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1. The Soil as Part of Our Ecosystem 

 

“Soils are crucial to l ife on earth. To a great degree, the quality of  the soil  

determines the nature of plant ecosystems and the  capacity of land to support 

animal l ife and society. As human societies become increasingly urbanized, 

fewer people have intimate contact with the soil ,  and individuals tend to lose 

sight of the many ways in which they depend upon soils for their prosperi ty 

and survival. Indeed, the degree to which we are dependent on soils is l ikely 

to increase, not decrease, in the future.  

Soils  will  continue to supply us with nearly all  of  our food (except for what can 

be harvested from the oceans). How many of us remem ber, as we eat a sl ice 

of pizza, that the pizza’s crust began in a f ield of wheat and its cheese began 

with grass,  clover and corn rooted in the soi ls of  a dairy farm? Most of the 

f iber we use for lumber, paper and clothing has its roots in  the soils of fo rests 

and farmland. Although we sometimes use plast ics and fiber synthesized from 

fossil  fuel as substitutes, in the long term we will  continue to depend on 

terrestrial ecosystems for these needs.  

In recent t imes, biomass grown on soi ls  is l ikely to become  an increasingly 

important feedstock for fuels and manufacturing as the world’s f inite supplies 

of petroleum are depleted during the course of this century.  

One of the stark real it ies of the 21 s t  century is that the human population that 

demands al l  of these products,  wil l  increase by several bi l l ion, while the 

amount of soil  avai lable to provide them will  not increase. In fact, this 

resource base is even decreasing  because of soil  degradation and  

urbanization. Thus, to survive as a species, we will  have to greatly improve the 

efficiency and sustainabil ity with which we manage our soil  resources.  

The art of soil  management is  as old as civil izat ion. As we meet the chal lenges 

of this century, new understanding and new technologies will  be needed to 

protect the environment and, at the same time, produce food and biomass to 

support society. The study of soil  science has never been more important for 

foresters, natural resource managers,  farmers, engine ers and ecologists al ike.  
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1.1 Functions of Soils in Our Ecosystems  

In any ecosystem, whether your backyard, a farm, a forest, or a regional  

watershed, soils have five key roles  to play.  

First ,  soil  supports the growth of higher plants, mainly by providing a medium 

for plant roots and supplying nutrient elements that are essential to the entire 

plant. Properties of  the soil  often determine the nature of the vegetation 

present and, indirectly, the number and types of animals (including people) 

that the vegetation can support.  

Second ,  soil  properties are the principal factor controll ing the fate of water in 

the hydrologic system. Water loss, util ization, contamination,  and purif ication 

are all  affected by the soil .  

Third ,  the soil  funct ions as nature’ s recycling system. Within the soil,  waste 

products and dead bodies of plants, animals,  and people are assimilated, and 

their basic elements are made avai lable for reuse by the next generation of  

l ife.  

Fourth ,  soils provide habitats for a myriad of l iv ing organisms, from small  

mammals and reptiles to tiny insects to microscopic cells of unimaginable 

numbers and diversity.  

Fifth ,  in human-built  ecosystems, soi l  plays an important role as an 

engineering medium. Soil  is not only an important building material in the 

form of earth f i l l  and bricks (baked soil  material),  but provides the foundation 

for virtual ly every road, airport, and house we build.  

 

1.1.1 Medium for Plant Growth 

The soi l  provides several  things for a growing plant.  First ,  the soil  mass 

provides physical  support ,  anchoring the root system so that  the plant does 

not fall  over.  

Plant roots depend on the process of  respiration to obtain energy. Since root 

respiration, l ike our own respiration, produces carbon dioxide (CO 2) and uses 

oxygen (O2),  an important function of the soil  is ventilation  – allowing CO 2  to 
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escape and fresh O 2  to enter the root zone. This ventilation is accomplished 

via the network of soil  pores.  

An equally important function of the soi l  pores is to absorb water and hold it  

where it  can be used by plant roots. As long as plant leaves are exposed to 

sunlight, the plant requires a continuous stream of water to use in cooling,  

nutrient transport, turgor maintenance, and photosynthesis. Since plants use 

water continuously, but in most  places it  rains only occasionally, the water-

holding capacity  of soils is essential for plant survival.  

As well  as moderat ing moisture changes in the root environment, the soil  also 

moderates temperature fluctuations .  Perhaps you can recall  digging in the  

garden soil  on a summer afternoon and feeling how hot the soil  was at the 

surface and how much cooler just a few centimetres below. The insulating 

properties of soil  protect the deeper portion of the root system from the 

extremes of hot and cold that ofte n occur at the soil  surface.  

There are many potential sources of phytotoxic substances  in soils. These 

toxins may result from human activity, or they may be produced by plant roots, 

by microorganisms, or by natural chemical reactions. An important role of the 

soils is  to protect plants from toxic concentrations of such substances by 

ventilating gases, by decomposing or adsorbing organic toxins, or by 

suppressing toxin-producing organisms.  

Soils supply plants with inorganic, mineral nutrients  in the form of dissolved 

ions. These mineral nutrients include such metall ic elements as potassium, 

calcium, iron and copper, as well  as such non -metall ic elements as nitrogen, 

sulphur, phosphorus, and boron. By eating plants,  humans and other animals 

usually obtain the minerals they need (including several elements, that plants 

take up but do not appear to use themselves) indirectly from the soi l.  The 

plant takes these elements out of  the soil  solution and incorporates most of  

them into the thousands of different organic  compounds that constitute plant 

t issue. A fundamental role of soils in supporting plant growth is to provide a 

continuing supply of dissolved mineral  nutrients in amounts and relative 

proportions appropriate for plant growth.  

Of the 92 naturally occurring  chemical elements, only the 18 l isted in Table 

1.1 have been shown to be essential elements  without which plants cannot 

grow and complete their l ife cycles. Essential elements used by plants in  
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relatively large amounts are cal led macronutrients ;  those used in smaller 

amounts are known as micronutrients .  

Table 1.1 Elements essential for plant growth  

Macronutrients:  used in relatively large amounts  

(>0.1% of dry plant t issue)  

Micronutrients:  used in 

relatively small  amounts 

(<0.1% of dry plant 

t issue) 

Mostly from air  and water  Mostly from soil  solids  From soil  solids  

Carbon (CO 2 )  

Hydrogen (H 2 O) 

Oxygen (O 2 ,  H 2 O) 

Nit rogen (NO 3
- ,  NH 4

+)  

Phosphorus  (H 2PO4
- ,  HPO 4

2 -

)  

Calc ium (Ca 2 +)  

Magnesium (Mg 2 +)  

Sul fur  (SO 4
2 -)  

I ron (Fe 2 +)  

Manganese (Mn 2 +)  

Boron (HBO 3)  

Zinc (Zn 2 +)  

Copper  (Cu 2 +)  

Chlor ine (Cl -)  

Cobalt  (Co 2 +)  

Molybdenum (MoO 4
2 -)  

Nickel  (Ni 2 +)  

*  M a n y  o t h e r  e lem e n t s  a r e  t a ke n  u p  f r o m  s o i l s  b y  p la n ts ,  b u t  a r e  n o t  e s s en t i a l  fo r  p l a n t  g r o w t h .  S o m e  o f  

th es e  ( s u ch  a s  s o d iu m ,  s i l i c o n ,  io d i n e ,  f lu o r in e ,  b a r i u m ,  a n d  s t ro n t iu m )  d o  e n h a n c e  th e  g r o w t h  o f  c er ta in  

p la n t s ,  b u t  d o  n o t  a p p ea r  t o  b e  a s  u n iv er s a l l y  re q u i r ed  f o r  n o rm a l  g ro w th  a s  a r e  th e  1 8  l i s te d  in  t h i s  ta b le .  

 

In addition to the mineral nutrients just  l isted, plants may also use minute 

quantit ies of organic  compounds from soils. However, uptake of these 

substances is certainly not necessary for normal plant growth. The organic 

metabolites, enzymes, and structural compounds making up a plant’s dry 

matter consist mainly of carbon, hydrogen, and oxygen, which t he plant 

obtains by photosynthesis from air and water,  not from the soil .  So it  is true,  

that plants can be grown in nutrient solutions without soi l  (hydroponics),  but 

then the plant-support functions of soils  must be engineered into the system 

and maintained at a high cost of t ime, effort and management.  

 

1.1.2 Regulator of Water Supplies  

If  we think about improving water qual ity,  we must recognize that nearly every 

drop of water in our rivers, lakes, estuaries, and aquifers has either travel led 
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through the soil  or  f lowed over its surface. (Of course this excludes the 

relatively minor quantity of precipitation that falls directly into bodies of fresh 

surface water).  

Imagine, for example, a heavy rain fall ing on the hil ls surrounding a river. If  

the soil  a l lows the rain to soak in, some of the water may be stored in the soil  

layers to the groundwater, eventually entering the river over a period of 

months or years as base f low. If  the water is contaminated, as it  soaks through 

the upper layers of  soil  it  is purif ied and cleansed by soi l  processes that  

remove many impurities and kil l  potential disease organisms.  

Contrast the preceding scenario with what would occur if  the soil  were so 

shallow or impermeable that most of the rain could not penetrate the soil,  b ut 

ran off the hil lsides on the soil  surface, scouring surface soil  and debris as it 

picked up speed, and entering the river rapidly and nearly all  at once. The 

result would be a destructive f lash f lood of muddy water. Clearly, the nature 

and management of  soils in a watershed will  have a major influence on the 

purity and amount of water f inding its way to aquatic systems.  

 

1.1.3 Recycler of Raw Materials  

What would a world be l ike without the recycl ing functions performed by 

soils? Without reuse of nutrien ts, plants and animals would have run out of 

nourishment long ago. The world would be covered with a layer, possibly 

hundreds of meters high, of plant and animal wastes and corpses. Obviously, 

recycl ing must be a vital process in ecosystems, whether forest s, farms, or 

cit ies.  

