process of the impact of high velocity and high kinetic 
energy raindrops further exasperates the problem and 
leads to surface sealing of many soils even protected 
by residue cover (Eltz and Norton, 1997). The surface 
seal in Figure 1 formed through the physical 
disintegration of aggregates and clay dispersion 
(Norton, et al., 1993) and has a low infiltration rate 
due to the low porosity. The physical plugging of 
pores with turbid water due to the tabular shape of 
clays also leads to a further lowering of the infiltration 
capacity of the soil (Reichert and Norton, 1994a). 
Furthering this low infiltration rate are the processes 
of slaking and swelling. The combination of all these 
processes leads to a very low steady state infiltration 
rate in many soils of less than 5 mm h-1 and often 
closer to 1 mm h-1 (Norton, et al., 1993). 

The physical beating of the soil by raindrops can 
largely be controlled by the use of soil roughness, 
surface residues or protection by canopy (Eltz and 
Norton, 1997). However, the physiochemical process 
can  still  occur  no  matter how much residue cover or  

 
 

Figure 1.  Micrograph of a soil surface seal from a Miami soil 
(fine-silty, mixed, mesic Typic Hapluldalf) following 
application of 64 mm rainfall of deionized water. Horizontal 
frame is 15 mm. 
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Figure 2.  Infiltration rate as a function of time for: (a) Blount 
soil (fine-loamy, mixed, mesic Typic Hapludalf) without 
gypsum treatment and (b) Blount soil (fine-loamy, mixed, 
mesic Typic Hapludalf) with gypsum treatment.   
 
plant cover exists (Norton, et al., 1999). Figure 2a 
and b gives an example of the extent of the effect of 
the two processes on infiltration capacity. In the 
control, the soil is subjected to 64 mm h-1 rainfall and 
the infiltration capacity is measured. The low 
infiltration rate is due to a combination of the 
physicochemical processes and the physical beating of 
raindrops. With the gypsum treatment the 
physicochemical dispersion is reduced because 
gypsum is a rapidly soluble mineral (Norton, 1995) 
that quickly releases electrolytes into the rainwater 
and prevents the dispersion of clays. The difference 
between the control and the gypsum treated soil 
represents the extent of the contribution of 
physicochemical processes to the reduction in water 
intake. The difference between both curves from the 
initial rainfall amount represents the relative 
contributions of each process. 

The processes of soil-water interactions and water 
erosion are highly complex and vary depending on 

permanent soil properties. Variable charged clays 
behave differently under the same erosional 
conditions than permanently negative charged clays 
(Reichert and Norton, 1996, Reichert et al., 1994). 
The amount of infiltration, runoff and erosion is 
considerably affected by the antecedent soil moisture 
(Reichert and Norton, 1994a). Recent research has 
shown that the amount of erosion can be considerably 
altered also by the near surface hydraulic gradient 
(Zheng et al., 2000). 

It has long been known that soils affected by 
sodium were dispersive and addition of gypsum was 
highly effective in their reclamation (Shainberg et al., 
1989). However, recent research has shown that not 
only sodium is a highly dispersive cation, but 
magnesium can also be deleterious to soil structure 
under conditions of low electrolyte rainwater. In a 
study using soils that were low in sodium on the 
exchange complex, Norton and Dontsova (1998) 
found that gypsum application was highly effective in 
reducing soil erosion and runoff in several soils except 
where magnesium was present in a substantial 
amount. 

Upon further investigation involving the study of 
cation selectivity of soil clays, it was found that not 
only was calcium found to be preferred by a wide 
range of clay types, but that magnesium was 
considerably more dispersive at the same electrolyte 
concentration (Figure 3). This result was contrary to 
that predicted by the Guoy-Chapman Double 
Layer  Theory,  which  indicates flocculation power is  

 

 
 
Figure 3.  A series of test tubes with soil clays at a constant 
electrolyte content varying the Ca/Mg ratio of the solution. It 
can be seen that the high Ca tubes are flocculated and the high 
Mg tubes are dispersed after 24 h of standing. 
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controlled by the cationic valence to the sixth power 
(Sumner, 1992). 

Further research, using a state of the art Foruier 
Transformed Infrared Spectrophotometer and 
microbalance facility, whereby the vibrational energy 
of the water molecules as influenced by the metal 
cation can be measured as soil clay moisture content 
is changed, has shown that at a molecular level that 
magnesium behaves fundamentally different than 
calcium in its interaction with water (Dontsova et al., 
2002; Figure 4). This has extreme ramifications for 
how we manage soils, because materials that alter soil 
pH, such as dolomitic agricultural lime, contain 
considerable amounts of magnesium (Norton and 
Zhang, 1998). In fact, most major universities in the 
USA recommend the use dolomite as a liming source 
because of its prevalence, lower transportation costs 
due to proximity, and higher calcium carbonate 
equivalent (CCE) (Norton and Zhang, 1998). This fact 
is not in dispute, but the productivity is by no means 
only a pH-controlled phenomena. The plant nutrients 
are considerably affected by the pH of a soil solution, 
but yield depends also on water and nutrient delivery 
to the plant's roots system. Root systems also require a 
desirable growth medium, which includes both water 
and air exchange. Surface sealing and soil structural 
degradation affect both of these considerably.  