The soil  system plays a pivotal role in the major geochemical cycles. Soils have 

the capacity to assimilate great quantit ies of organic waste, turning it  into 

beneficial humus ,  converting the mineral nutrients in the wastes to forms th at  

can be util ized by plants and animals,  and returning the carbon to the 

atmosphere as carbon dioxide, where it  again will  become a part of l iving 

organisms through plant photosynthesis. Some soils can accumulate large 

amounts of carbon as soil  organic ma tter, thus having a major impact on such 

global changes as the much-discussed greenhouse effect .   
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1.1.4 Habitat for Soil Organisms  

When we speak of protecting ecosystems, most people envision a stand of old -

growth forest  with its abundant wildlife, or per haps a marsh such as the 

surroundings of Fertő lake with its thousands of migrating birds and the 

famous hil l  of the European ground squirrel. (Hopeful ly, when you have vis ited 

this course, you will  envision a handful of soil  when someone speaks of an 

ecosystem)! Soil  is not a mere pile of broken rock and dead debris. A handful 

of soil  may be home to bil l ions of organisms, belonging to thousands of 

species. In even this small quantity of soil ,  there are l ikely to exist preadators,  

prey, producers, consumers , and parasites.  

 

1.1.5 Engineering Medium 

We usually think of the soil  as being f irm and solid, a good base on which to 

build roads and all  kinds of structures. Indeed, most structures rest on the 

soil,  and many construction projects require excavation i nto the soil .  

Unfortunately, some soils are not as stable as others. Reliable construction on 

soils,  and with soil  materials, requires knowledge of the diversity of soi l  

properties. Designs for roadbeds or building foundations that work well  in one 

location on one type of soil  may be inadequate for another location with 

different soils.  

 

1.2 Soil as Environmental Interface  

The importance of soil  as a natural body derives in large part from its role as 

an interface between the worlds of rock (the l ithosphere ), air (the 

atmosphere), water (the hydrosphere),  and l iving things (the biosphere). 

Environments, where all  four of these worlds interact are often the most 

complex and productive on Earth. An estuary, where shallow waters meet the 

land and air,  is an example of such an environment. Its productivity and 

ecological complexity far surpass those of a deep ocean trench, for example 

(where the hydrosphere is rather isolated), or the upper atmosphere (where 

rocks and water have l itt le influence).  The soi l,  or pedosphere ,  is another 

example of such and environment (Figure 1.1).  
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Figure 1.1 The pedosphere, where the worlds o f  rock (the l i thosphere),  a ir  ( the  

atmosphere) ,  water  (the hydrosphere),  and l i fe  ( the b iosphere)  a l l  meet .   

 

The concept of the soil  as inter face can be understood at many different 

scales: a) At the kilometer scale, soi l  participates in global  cycles of rock 

weathering, atmospheric gas changes, water storage and partit ioning, and the 

l ife of terrestrial ecosystems. b) At the meter scale, soil  forms a transit ion 

zone between the hard rock below and the atmosphere above – a zone through 

which surface water and groundwater f low, and in which plants and other 

l iving organisms thrive. c) A thousand times smaller, at the mill imetre scale,  
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mineral  particles form the skeleton of the soi l  that defines pore space,  some 

fi l led with air,  and some with water, in which tiny creatures lead their l ives. 

d) Finally, at the micro- and nanometer scales, soi l  minerals (l ithosphere) 

provide charges, reactive surface s that adsorb water and cations dissolved in 

water (hydrosphere), gases (atmosphere), and bacteria and complex humus 

macromolecules (biosphere).  

 

1.3. Soil as a Natural Body 

The soil  is often said to cover the land as the peel covers an orange. However, 

while the peel is relatively uniform around the orange, the soil  is  highly 

variable from place to place on Earth.  In fact, the soil  is  a col lection of  

individual ly different soil  bodie s. One of  these individual bodies, a soil ,  is  to 

the soil  as an individual tree is to the earth’s vegetation.  

In most places, the rock exposed at the earth’s surface has crumbled and 

decayed to produce a layer of unconsolidated debris overlying the hard, 

unweathered rock. This unconsol idated layer is called the regolith  (Figure 

1.2), and varies in thickness from virtually nonexistent in some places ( i .e.,  

exposed bare rock) to tens of meters in other places. Where the underlying 

rock has weathered in place to the degree that it  is loose enough to be dug 

with a spade, the term saprolite  is used.  

Through their biochemical and physical  effects, l iving organisms such as 

bacteria, fungi and plant roots have altered the upper part – and in many 

cases, the entire depth – of the regolith. Here, at he interface between the 

worlds of rock, air ,  water, and l iving organisms, soil  is  born. Although 

generally hidden from everyday view, the soil  and regol ith can often be seen 

in road cuts and other excavations.  

A soil  is the product of both destructive and creative (synthetic) processes.  

Weathering of rock and microbial  decay of organic residues are examples of 

destructive processes, whereas the formation of new minerals,  such as certain 

clays,  and of new stable organic comp ounds are examples of synthesis.  

Perhaps the most striking result of synthetic processes is the formation of 

contrasting layers called soil  horizons .  The development of these horizons in 
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the upper regolith is  a unique characteristic of soil  that sets it  ap art from the 

deeper regol ith materials.  

 

 

Figure 1.2 Relative positions of a regolith, i t s  so i l ,  and the under ly ing bedrock.  Note, 

that  the soi l  i s  a  part  o f  regol ith ,  and that  the A and B  hor izons  are part  of  the  so lum  ( from  

the Lat in  word solum ,  which means so i l  or  land) .  The C hor izon i s  the part  o f  the regol i th  

that  underl ies the  solum, but  may be s lowly  changing in to so i l  in  i t s  upper parts .  Sometimes 

the rego l i th  i s  so  th in  that  i t  has been changed  ent irely  to  soi l ;  in  such  a  case,  soi l  rest s  

d irect ly  on the bedrock.   
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1.4 The Soil Profile and its Layers (horizons)  

Soil  scientists often dig a large hole, called a soil  pit ,  usual ly several meters 

deep and about a meter wide, to expose soil  horizons for study. The vert ical  

section exposing a set of horizons in the wall  of such a pit  is termed a soil  

profile .  Road cuts and other ready-made excavations can expose soi l  profiles 

and serve as windows to the soil .  In an excavation open for some time, 

horizons are often obscured by soi l  material that  has been washed by rain 

from upper horizons to cover the exposed face of lower horizons. For this  

reason, horizons may be more clearly seen if  a fresh face is exposed by 

scraping off a layer of material several centimetres thick from the pit wall .  

Horizons within a soil  may vary in thickness and have somewhat irregular 

boundaries, but generally they paral lel the land surface. This al ignment is 

expected since the differentiation of the regolith into distinct horizons is  

largely the result of influences, suc h as air,  water, solar radiation, and plant 

material ,  originating at the soil -atmosphere interface. Since the regolith 

occurs f irst at the surface and works its way down, the uppermost layers have 

been changed the most, while the deepest layers are most si milar to the 

original regol ith, which is referred to as the soil’s parent material .  In some 

cases,  the regolith material  has been transported long distances by wind, 

water or glaciers and deposited on top of dissimilar material.  In such case, the 

regolith material found below a soil  may be quite different from the upper 

layer of the regolith in which the soil  formed.  

In undisturbed ecosystems, especially forests, organic materials formed from 

fallen leaves and other plant and animal remains tend to accumula te on the 

surface. There they undergo varying degrees of physical and biochemical  

breakdown and transformation, so that layers of older, partially decomposed 

materials may underlie the freshly added debris. Together, these organic 

layers at the soi l  surface are designated the O horizons  (F igure 1.3).  
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Figure 1.3 Horizons begin to differentiate as mater ia l s  are added to the upper part  

of  the  prof i le and other  mater ia l s  are t ranslocated to deeper zones.  Under certa in  

cond it ions,  usua l ly  associated  with  forest  vegetat ion and h igh ra infa l l ,  a  leached  E  horizon 

forms between organic -matter  r ich  A and the B horizon.  I f  suf f ic ient  ra infa l l  occurs,  solub le  

sa lt s  wi l l  be  carr ied below the soi l  p rof i le,  perhaps a l l  the way  to the groundwater .  

 

Soil  animals and percolat ing water move some of these organic materials  

downward to be mixed with the mineral grains of the regol ith. These join the 

decomposing remains of plant roots to form organic materials  that darken the 

upper mineral layers. Also, because weathering t ends to be most intense 

nearest to the soil  surface, in many soils  the upper layers lose some of their 

clay or other weathering products by leaching to the horizons below. A 

horizons  are the layers nearest the surface that are dominated by mineral  

particles but have been darkened by the accumulation of organic matter.  

In some soi ls,  intensely weathered and leached horizons that have not 

accumulated organic matter occur in the upper part of the profile, usually just 

below the A horizons. These horizons are d esignated E horizons .  

The layers underlying the A and O horizons contain comparatively less organic 

matter than the horizons nearer the surface. Varying amounts of si l icate clays, 

iron and aluminium oxides, gypsum, or calcium carbonate may accumulate in 
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the underlying horizons. The accumulated materials may have been washed 

down from the horizons above, or they may have been formed in place through 

the weathering process. These underlying layers are referred to as B horizons .  

The A and B horizons together a re part of the solum  (from the Latin word 

solum ,  which means soil  or land).  

Plant roots and microorganisms often extend below the B horizon, especially 

in humid regions,  causing chemical  changes in the soil  water,  some 

biochemical weathering of the regolit h, and the formation of C horizons .  The 

C horizons are the least weathered part of the soil  profile.  

In some soil  profiles, the component horizons are very distinct in color, with 

sharp boundaries that can be seen easily by even novice observers. In other 

soils,  the color changes between horizons may be very gradual, and the 

boundaries more diff icult to locate. However, color is only one of many 

properties by which one horizon may be distinguished from the horizon above 

or below it. Del ineation of the horiz ons present in a soil  profi le often requires 

a careful examination, using all  senses. In addition to seeing the colors in a 

profile, a soil  scientist may feel ,  smell ,  and l isten to the soi l,  as well  as conduct 

chemical tests, in order to distinguish the ho rizons present.  

 

1.5 Topsoil and Subsoil  

The organically enriched A horizon at the soil  surface is sometimes referred 

to as top-soil .  When a soil  is  plowed and cultivated,  the natural state of the 

upper 12-25 centimeters is modif ied. In this case, the tops oil  may also be 

called the plow layer .  

In cultivated soils,  the majority of plant roots can be found in the topsoil.  The 

topsoil  contains a large part of the nutrient and water supplies needed by 

plants. The chemical properties and nutrient supply of the t opsoil  may be 

easily altered by mixing in organic and inorganic amendments, thereby making 

it  possible to improve or maintain the soil’s  ferti l ity and, to a lesser degree,  

its productivity. The physical structure of the topsoil,  especially the part  

nearest the surface,  is also readily affected by management operations such 

as t i l lage and application of organic materials.  
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The soil  layers that  underlie the topsoil  are referred to as subsoil .  The 

characteristics of the subsoil  horizons can greatly influence mo st land uses. 

Much of the water needed by plants is stored in the subsoi l.  Many subsoi ls  

also supply important quantit ites of certain plant nutrients. In some soils 

there is an abrupt change in properties between the topsoil  and the subsoil .  

In other soi ls ,  the change is gradual and the upper part of the subsoil  may be 

quite similar to the topsoil .  In most soils,  the properties of the topsoil  are far  

more conducive to plant growth than those of the subsoil .  That is why there 

is often a good correlation between the productivity of a soil  and the thickness 

of the topsoil  in a profile.  

On the other hand, it  is equal ly important not to reduce one’s attention to the 

easily accessible “topsoil”, for many soil  properties are to be discovered only 

in the deeper layers.  Plant-growth problems are often related to inhospitable 

conditions in the B or C horizons that  restrict the penetration of roots.  

Similarly, the great volume of these deeper layers may control the amount of 

plant-avai lable water held by a soil.  

Traditional ly, the lower boundary of the soil  has been considered to occur at  

the greatest rooting depth of the natural vegetation, but soil  scientist are 

increasingly studying layers below this in order to understand ecological 

processes such as groundwater pollution, parent material weathering, and 

geochemical cycles.  

 

1.6 Soil: the Interface of Air, Minerals, Water and Life  

The four major components of the soil  are air ,  water, mineral matter, and 

organic matter. The relative proportions of these four compo nents – which 

can be represented in a simple pie chart – greatly influence the behaviour and 

productivity of  soi ls. Figure 1.4 shows the approximate proportions (by 

volume!) of the components found in a loam surface soil  in good condition for 

plant growth.  
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Figure 1.4 Volume composition of a loam surface soil  when conditions are good 

for plant growth.  

 

Although a soil  may at f irst seem to be a solid thing, it  should be noted that 

only about half  the soil  volume consists of  sol id material (mineral and 

organic);  the other half  consists of pore spaces f i l led with air or water. From 

the solid material,  typic ally most is mineral matter derived from the rocks of 

the earth’s crust. Only about 5% of the volume  in this ideal soil  consists of 

organic matter. However, the influence of the organic components on soil  

properties is often far greater than its small prop ortion would suggest. Since 

it  is far less dense than mineral matter, the organic matter accounts for only 

about 2% of the weight  of this soi l.  

The spaces between the particles of solid material are just as important to the 

nature of a soil  as are the sol i ds themselves. It  is  in these pore spaces  that air 

and water circulate,  roots grow, and microscopic creature l ive. Plant roots 

need both air and water. In an optimum condition for most plants, the pore 

space will  be divided roughly equal ly among the two, w ith 25% of the soil  

volume consisting of  water and 25% consisting of air . If  there is much more 

water than this, the soil  wi l l  be waterlogged. If  much less water is present, 

plants will  suffer from drought. The relat ive proportions of water and air in a 

soil  typically f luctuate greatly as water is  added or lost. Soils with much more 

than 50% of their volume in solids are l ikely to be too compacted for good 

plant growth. Compared to surface soi l  layers, subsoils tend to contain less 

organic matter, less tota l pore space, and a larger proportion of small pores 

(micropores ) which tend to be f i l led with water rather than with air.  
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1.7 Mineral (inorganic) Constituents of Soils  

Except in the case of organic soi ls,  most of a soil’s solid material consists of 

mineral*  particles.  

The mineral part icles present in soils are extremely variable in size. Excluding,  

for the moment, the larger rock fragments such as stones and gravel,  soil  

particles range in size over four orders of magnitude: from 2.0 mill imeters 

(mm) to smaller than 0.0002 mm in diameter. Individual sand  particles are 

large enough (2.0 to 0.02 mm) to be seen by the naked eye and feel gritty 

when rubbed between the f ingers. Sand particles do not adhere to one 

another; therefore,  sands do not feel  sticky.  Silt  part icles are somewhat 

smaller (0.02 to 0.002 mm). Silt  particles are too small to see without a 

microscope or to feel individual ly, so si lt  feels smooth but not sticky, even 

when wet. The smallest class of mineral particles are the clays (<0.002 mm), 

which adhere together to form a sticky mass when wet and hard clods when 

dry.  

The smaller particles (<0.001 mm) of clay (and similar -sized organic particles) 

have colloidal* *  properties and can be seen only with the aid of an electron 

microscope.  

To anticipate the effect of clay on the way a soil  wil l  behave, it  is not enough 

to know only the amount of clay in a soil .  It  is also necessary to know the kinds  

of clays present. As home builders and highway engineers know all  too well,  

certain clayey soils,  such as those high in smectite clays, make very unstable 

material  on which to build because the clays swell when the soi l  is wet and 

shrink when the soil  dries. This shrink -and-swell action can easily crack 

foundations and cause even heavy retaining w alls to collapse. These clays also 

become extremely st icky and diff icult to work when they are wet. Other types 

of clays, formed under different conditions, can be very stable and easy to 

work with. Learning about the different types of clay minerals wil l  help us 

understand many of  the physical  and chemical differences among soils in 

various parts of the world.   

                                                      
 The word mineral is used in soil science in three ways: (1) as a general adjective to describe inorganic materials 

derived from rocks; (2) as a specific noun to refer to distinct minerals found in nature, such as quartz and feldspars; 

and (3) as an adjective to describe chemical elements, such as nitrogen and phosphorus, in their inorganic state in 

contrast to their occurrence as part of organic compounds. 
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1.7.1 Primary and Secondary Minerals  

Minerals that have persisted with l itt le change in composition since they were 

extruded in molten lava (e.g. ,  quartz, micas, and feldspars) are known as 

primary minerals .  They are prominent in the sand and si lt  fractions of soils.  

Other minerals, such as si l icate clays and iron oxides, were formed by 

breakdown and weathering of less resistant minerals as soil  for mation 

progressed. These minerals are called secondary minerals  and tend to 

dominate the clay and, in some cases, si lt  fractions.  

The inorganic minerals in the soil  are the original  source of most of the 

chemical  elements essential for plant growth. Althou gh the bulk of these 

nutrients is held rigidly as components of the basic crystal l ine structure of the 

minerals, a small but important portion is in the form of charged ions on the 

surface of f ine colloidal particles (clays and organic matter).  Mechanisms of 

crit ical importance to growing plants allow plant roots to have access to these 

surface-held nutrient ions.  

1.7.2 Soil Structure 

Sand, s i lt ,  and clay particles can be thought of as the bui lding blocks from 

which soi l  is constructed. The manner in which  these building blocks are 

arranged together is  called soil  structure .  The particles may remain relatively 

independent of each other, but more aggregates may take the form of 

roundish granules, cubelike blocks, f lat plates, or other shapes.  

Soi l  texture ,  which means the relative amounts of different sizes of particles, 

is just as important as soil  structure in governing how water and air move in 

soils. Both structure and texture fundamentally influence the suitabil ity of 

soils for the growth of plant roots.  

 

1.8 Soil Organic Matter  

Soil  organic matter consists of a wide range of organic (carbonaceous) 

substances, including l iving organisms (the soil  biomass ),  carbonaceous 

remains of organisms that once occupied the soil,  and organic compounds 

produced by current and past metabolism in the soil.  The remains of plants, 

animals, and microorganisms are continuously broken down in the soil  and 
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new substances are synthesized by other microorganisms. Over t ime, organic 

matter is lost from the soil  as carbon dioxide is produced by microbial  

respiration. Because of such loss, repeated additions of new plant and/or 

animal residues are necessary to maintain soil  organic  matter.  

Under conditions,  that favour plant production more than microbial  decay, 

large quantit ites of atmospheric carbon dioxide, used by plants in  

photosynthesis, are sequestered in the abundant plant t issues which 

eventually become part of the soil  org anic matter. S ince carbon dioxide is a 

major cause of the greenhouse effect which is believed to be warming the 

earth’s cl imate, the balance between accumulation of soil  organic matter and 

its loss through microbial respiration has global implications. In fact, more 

carbon is stored in the world’s soils than in the world’s plant biomass and 

atmosphere combined.  

Even so, organic matter comprises only a small fraction of the mass of a typical 

soil .  By weight, typical well -drained mineral surface soils contain  from 1 to 6%  

organic matter. The organic matter content of subsoils is even smaller.  

However, the influence of organic matter on soil  properties, and consequently 

on plant growth, is far greater than the low percentage would indicate.  

Organic matter binds mineral particles into a granular  soil  structure that is 

largely responsible for the loose, easily managed condition of productive soils. 

Part of the soil  organic matter, that is especial ly effective in stabil iz ing these 

granules consists of  certain gluel ike substances produced by various soi l  

organisms, including plant roots.  

Organic matter also increases the amount of water a soil  can hold and the 

proportion of water avai lable for plant growth. In addition, it  is a major soil  

source of the plant nutrient s phosphorus and sulfur, and the primary source 

of nitrogen for most plants.  As soil  organic matter decays,  these nutrient  

elements, which are present in organic combinations, are released as soluble 

ions that can be taken up by plant roots. F inally, organ ic matter, including 

plant and animal residues, is the main food that supplies carbon and energy 

to soil  organisms. Without it ,  biochemical activity so essential for ecosystem 

functioning would come to a near standst il l .  

Humus ,  usual ly black or brown in co lor, is  a collection of very complex organic 

compounds which accumulate in soi l  because they are relatively resistant to 
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decay. Humus consists of the combined residues of organic materials which 

have lost their original structure following the rapid decomp osition of the 

simpler ingredients and includes synthesized cell  substance as well  as by -

products of microorganisms. It  is not a definite substance and is in a continual  

state of f lux, disappearing by slow decomposition, and being constantly 

renewed by incorporation of residual matter.  