 
SOILS DEGRADATION AND PLANT 

PRODUCTIVITY 
 
Plants require water, carbon dioxide and sunlight 

to grow in addition to the soil/water-supplied 
nutrients. Man can manage the soil and water but 
cannot control the amount of carbon dioxide or 
sunlight to affect plant production except in controlled 
environments. Therefore, most of the world 
population must focus on managing soil and water to 
develop sustainable production systems. Our capacity 
to manage soil and water is also a function of the 
degradational state of the land. In the worst-case 
scenarios, where the land is totally destroyed by 
gullying, there is little that can be done except 
extensive engineering approaches to put the land back 
into production. However, many areas of the world 
are being degraded through the very slow insidious 
remove of topsoil and nutrients which can be 
prevented, but if left alone can do severe 
environmental damage such as destroy entire habitats 
and industries, e.g. the "hypoxia-zone" in the Gulf of 
Mexico.   

 

 
Figure 4.  Fourier Transformed Infrared Specta (FTIR) 
showing the vibrational energy between water and the metal 
cation at various moisture contents for Blount soil (top) and 
Fayette soil (bottom). 
 

As stated before, not only is the removal of water 
through the production of runoff a problem for plant 
production, but also the loss of soil and nutrients with 
the runoff is a major problem. Typically, farmers use 
"soluble" sources of nutrients so that their effect 
occurs within the growing season. This same 
solubility of salts (fertilizers) such as potassium 
chloride also leads to its ability to be leached out or 
removed in runoff. Potassium is not a major problem 
environmentally, however, the other two 
macronutrients (N and P) are not so benign. In fact, 
many surface water and estuary problems are 
associated with these two nutrients. In the USA, 
regulations and laws are now either being drafted or 
already exist to reduce the redistribution of these two 
nutrients in the environment. 

It is not only just the redistribution of these 
nutrients, either as a loss or a gain, that causes an 
environmental  problem;  other processes of water loss  
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Figure 5.  A comparison between two corn plants planted on 
the same day with the same fertility program and the same 
variety. The difference is that the plant on the right was grown 
in the same soil only meters away, which was treated to 
improve soil structure. 

 
through erosion/degradation should also be 
considered. The main limitation to plant productivity 
in the world is due either to a lack of water or to the 
presence of excessive amounts of it, because of 
redistribution on the landscape or a loss of the 
productive capacity of the soil because of degradation. 
Provided the water needed for plant growth and 
evaporation-transpiration and a medium that can 
supply the plant with the nutrients, many regions of 
the world can remain sustainable and produce 
considerably more food in spite of global climate 
changes. 

The redistribution of nutrients and water is not the 
only effect of erosional processes on landscapes. The 
rooting environment can also considerably affect the 
plant productivity with the same nutrient status. The 
photo in Figure 5 shows the same corn variety under 
the same fertility status and planted on the same day 
just a few meters from one another. The difference is 
that the soil on the right was treated to improve soil 
structure and reduce erosion and runoff. The root 
systems can clearly be seen to be different as well as 
the productivity (yield). In a similar experiment, the 
effect of improving soil structure (reducing soil 
degradation) can clearly be seen in the random sample 
of corn ears in Figure 6. The promising aspect of this 
research is that through the use of materials such as 
polyacrylamide to reclaim soil structure (Zhang et al., 
1998), even degraded soils can be improved.  

A field experiment was conducted in a farm in 
Sullivan  County,  Indiana,  to  evaluate  the  effect  of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  A random sampling of corn ears in a similar 
experiment to that shown in Figure 5 where the soil has been 
treated to improve soil structure. 

 
gypsum on soil loss under different tillage systems 
using simulated rainfall. The results are presented in 
Figure 7. All the tillage systems had a greater soil loss 
when  no  gypsum  was  applied  as compared to when 
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Figure 7.  Effect of surface application of gypsum on soil loss 
under different tillage systems in a simulated rainfall 
experiment in Sullivan County, Indiana. 
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Figure 8.  Yield monitoring data from a study where gypsum was applied to improve water entry in a 
no-till field and measured spatially with a global positioning system. The yield variability was decreased 
and overall yield increased with a single 1 t ha-1 surface application. 

 
gypsum was applied on the soil surface at a rate of 
2 t ha-1 just before simulating a storm of 64 mm h-1 
during one hour. The greater reduction in soil loss was 
observed for tilled treatment after a soybean crop. A 
smaller but significant reduction was observed for the 
no-tilled soil after a soybean and corn crop. In any 
case, gypsum helped reducing soil loss making tillage 

systems such as no-till after corn even more efficient 
in controlling erosion. 

Recent research has also shown that the use of soil 
amendments such as gypsum can positively affect 
field scale production through prevention of the 
redistribution of water on the landscape. Figure 8 
shows   the   increase   in   yield   resulting   from   the  
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application of 1 t ha-1 of synthetic gypsum in no-till 
corn. The increase in yield is believed to be the result 
of improved water entry and utilization because of 
reduced runoff due to the above mentioned physico-
chemical processes.  

 
CONCLUSIONS 

 
A basic understanding of how natural rainwater 

interacts with soil is fundamental in developing ways 
to better manage our fragile environment. This paper 
has demonstrated how the most basic concepts of this 
interaction of water and soil can be used to our 
advantage in developing sustainable production 
systems that do not degrade our soil resource or the 
environment. Soil erosion by water and its 
degradation is a global concern and all indicators are 
that it will be even an increasing concern because the 
continued severity of climatic events no matter what 
their cause. The benefits of this kind of research far 
out weigh the cost and should be supported to further 
the adoption of systems that do not exploit, but 
sustainably utilize the soil resource to feed the 
World’s increasing population. 
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