Just as clay is the colloidal fraction of soil  mineral matter, so humus is the 

colloidal fraction of soil  organic matter. Because of their charged surfaces,  

both humus and clay act as contact bridges between larger soil  part icles; thus, 

both play an important role in the formation of soil  structure. The surface 

charges of humus, l ike those of clay, attract and hold both nutrient ions and 

water molecules. However, gram for gram, the capacity of humus to hold 

nutrients and water is far greater than that of clay. Unlike clay, humus 

contains certain components that can have a hormone -like stimulatory effect  

on plants.  Al l  in all ,  amounts of  humus may remarkably increase the soil ’s 

capacity to promote plant growth.  

 

1.9 Soil Water: a Dynamic Solution 

Water is  of vital importance in the ecological functioning of soils.  The 

presence of water in soils is essential for the survival and growth of plants and 

other soil  organisms.  

Water is held within soil  pores with varying degrees of strength depending on 

the amount of water present and the size of the pores. The attraction between 

water and the surfaces of soil  particles greatly restr ict the abil ity of water to 

f low as it  would f low in a drinking glass.  

Because soi l  water is never pur e water,  but contains hundreds of dissolved 

organic and inorganic substances, it  may be more accurately called the soil  

solution .  An important function of the soil  solution is to serve as a constantly 

replenished, dilute nutrient solution bringing dissolve d nutrient elements 

(e.g. ,  calcium, potassium, nitrogen, and phosphorus) to plant  roots.  

When the soil  moisture content is optimal for plant growth, the water in the 

large-  and intermediate-sized pores can move about in the soil  and can easi ly 

be used by p lants. As the plant grows, however, its roots remove water from 
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the largest pores f irst. Soon the largest pores hold only air,  and the remaining 

water is found only in the intermediate - and smallest-sized pores.  The water 

in the intermediate-sized pores can sti l l  move toward plant roots and be taken 

up by them. However, the water in the smallest pores is so close to solid 

particles that it  is strongly attracted to and held on the particle surfaces. This 

water may be so strongly held that plant roots cannot pull  it  away. 

Consequently, not all  soil  water is available to plants .  Depending on the soil ,  

one-sixth to one-half  of the water may remain in the soil  after plants have 

wilted or died for lack of moisture.  

 

1.9.1 Soil Solution 

The soil  solution contains small but signif icant quantit ies of soluble inorganic 

compounds, some of which supply elements that are essential for plant  

growth. Refer to Table 1.1 for a l ist ing of the 18 essential elements ,  along with 

their sources. The soil  sol ids,  particularly the f i ne organic and inorganic 

colloidal particles, release these elements to the soil  solut ion, from which 

they are taken up by growing plants. Such exchanges, which are crit ical for 

higher plants, are dependent on both soil  water and the f ine soil  sol ids.  

An other cr it ical property of the soil  solution is its acidity  or  alkalinity .  Many 

chemical and biological reactions are dependent on the levels of the H +  and 

OH -  ions in the soi l  solution. The levels of these ion also influence the 

solubil ity, and in turn the  availabil ity, of  several essential nutrient elements 

(including iron and manganese) to plants.  

 

1.10 Soil Air: a Changing Mixture of Gases  

Approximately half  of the volume of the soil  consists of pore spaces of varying 

sizes, which are f i l led with either water or air . When water enters the soil ,  it  

displaces air from some of the pores; the air content of a soil  is therefore 

inversely related to its water content. If  we think of the network of soil  pores 

as the ventilat ion system of the soil,  connecting air spaces to the atmosphere,  

we can understand that when the smaller pores are f i l led with water, the 

ventilation system becomes clogged. Because oxygen can not enter the 

clogged pores,  nor carbon dioxide leave it,  the air in the pore space 
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surrounded with water-f i l led smaller pores will  soon become depleted of 

oxygen and enriched in carbon dioxide and water vapour by the respiration 

(breathing) of the plant roots and microorganisms.  

Therefore, soi l  air differs from atmospheric air in several respects. F irst,  the 

composition of soil  air varies greatly from place to place in soil.  Second, soi l  

air generally has a higher moisture content than the atmosphere; the relative 

humidity of soil  a ir approaches 100% unless the soil  is very dry. Third, the 

content of carbon dioxide (CO2) is usually much higher, and that of oxygen (O 2) 

lower, than contents of these gases found in the atmosphere. Carbon dioxide 

in soi l  a ir is often several  hundred times more concentrated than the 0.038% 

commonly found in the atmosphere. Oxyge n decreases accordingly and, in 

extreme cases, may be only 5 to 10%, or even less, compared to about 20% for 

atmospheric air .  

The amount and composition of air in a soil  are determined to a large degree 

by the water content of the soil.  The air  occupies t hose soil  pores not f i l led 

with water. As the soil  drains from a heavy rain or irrigation, large pores are 

the f irst to be f i l led with air,  followed by medium -sized pores, and finally the 

small pores, as water is removed by evaporation and plant use.  

 

1.11 Interaction of Four Components to Supply Plant Nutrients  

As you read our discussion of each of  the four major soi l  components, you may 

have noticed that the impact of one component on soil  properties is seldom 

expressed independently from that of the othe rs. Rather, the four components 

interact with each other to determine the nature of a soil.  Thus, soi l  moisture, 

which directly meets the needs of plants for water, simultaneously controls 

much of the air and nutrient supply to the plant roots. The mineral  particles,  

especially the f inest  ones,  attract  soi l  water, thus determining its  movement 

and avai labil ity to plants. Likewise, organic matter, because of its physical  

binding power, influences the arrangement of the mineral particles into 

clusters and, in  so doing, increases the number of large soil  pores, thereby 

influencing the water and air relationships.  
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1.12 Soil Quality, Degradation and Resilience  

Soil  is a basic resource underpinning all  terrestrial ecosystems. Managed 

carefully, soils are a reusable  resource, but in the scale of human lifetimes 

they cannot be considered a renewable resource .  In al l  regions of the world, 

human activit ies are destroying some soi ls far faster than nature can rebuild 

them. As mentioned before, growing numbers of people are demanding more 

and more from the Earth’s f ixed amount of land. Nearly all  of the soils best  

suited for growing crops are already being farmed. Therefore, as each year 

brings mill ion more people to feed, the amount of cropland per person 

continuously declines.  

Finding more land on which to grow food is not easy. Most additional land 

brought under cultivation comes at the cost of clearing natural forests,  

savannas, and grasslands. Images made from the Earth from orbiting satell ites 

show the resulting decline in land covered by forests and other natural 

ecosystems. If  there is to be space for both people and wildl ife, the best of 

our existing farmland soils will  require improved and more intensive 

management. Soi ls completely washed away by erosion o r excavated and 

paved over by urban sprawl are permanently lost, for al l  practical purposes.  

More often, soils are degraded in quality rather than totally destroyed.  

Soil  quality  is a measure of the abil ity of a soil  to carry out particular 

ecological functions, such as those described in this lecture. Soil  qual ity 

reflects a combination of chemical ,  physical ,  and biological  properties. Some 

of these properties are relat ively unchangeable, inherent properties that help 

define a particular type of soil.  Soil  texture and mineral makeup are examples.  

Other soil  properties, such as structure and organic matter content, can be 

signif icantly changed by management. These more changeable soil  properties 

can indicate the status of a soil ’s qual ity relative to its pot ential.  

Mismanagement of  forests, farms, and rangeland causes widespread 

degradation  of soil  quality by erosion that removes the topsoi l,  l itt le by l itt le.  

Another widespread cause of soil  degradation is the accumulation of salts 

improperly irrigated soils  in arid regions. When people cultivate soils and 

harvest the crops without returning organic residues and mineral nutrients,  

the soil’s supply of organic matter and nutrients becomes depleted. Such 

depletion is particularly widespread in sub -Saharan Africa. Contamination of 
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a soil  with toxic substances from industr ial processes or chemical spil ls can 

degrade its capacity to provide habitat for soi l  organisms, to grow plant that  

are safe to eat, or to safely recharge ground and surface waters. Degradation 

of soil  quality by pol lution is usual ly localized, but the environmental impacts 

and costs involved are very large.  

While protecting soil  quality must be the f irst priority, it  is often necessary to 

attempt to restore the quality of soils that have already been degraded. Some 

soils have sufficient  resil ience  to recover from minor degradation if  left to 

revegetate on their own. In other cases,  more effort is required to restore 

degraded soils. Organic and inorganic amendments may have to be applied,  

vegetation may have to be planted, physical alteration by ti l lage of grading 

may have to be made, or contaminants may have to be removed.  

 

Study Questions:  

1.  As a society, is our reliance on soils l ikely to increase or decrease 

in the decades ahead? Explain.  

2.  Discuss how a soil ,  a natural body, differs from soil ,  a material 

that is used in building a roadbed?  

3.  What are the f ive main roles of soi l  in an ecosystem? For each of 

these ecological roles, suggest one way in which interactions 

occur with another of the f ive rol es.  

4.  Think back over your activit ies during the past week. List as many 

incidents as you can in which you came into direct or indirect 

contact with soil.  

5.  List the essential  nutrient elements that plants derive mainly from 

the soil.  

6.  Are all  e lements contained in plants essential nutrients? Explain.  

7.  Define these terms:  soil  texture, soil  structure, soil  pH, humus, 

soil  profi le, B horizon, soil  qual ity, solum, and saprol ite.  

8. Describe four processes, that commonly lead to 

degradation of soil  quality.   
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2. Formation of Soils from Parent Materials  

 

The f irst astronauts to explore the moon laboured in their clumsy pressurized 

suits to col lect samples of rocks and dust  from the lunar surface. These they 

carr ied back to Earth for analysis. It  turned out that moo n rocks are similar in  

composition to those found deep in the Earth – so similar  that scientists 

concluded that the moon itself  began as a large chunk of molten Earth that 

broke away eons ago, when the young planet nearly melted in a stupendous 

coll ision with a Mars-sized object, leaving the Pacif ic Ocean as a scar. On the 

moon, this rock remained unchanged or crumbled into dust with the impact of 

meteors. On Earth, the rock at the surface, eventually coming in contact with 

water, air and l iving organisms, was transformed in to something new, into 

many different kinds of l iving soi ls. This lecture reveals the story of how rock 

and dust become “the l iving skin of the Earth”.  

 

2.1 Weathering of Rocks and Minerals  

The influence of weathering ,  the physical and chemical breakdown of  

particles, is evident everywhere. It  breaks up rocks and minerals, modif ies or 

destroys their physical and chemical characteristics, and carries away the 

soluble products. It  also synthesizes new minerals of great  signif icance in 

soils. The nature of the rocks and minerals being weathered determines the 

rates and results of the breakdown and synthesis.  

 

2.2 Characteristics of Rocks and Minerals  

The rocks in the earth’s outer surface are commonly classif ied as igneous ,  

sedimentary ,  and metamorphic .  Those of igneous origin are formed from 

molten magma and include such common rocks as granite  and diorite .  

Igneous rock  is composed of primary minerals such as l ight -coloured quartz,  

muscovite, and feldspars and dark-colored biotite, augite, and hornblende. In 

general,  dark-colored minerals contain iron and magnesium and are more 

easily weathered. Therefore, dark-colored igneous rocks such as gabbro  and 

basalt  are more easily broken down than are granites  and other l ighter-
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colored igneous rocks.  Worldwide, l ight -coloured minerals and quartz are 

generally more prominent than are dark -coloured minerals. The mineral grains 

in igneous rocks are randomly dispersed and interlocked, giving a salt -and-

pepper appearance if  they are coarse enough to see wi th the unaided eye.  

Sedimentary rock  consists of compacted or cemented weathering products 

from older, pre-existing rocks. For example, quartz sand weathered from a 

granite rock and washed into the ocean may settle on the ocean floor and 

eventually become cemented into a solid mass called sandstone .  Later, 

movements of the Earth’s crust may raise this sandstone above sea level,  

where it  could become the material we are so famil iar with in certain canyon 

walls,  road cuts and soil  parent materials. Similarly,  clays may be compacted 

into shale .  Other important sedimentary rocks are l isted in Table 2.1 along 

with their dominant minerals.  

 

Table 2.1 Some of the most important sedimentary and metamorphic rocks 

and the minerals commonly dominant in  them  

Dominant mineral  

Type of  rock  

Sedimentary  Methamorphic  

Calc ite  (CaCO 3)  Limestone  Marble  

Dolomite  (CaCO 3
.MgCO 3)  Dolomite  Marble  

Quartz  (SiO 2)  Sandstone  Quartzi te  

Clays  Shale  Sla te  

Variable  Conglo mera te a  Gneiss b  

Variable   Schis t b  

a Smal l  stones of  var ious  minera log ical  makeup are cemented in to conglomerate.  
b The minerals  present  are  determined by  the or ig inal  rock,  which has been  changed  by  
metamorphism. Pr imary  minera ls  present  in  the igneous  rocks commonly  dominate these 
rocks ,  a l though  some secondary  minerals  are a lso present.  

 

Because most of what is  presently dry land was at some time in the past 

covered by water, sedimentary rocks are the most common type of rock 

encountered, covering about 75% of the Earth’s land surface. The resist ance 
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of a given sedimentary rock to weathering is determined by its particular 

dominant minerals and by the cementing agent.  

Metamorphic rocks  are those that have formed by the metamorphism or 

change in form of other rocks. As the Earth’s continental plate s shift,  and 

sometimes col l ide, forces are generated that can uplift  great mountain ranges. 

As a result,  igneous and sedimentary masses are subjected to tremendous heat 

and pressure that compress, distort, and/or partially remelt the original rocks. 

Igneous rocks are commonly modified to form schist or gneiss in which l ight 

and dark minerals have been reoriented into bands. Sedimentary rocks, such 

as l imestone and schale,  may be metamorphosed to marble and slate, 

respectively. As this is the case for igneou s and sedimentary rock, the 

particular minerals that dominate a given metamorphic rock influence its 

resistance to chemical weathering. A high degree of metamorphism may also 

physical ly weaken the rock mass, hastening its  breakdown into smaller 

fragments.  

 

2.3 Weathering: A General Case  

Weathering is a biochemical process that involves both destruction and 

synthesis. The original rocks and minerals are destroyed by both physical  

dis integration  and chemical decomposition  (F igure 2.1).  
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 Figure 2.1 Pathways of weathering  that  occur  under moderate ly  acid  cond it ions 

common in  humid temperate regions.  The d is integrat ion of  rocks into smal l  ind ividual  

mineral  gra ins i s  a  physical  p rocess,  whereas decomposit ion,  recombinat ion,  and solut ion 

are chemica l  p rocesses.  Alterat ion of  minerals  invo lves both phys ica l  and chemical  

processes.  Note  that  resistant  pr imary  minerals,  newly  synthesized  secondary  minera ls,  

and soluble mater ia l s  a re products of  weathering.  In  ar id  regions the phys ical  p rocesses  

predominate,  but  in  humid trop ical  a reas decomposit ion and recombinat ion are most  

prominent .  

 

Without appreciably affect ing their composition,  physical disintegration 

breaks down rock into smaller rocks and eventually into sand and silt  particles 

that are commonly made up of individual minerals. Simultaneously, the 

minerals decompose chemically, releasing soluble materials and synthesizing 

new minerals, some of which are resistant end products. New minerals form 

either by minor chemical alterat ions or by complete chem ical breakdown of  

the original mineral  and resynthesis of  new minerals.  During the chemical 

changes, particle size continues to decrease, and constituents continue to 

dissolve in the aqueous weathering solution. The dissolved substances may 

recombine into new (secondary) minerals, may leave the profile in drainage 

water, or may be taken up by plant roots.  

Three groups of minerals that remain in well -weathered soils  are shown 

on the right side of Figure 2.1: (1) s i l icate clays, (2) very resistant end 
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products, including iron and aluminium oxide clays, and (3) very resistant 

primary minerals, such as quartz. In highly weathered soi ls of humid tropical 

regions, the oxides of iron and aluminium and certain si l icate clays with low 

Si/Al ratios predominate because  most other constituents have been broken 

down and removed.  

 

2.3.1 Physical Weathering (Disintegration)  

TEMPE RA TURE :  Rocks heat up during the day and cool down at night, causing 

alternate expansion and contraction of their constituent minerals. As some 

minerals expand more than others, temperature changes set up differential 

stresses that eventually cause the rock to crack apart.  

Because the outer surface of  a rock is often warmer or colder than the inner, 

more protected portions, some rocks may weather by exfoliation  – the peeling 

away of outer layers. This process may be sharply accelerated if  ice forms in 

the surface cracks. When water freezes,  it  expands with a force of about 1465 

Mg/m2 ,  dis integrating huge rock masses and dislodging mineral grains from 

smaller fragments.  

ABRA SION BY  WA TE R,  ICE ,  A ND  W IND :  When loaded with sediment, water has 

tremendous cutting power, as is clearly demonstrated by the different forms 

of valleys around the world. The rounding of riverbed rocks and beach sand 

grains is further evidence of the abrasion that accompanies water movement.  

Windblown dust and sand also can wear down rocks by abrasion, as can be 

seen in the many picturesque rounded rock formations in certain arid regions.  

In glacial  areas, huge moving ice masses  embedded with soil  and rock 

fragments grind down rocks in their  path and carry away large volumes of  

material .  

PLANTS A ND  ANIMA LS:  Plant roots sometimes enter cracks in rocks and pry them 

apart, resulting in some disintegration. Burrowing animals may also  help 

disintegrate rock somewhat. However, such influences are of  l itt le importance 

in producing parent material when compared to the drastic physical effects of 

water, ice, wind, and temperature change.  
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2.3.2 Biogeochemical Weathering  

While physical weathering is dominant in very cold or very dry environments,  

chemical reactions are most intense where the climate is wet and hot.  

However, both types of weathering occur together,  and each tends to 

accelerate the other. For example, physical  abrasion (rubbin g together) 

decreases the size of particles and therefore increases their surface area, 

making them more susceptible (vulnerable) to rapid chemical  reactions.  

Chemical weathering is enhanced by such geological agents as the presence of 

water and oxygen, as  well  as by such biological agents as the acids produced 

by microbial and plant -root metabolism. That is why the term biogeochemical 

weathering  is often used to describe the process. The various agents act in 

concert to convert primary minerals (e.g.,  feld spars and micas) to secondary 

mineral (e.g. ,  clays and carbonates) and release plant nutrient elements in 

soluble forms. Note the importance of water in each of the six basic types of 

chemical weathering reactions  discussed in the following.  

HYD RA TION :  Intact water molecules may bind to a mineral by the process called 

hydration .  

 

OHOFeOHOFe Hydration

21510232 995    
 H em a t i t e  W a te r  F er ry h yd r i t e  

 

Hydrated oxides of iron and aluminium (e.g.,  Al 2O3 3H2O) exemplify common 

products of hydrat ion reactions.  

HYD ROLYSIS :  In hydrolysis reactions, water molecules split  into their hydrogen 

and hydroxyl components and the hydrogen often replaces a cation from the 

mineral structure. A simple example is the action of water on microcline, a 

potassium-containing feldspar.  

 
   OHKOHAlSiOHOKAlSi Hydrolysis

83283  
 ( s o l id )  W a te r  ( s o l id )  ( s o lu t io n )  

 

4432283 6112 SiOHOAlOHOHAlSi Hydrolysis    
 ( s o l id )  W a te r  ( s o l id )  ( s o lu t io n )  
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The potassium released is soluble and is subject to adsorption by soil  col loids, 
uptake by plants, and removal in the drainage water. Likewise, the sil icic acid 
(H4SiO4) is soluble. It  can be removed slowly in drainage water, or it  can 
recombine with other compounds to form secondary minerals such as the 
sil icate clays.  
 
Hydrolysis is the most important process in the weathering of si l icate 
minerals. The most common weathering reaction on earth is the hydrolysis of 
feldspars, producing clay minerals,  e.g. ,  K -feldspars are changed in this way 
to kaol inite:  

 
     344452223283 224922 HCOKSiOHOHOSiAlOHCOHOKAlSi Hydrolysis  

 ( s o l id )  W a te r  ( s o l id )  ( s o lu t io n )  ( s o lu t io n )  

 

D I SSOLU TION :   Water is capable of dissolving many minerals by hydrating the 

cations and anions until  they become dissociated from each other and 

surrounded by water molecules. Gypsum dissolving in water provides an 

example.  

 

OHSOCaOHCaSO nDissolutio

2

2

4

2

24 42  
  

 ( s o l id )  W a te r  ( s o lu t io n )  W a te r  

 

CARBONATION AND  OTHER AC ID REAC TIONS :   Weathering is  accelerated by the 

presence of acids, which increase the activity of hydrogen ions in water. For 

example, when carbon dioxide dissolves in water (a process enhanced by 

microbial and root respiration) t he carbonic acid (H 2CO3) produced hastens 

the chemical  dissolution of calcite in l imestone or marble, as i l lustrated when 

the following reactions go to the right:  

 

3222 COHOHCO   
   3

2

332 2HCOCaCaCOCOH nCarbonatio  
 C a rb o n ic  a c id  C a lc i te  ( s o lu t io n )  ( s o lu t io n )  
  ( s o l id )  

 

Soils also contain other, stronger acids, such as nitric acid (HNO 3),  sulphuric 

acid (H2SO4) ,  and many organic acids. Hydrogen ions are also associated with 

soil  clays. Each of these sources of acidity is avai lable for reaction with soi l  

minerals.  
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OXIDATION-REDUC TION :  Minerals that contain iron, manganese,  or sulphur 

are especially susceptible to oxidation -reduction reactions. Iron is usually laid 

down in primary minerals in the divalent Fe(II) (ferrous) form. When rocks 

containing such minerals are exposed to air and water during soi l  formation, 

the iron is easi ly oxidized (loses an electron) and becomes trivalent Fe(II I ) 

(ferric). If  i ron is oxidized from Fe(I I) to Fe(I II ),  the change in valence and ionic 

radius causes destabil iz ing adjustments i n the crystal structure of the mineral.  

 In other cases, Fe(I I) may be released from the mineral and almost 

simultaneously oxidized to Fe(I II ).  For example, the hydration of olivine 

releases ferrous oxide,  which may be oxidized immediately to ferr ic 

oxyhydroxide (goethite):  

 

FeOSiOOSiMgHOHMgFeSiO Hydrolysis 3223 4223424    
 O l i v in e  W a te r  S erp en t in e  ( s o lu t io n )  F e ( I I )  o x id e  
 ( s o l id )   ( s o l id )   ( s o l id )  
 

FeOOHOHOFeO Oxidation 424 22    

 F e ( I I )  G o e th i te   

 o x i d e  F e( I I I )  o x i d e   

 

The oxidat ion and/or removal of  iron during weathering is often made visible 

by changes in the colors of the result ing altered minerals.  

COMPLEXA TION :  Soil  biological processes produce organic acids such as 

oxal ic, citr ic, and tartaric acids, as well  as the much larger fulvic and humic 

acid molecules. In addition to providi ng H+  ions that help solubil ise aluminium 

and sil icon,  they also form organic complexes ( chelates ) with the Al3 +  ions held 

within the structure of si l icate minerals. By so doing they remove the Al 3 +  from 

the mineral,  which then is subject to further disint egration. In the following 

example, oxalic acid forms a soluble complex with aluminium from the 

mineral,  muscovite.  As this reaction proceeds to the right,  it  destroys the 

muscovite structure and releases dissolved ions of the plant nutrient, 

potassium. 

 
 

    0

44222424204262 )(668286 OHSiAlOCOHKOHHOCOHOAlAlSiK onComplexati     
 M u s co v i te  Ox a l i c  a c id  W a te r  P o ta s s iu m  h yd ro x i d e  C o m p le x  ( s o lu t io n )  

( s o l id )    ( s o lu t io n )  ( s o lu t io n )  
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Had there been no l iving organism on Earth, the chemical weathering 

processes we have just outlined would probably have proceeded 1000 times 

more slowly, with the result that l itt le,  i f  any, soil  would have developed on 

our planet  

INTE GRA TED WEA THE RING PROCE SSES :  The various chemical weathering 

processes occur simultaneously and are interdependent. For example,  

hydrolysis of a given primary mineral may release ferrous iron Fe(I I)  that is  

quickly oxidized to the ferric Fe(I II )  form, which, in turn, is hydrated to give 

a hydrous oxide of iron. Hydrolysis or complexation also may release soluble 

cations, s i l icic acid, and aluminium or iron compounds. In humid 

environments, some of the soluble cations and sil icic acid are l ikely to be lost  

from the weathering mass in drainage waters. The released substances can 

also be recombined to form sil icate clays and other secondary si l icate 

minerals. In this manner, the biochemical processes of weathering transform 

primary geologic materials into the compounds of whic h soils are made.  

 

2.4 Factors Influencing Soil Formation  

We understand the soil  as a col lection of individual soils ,  each with distinct ive 

profile characteristics. This concept of soils as organized natural bodies 

derived init ially from late-19 th-century f ield studies by a bri l l iant Russian team 

of soil  scientists led by V.V. Dokuchaev. They noted similar profile layering in 

soils hundreds of kilometres apart, provided that the climate and vegetation 

were similar at the two locat ions. Such observa tions and much careful 

subsequent f ield and laboratory research led to the recognition of five major 

factors that control the formation of soi ls .  

1.  Parent materials  (geological or organic precursors to the soil) ;  

2.  Climate  (primarily precipitation and temperat ure);  

3.  Biota  ( l iving organisms, especially native vegetation, microbes, soi l  

animals, and human beings);  

4.  Topography  (slope, aspect, and landscape position);  

5.  Time  (the period of t ime since the parent materials became exposed 

to soil  formation).  
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Soils are often defined in terms of these factors as “dynamic natural bodies 

having propert ies derived from the combined effects of cl imate and biotic 

activit ies, as modified by topography,  act ing on parent materials over periods 

of t ime”.  

We wil l  now examine how each  of these f ive factors affects the outcome of 

soil  formation. However, as we do, we must keep in mind that these factors 

do not exert their influences independently. Indeed, interdependence is the 

rule. For example, contrasting cl imatic regimes are l ikely to be associated with 

contrasting types of vegetation, and perhaps differing topography and parent 

material ,  as well .  Nonetheless, in certain situations one of the factors has had 

the dominant influence in determining differences among a set of  soi ls. Soil  

scientists refer to such a set of soi ls as a l ithosequence ,  climosequence ,  

biosequence ,  toposequence ,  or chronosequence .  

 

2.4.1 Parent Materials  

Geological processes have brought to the earth’s surface numerous parent 

materials in which soils  form (Figure  2.2).  The nature of the parent material  

profoundly influences soil  characteristics. For example, a soil  might inherit  a 

sandy texture from a coarse-grained, quartz-rich parent material  such as 

granite or sandstone. Soil  texture, in turn, helps control the  percolation of  

water through the soil  profile, thereby affecting the translocation of f ine soi l  

particles and plant nutrients.  

The chemical and mineralogical composit ion of parent material also influences 

both chemical weathering and the natural vegetatio n. For example, the 

presence of l imestone in parent material wil l  s low the development of acidity 

that typical ly occurs in humid climates. In  addition, trees growing in l imestone 

materials produce leaf l itter that is  relat ively high in calcium. Incorporati on 

of the calcium-rich l itter into the soil  further delays the process of  

acidif ication and, in humid temperate areas, the progress of soil  development.  

Parent material also influences the quantity and type of clay minerals present 

in the soil  prof ile.  First,  the parent material itself  may contain varying 

amounts and types of clay minerals, perhaps from a previous weathering cycle.  
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Second, the nature of the parent material  greatly influences the kinds of clays 

that can develop as the soil  evolves.  In turn, the nature of  the clay minerals 

present, markedly affects the kind of soil  that develops.  

 

2.4.1.1 Classification of Parent Materials  

Inorganic parent materials can either be formed in place, as residual material  

weathered from rock, or they can be transpo rted from one location and 

deposited at another (Figure 2.2). In wet environments (such as swamps and 

marshes),  incomplete decomposition may al low organic parent materials to 

accumulate from the residues of many generations of vegetation. Although it  

is their chemical and physical properties that most influence soil  development,  

parent materials are often classif ied with regard to the mode of placement in 

their current location, as seen on the right side of Figure 2.2.  

Although these terms properly relate o nly to the placement of the parent 

materials, people sometimes refer to the soils that form from these deposits 

as organic soils ,  glacial soils ,  alluvial soils ,  and so forth. These terms are quite 

non-specif ic because parent material properties vary widely  within each 

group, and because the effect of parent material is modified by the influence 

of cl imate, organisms, topography, and time.  
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Figure 2.2 Classif icat ion of Parent Materials:  How var ious k inds of  parent  mater ia ls  

are  formed,  t ransported ,  and de posited.  

 

RESIDUA L PA RE NT MA TERIAL :  Residual parent material  develops in place,  

from weathering of  the underlying rock.  In stable landscapes it  may have 

experienced long and possibly intense weathering. Where the climate is warm 

and humid, residual  parent materials are typically thoroughly leached and 

oxidized,  and show the red and yel low colors of  various oxidized iron 

compounds. In cooler and especially drier cl imates, the color and chemical  

composition of residual parent material tends to resemble more c losely the 

rock from which it  formed.  

Residual materials are widely distributed on all  continents. A great variety of 

soils occupy the regions covered by residual debris because of the marked 

differences in the nature of the rocks from which these materials evolved. The 

varied soils are also a reflect ion of wide differences in other soil -forming 

factors, such as climate and vegetation.  

 

COLLUVIA L DE BRIS:  Colluvial debris, or colluvium ,  is made up of poorly sorted 

rock fragments detached from the hei ghts above and carried downslope, 

mostly by gravity, assisted in some cases by frost action. Rock fragment (talus) 
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slopes, cl iff  rock debris (detritus),  and similar heterogeneous materials are 

good examples.  

Colluvial parent materials are frequently coarse  and stony because physical  

rather than chemical  weathering has been dominant. Stones, gravel,  and fine 

materials are interspersed (not layered),  and the coarse fragments are rather 

angular.  

 

ALLUVIA L  STREAM DEPOSITS :  There are three general classes of all uvial 

deposits: f loodplains ,  alluvial fans  and deltas .  

Floodplains  are the part of a river valley that is overflowed during f loods.  

Sediment carried by the swollen stream is  deposited during the f lood, with the 

coarser materials being laid down near the ri ver channel where the water is  

deeper and flowing with more turbulence and energy. Finer materials settle 

out in the calmer f lood waters farther from the channel. Each major f looding 

episode lays down a distinctive layer of sediment, creating the stratif ic ation 

that characterizes al luvial soi ls.  

To some degree, nutrient -rich materials  lost by upland soils,  are deposited on 

the river f loodplain and delta. Soi ls derived from alluvial sediments generally 

have characteristics seen as desirable for human settlem ent and agriculture.  

These characteristics include nearly level topography, proximity to water, high 

ferti l ity, and high productivity.  Although many alluvial soils  are well  drained, 

others may require artif icial drainage if  they are to be used for upland c rops 

or for stable building foundations.  

 

Streams that leave a narrow valley in an upland area and suddenly descend to 

a much broader valley below, deposit sediment in the shape of a fan, as the 

water spreads out and slows down. The rushing water tends to sort the 

sediment particles by size, f irst  dropping the gravel  and coarse sand, then 

depositing the f iner materials toward the bottom of the alluvial fan .  

Alluvial fan debris is found in widely scattered areas in mountainous and hi l ly 

regions. The soils derived from this debris often prove very pr oductive,  

although they may be quite coarse -textured.  
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Much of the f iner sediment carried by streams is not deposited in the 

f loodplain but is discharged into the lake, reservoir,  or ocean into which the 

streams flow. Some of the suspended material settles  near the mouth of the 

river, forming a delta .  A delta is often a continuation of a f loodplain. It  is  

clayey in nature and is l ikely to be poorly drained as well .  

Delta marshes are among the most extensive and biologically important of  

wetland habitats. Many of these habitats are today being protected or 

restored, but civi l izations both ancient and modern have also developed 

important agricultural areas by creating drainage and flood -control systems 

on the deltas.  

 

MA RINE SEDIMENTS :      Streams eventual ly deposit much of their sediment loads 

in oceans, estuaries, and gulfs. Deep marine clastic systems represent the 

planet’s ult imate sediment sink. The coarser fragments settle out near the 

shore and the f iner particles at a distance. Over long periods of t ime , these 

underwater sediments build up, in some cases becoming hundreds of meters 

thick. Changes in the relative elevations of sea and land may later raise these 

marine deposits above sea level,  creating a coastal plain.  

Marine deposits are quite variable i n texture. Some are sandy,  others are high 

in clay. Where streams have cut down through layers of marine sediments,  

clays,  s i lts,  and sand may be encountered side by side. All  of these sediments 

came from the erosion of upland areas, some of which were hig hly weathered 

before the transport took place. However, marine sediments generally have 

been subjected to soil -forming processes for a shorter period of t ime than 

their upland counterparts. As a consequence, the properties of the soils that 

form are heavily influenced by those of the marine parent materials.  

 

PA RENT MATE RIA L TRANSPORTE D BY GLAC IA L ICE A ND ME LTWA TE RS :  During the 

Pleistocene  epoch (about 10.000 to 1.000.000 years ago), up to 20% of the 

world’s land surface – northern North America, northern a nd central Europe, 

and parts of northern Asia – was invaded by a succession of great ice sheets,  

some more than 1 km thick. Present day glaciers in polar regions and high 
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mountains cover about a third as much area, but are not nearly so thick as the 

glaciers of the Great Pleistocene Ice Age. Even so,  if  al l  present -day glaciers 

were to melt, the world sea level would rise by about 65 m. Some scientists 

predict that if  the current global warming trend continues, these present -day 

glaciers could partially mel t,  causing an increase in sea level,  thus f looding 

many coastal areas around the world.  

Europe (and central Nord America) apparently sustained several distinct ice 

invasions over a period of 1 to 1.5 mill ion years. These invasions were 

separated by long, interglacial ,  ice-free intervals of warm or even semitropical 

cl imates. We now may be enjoying the mildness of another interglacial period.  

As the glacial ice pushed forward, the existing regolith with much of its mantle 

of soil  was swept away, hil ls were r ounded, valleys were f i l led, and, in some 

cases, the underlying rocks were severely ground and gouged. Thus, the glacier 

became fi l led with rock and al l  kinds of unconsolidated materials, carrying 

great masses of these materials as it  pushed ahead. Final ly , as the ice melted 

and the glacier retreated, a mantle of glacial debris  or drift  remained. This 

provided a new regolith and fresh parent material for soil  formation.  

The name drift  is applied to all  material of glacial origin, whether deposited 

by the ice or by associated waters. The materials deposited directly by the ice, 

called glacial ti l l ,  are heterogeneous (unstratif ied) mixtures of debris, which 

vary in size from boulders to clay. Glacial t i l l  may therefore be somewhat 

similar in appearance to colluvial materials, except that the coarse fragments 

are more rounded from their grinding journey in the ice, and the deposits are 

often much more densely compacted because of the great  weight of the 

overlying ice sheets.  Much glacial t i l l  is deposited in irr egular ridges cal led 

moraines .  

The torrents of water streaming forth from melting glaciers carried vast loads 

of sediment. In valleys and on plains, these glacial waters formed an outwash 

plain  from the sediment. In some places, where there was no escape f or the 

water, the forming of ponds began. The lacustrine deposits  formed in these 

glacial  lakes range from coarse delta materials  and beach deposits near the 

shore to larger areas of f ine silts and clay deposited from the deeper, more 

sti l l  waters at the center of the lake.  
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PA RENT MA TERIA LS TRA NSPORTED BY W IND :  Wind is capable of picking up an 

enormous quantity of material at one site and depositing it  at another. Wind 

can most effectively pick up material from soil  or regolith that is loose, dry, 

and unprotected by vegetation. Dry, barren landscapes have served, and 

continue to serve, as sources of parent material for soi ls forming as far away 

as the opposite side of the globe. The smaller the particles,  the higher and 

farther the wind will  carry them.  

Wind-transported (eolian) materials important as parent material for soil  

formation include, from largest to smallest particle s ize: dune sand ,  loess  

(pronounced “luss”), and aerosolic dust .  Windblown volcanic ash  from 

erupting volcanoes is a special case that is also worthy of mention.  

Dune sand: Along the beaches of the world’s oceans and large lakes,  and over 

vast barren deserts,  strong winds pick up medium and fine sand grains and 

pile them into hil ls of sand called dunes .  The dunes, ranging up to 100 m in 

height, may continue to slowly shift  their locations in response to the 

prevail ing winds.  Because most other minerals have been broken down and 

carried away by the waves, beach sand usually consists mainly of quartz, which 

is devoid of  plant  nutrients and highly resistant to weathering action . 

Nonetheless, over t ime dune grasses and other pioneering vegetation may 

take root and soil  formation may begin. Last reminders of dunes in Hungary 

you can f ind in the surroundings of Bugac.  

Loess: The windblown materials called loess  are composed primari ly of si lt  

with some very f ine sand and coarse clay. They cover wide areas in the central  

United States, eastern Europe, Argentina, and central Asia. Loess may be 

blown for hundreds of kilometers. The deposits farthest from the source are 

thinnest and consist of the f inest particles.  

In the United States and in eastern Europe, the main source of loess were the 

great barren expanses of t i l l  and outwash left back by the retreating glaciers 

of the last Ice Age. During the winter months, winds picked up f ine ma terials 

and moved them southward, covering the existing soils and parent materials 

with a blanket of loess that in some places of Hungary accumulated to as much 

as 30 m thick. From the coarser materials, namely sand, which stayed closer 

to their original p lace, dunes were formed.  
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While there were periodically warmer (interglacial) periods during the Ice Age 

too, in these warmer and more humid times, the plant cover was richer, so 

that former grasslands were replaced by forests or woody steppes. During 

these periods the formation of loess slowed down or came to an end, and on 

the formerly deposited loess soil  formation began. Therefore, at the edge of 

the Hungarian Great Plane thick layers of loess and soi l  formations of different 

age follow upon each other.  

In central and western China, loess deposits reaching 30 to 300 m in depth 

cover some 800.000 km 2 .  These materials have been windblown from the 

deserts of central Asia and are generally not associated direct ly with glaciers. 

These and other loess deposits tend to form si lty soi ls or rather high ferti l ity 

and potential productivity.  

Aerosol ic Dust: Very f ine particles (about 1 to 10 m) carried high into the air 

may travel fro thousands of kilometres before being deposited, usually with 

rainfall .  These f ine particles are cal led aerosol ic dust  because they can remain 

suspended in air,  due to their very small s ize. While this dust has not blanketed 

the receiving landscapes as thickly as is typical for loess, it  does accumulate 

at rates that make signif icant con tributions to soil  formation. Recent studies 

have shown that dust, originating in the Sahara Desert of northern Africa and 

transported over the Atlantic Ocean in the upper atmosphere,  is the source of 

much of the calcium and other nutrient found in the hig hly leached soils of  

the Amazon basin in South America.  

Volcanic Ash: During volcanic eruptions cinders fall  in the immediate vicinity 

of the volcano, while f ine, often glassy ash particles may blanket extensive 

areas downwind. Soi ls developed from vocanic  ash are most prominent within 

a few dozen to hundred kilometers of volcanoes. The soils formed on volcanic 

ashes are uniquely l ight and porous, and tend to accumulate organic matter 

more rapidly than other soils in the area.  

 

ORGANIC DEPOSITS:      Organic material accumulates in wet places where plant 

growth exceeds the rate of residue decomposition. In such areas residues 

accumulate over the centuries from wetland plants such as pondweeds (hínár),  

cattails (gyékény), sedges (sás), reeds (nád), mosses (moh a), shrubs, and 

certain trees. These residues sink into the water, where their  decomposition 
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is l imited by lack of oxygen. As a result,  organic deposits often accumulate up 

to several meters in depth. Collectively, these organic deposits are called 

peat .  

The rate of peat accumulation varies from one area to another, depending on 

the balance between production of plant material and its loss by 

decomposition. Cool cl imates and acidic conditions favour slow 

decomposition, but also slower plant production. Warm  climates and alkaline 

conditions favour rapid losses, but also rapid plant production. Enrichment 

with nutrients may increase the rate of organic production more than it  does 

the rate of decomposition, leading to very high net accumulation rates. 

Artif icial drainage, used to remove excess water from a peat soil,  lets air into 

the peat and drastical ly alters the balance between production and 

decomposition of organic matter. The result of such drainage is a reversal of  

the accumulation process and a loss or  subsidence of the peat soil.  

Based on the nature of the parent materials, four kinds of peat are recognized:  

1.  Moss peat, the remains of mosses such as sphagnum;  

2.  Herbaceous peat, residues of herbaceous plants such as 

sedges, reeds, and cattails;  

3.  Woody peat,  from the remains of woody plants, including trees 

and shrubs;  

4.  Sedimentary peat, remains of aquatic plants (e.g. ,  algae) and 

of fecal material of aquatic animals.  

In the Hungarian classif icat ion of peats we speak about moss peat  (upper 

peat), plain peat  ( lower peat), and of drained peat .  Hungarian moss peats can 

mainly be found on soils formed on acidic parent materials, covered by moss 

species (e.g. Sphagnum ),  under humid cl imate. The formation of plain peat 

occurred in ponds and slow moving waters of the Hanság, Kis-Balaton, 

Nagyberek,  Tapolcai -berek,  Ecsed and Sárrét regions.  In  cases where a wetland 

area has been drained, woody and herbaceous peats tend to make very 

productive agricultural soils that are especially well  suited for vegetable 

production. Note, that such use is  unsustainable because, once drained, the 

organic deposits will  decompose an disappear after a century or so; therefore, 

these areas might be better left in (or returned to) their natural  state, in which 
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they can serve as important env ironmental buffers and natural habitats for 

wildlife.  

While moss peats have high water -holding capacities, they tend to be quite 

acid. Sedimentary peat is generally undesirable as an agricultural soi l.  

The organic material is  called peat  or fibric  if  the residues are sufficiently 

intact to permit the plant f ibers to be identif ied. If  most of the material has 

decomposed sufficiently so that l itt le f iber remains, the term muck  or sapric  

is used. In mucky peats (hemic  materials)  some of the plant f ibers can be  

recognized an some cannot.  

 

Recognizing that the effects of parent materials on soil  properties are 

modified by the combined influences of climate ,  biotic activit ies ,  topography ,  

and time ,  we will  now turn to these other four factors of soil  formation.  

 

 

2.4.2 Climate 

Climate is perhaps the most influential of the four factors acting on parent 

material because it  determines the nature and intensity of weathering that 

occurs over large geographic areas. The principal cl imatic variables influencing 

soil  formation are effective precipitation  and temperature ,  both of which 

affect the rates of chemical,  physical,  and biological processes.  

 

EFFE CTIVE PRE CIPITATION :     We have already seen that water is essential for all  

the major chemical weathering reactions. To be effective in soil  formation,  

water must penetrate into the regolith. Effective Precipitation  is the amount 

of precipitation that is actual ly added and st ored in the soil.  During drier 

periods less than 5mm of daily rainfal l  would not be considered effective, as 

this amount of precipitation would l ikely evaporate from the surface before 

soaking into the ground. Effective precipitation enters the soil  and be comes 

avai lable to the plant. The greater the depth of water penetration, the greater 

the depth of weathering and soil  development. Surplus water percolating 
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through the soil  prof ile transports soluble and suspended materials  from the 

upper to the lower layers.  It  may also carry away soluble materials in  the 

drainage waters. Thus, percolating water stimulates weathering reactions and 

helps differentiate soil  horizons.  

Likewise, a deficiency of water is a major factor in determining the 

characteristics of so i ls of dry regions. Soluble salts are not leached from these 

soils,  and in some cases they build up to levels that l imit plant growth. Soil  

profiles in arid and semiarid regions are also apt to accumulate carbonates 

and certain types of cracking clays.  

 

TEMPE RA TURE :     For every 10°C rise in  temperature, the rates of biochemical  

reactions more than double. Temperature and moisture both influence the 

organic matter content of soil  through their effects on the balance between 

plant growth and microbial decomp osition. If  warm temperatures and 

abundant water are present in the profile at the same time, the processes of 

weathering, leaching, and plant growth wil l  be maximized. The very modest 

profile development characterist ics of cold areas contrasts sharply wit h the 

deeply weathered profiles of the humid tropics.  

Climate also influences the natural vegetation. Humid cl imates favour the 

growth of trees.  In contrast,  grasses are the dominant nat ive vegetation in 

subhumid and semiarid regions,  while shrubs and brus h of various kinds 

dominate in arid areas. Thus, cl imate exerts its influence partly through a 

second soil -forming factor, the l iving organisms.  

Considering soils with similar temperature regime, parent material,  

topography, and age, increasing effective a nnual precipitation generally leads 

to increasing clay and organic matter contents, greater acidity, and lower ratio 

of Si/Al (an indication of more highly weathered minerals). However, many 

places have experienced climates in past geologic epochs that  wer e not at all  

similar to the cl imate evident today. This fact is  i l lustrated in certain old 

landscapes in arid regions,  where highly leached and weathered soils stand as 

relicts of the humid tropical cl imate that  prevailed there many thousands of 

years ago.  
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2.4.3 Living Organisms 

Organic matter accumulation,  biochemical weathering, profile mixing, 

nutrient cycl ing, and aggregate stabil ity are al l  enhanced by the activit ies of  

organisms in the soil.  Vegetative cover reduces natural soi l  erosion rates, 

thereby slowing down the rate of mineral surface soi l  removal. Organic acids 

produced from certain types of  plant leaf  l itter bring iron and aluminium into 

solution by complexation and accelerate the downward movement of these 

metals and their accumulation in th e B horizon.  

 

Role of Natural Vegetation:  

ORGANIC  MATTE R ACCU MULATION :     The effect of vegetation on soil  formation can 

be seen by comparing properties of soils formed under grassland and forest 

vegetation near the boundary between these two ecosystems. I n the 

grassland, much of the organic matter added to the soil  is  from the deep 

fibrous grass root systems. By contrast,  tree leaves fall ing on the forest f loor 

are the principal source of soil  organic matter in the forest. Further 

differences are the frequent occurrence of f ires in grassland destroying large 

amounts of aboveground organic matter, and the much greater acidity under 

many forests which inhibits the action of certain soil  organisms that otherwise 

would mix much of the surface l itter into the mi neral  soil.  As a result,  the soils  

under grasslands generally develop a thicker A horizon with a deeper 

distribution of organic matter than in comparable soils under forests, which 

characteristically store most of their organic matter in the forest f loor ( O 

horizons) and a thin A horizon.  

The microbial community in a typical grassland soil  is dominated by bacteria,  

while that of the forest soil  is dominated by fungi. Differences in microbial 

action affect the aggregation of the mineral particles into stable  granules and 

the rate of nutrient cycling. The l ight -coloured, leached E horizon typically 

found under the O or A horizon of a forested soil  results from the action of 

organic acids generated mainly by fungi in the acidic forest l it ter. An E horizon 

is generally not found in a grassland soil .  

NUTRIE NT CYC LING BY  TREE S :     The abil ity of natural vegetation to accelerate the 

release of nutrient elements from minerals by biogeochemical weathering, and 
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to take up these elements from the soil ,  strongly influenc es the characterist ics 

of the soils that develop.  

Soil  acidity is especial ly affected. Differencies occur not only between 

grassland and forest  vegetation, but also between different species of forest  

trees.  Litter fall ing from coniferous tress (e.g.,  p in es,  f irs,  spruces, and 

hemlocks) wil l  recycle only small quantit ies of calcium, magnesium, and 

potassium compared to those recycled by l itter from some deciduous trees 

(e.g. ,  beech, oaks, and maples) that take up and store much larger amounts of  

these cations. Conifer tree roots take up less Ca, Mg, and K from mineral  

weathering deep in the profile and allow more of these nonacidic cations to 

be lost by leaching. Therefore, soil  acidity often develops more strongly in the 

surface horizons under coniferous v egetation than under most deciduous 

trees.  Furthermore,  the acidic, residous needles from conifer trees resist 

decomposition and discourage with distinctly separate layers of f ibric 

(undecomposed) and sapric (highly decomposed) material .  The leaves of 

deciduous trees are generally more readi ly broken down and are usual ly more 

inviting to earthworms. Thus, the deciduous trees generally form a thinner 

forest f loor with less distinct ion between layers and with more l itter mixed 

into the A horizon.  

As the deciduous leaves decompose, they release large amounts of Ca, Mg, 

and K that displace acid cations from the adsorption sites on the clay and 

humus particles in  the surface horizons.  The more efficient  uptake of  cat ions 

by roots of the deciduous trees may accele rate mineral weathering and 

acidif ication in the deeper horizons. In a further chapter we will  see, that 

nutrient cycling by plant roots can even alter the types of clay minerals in a 

soil .  

 

Role of Organisms 

The role of animals in soil -formation processes  must not be overlooked. Large 

animals, such as moles, voles, gophers and prairie dogs bore into the lower 

soil  horizons, bringing materials to the surface. Their tunnels are often open 

to the surface, encouraging movement of water and air into the subsurf ace 

layers.  In localized areas, they enhance mixing of the lower and upper horizons 

by creating, and later refi l l ing, underground tunnels. For example, dense 
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populations of prair ie dogs may completely turn over the upper meter of soi l  

in the course of several thousand years. Old animal burrows in the lower 

horizons often become fi l led with soil  material from the overlying A horizon, 

creating profile features known as crotovinas .  

EARTHW ORMS A ND  TERMITES :     Earthworms, termites, and other small animals 

bring about considerable soil  mixing as they burrow through the soil ,  

signif icantly affecting soi l  formation. Earthworms ingest soi l  particles and 

organic residues, enhancing the availabi l ity of plant nutrients in the material 

that passes through their bodies. They aerate and stir the soil  and increase 

the stabil ity of soi l  aggregates, thereby assuring ready infi ltration of water. 

Ants and termites, as they build mounds, also transport soi l  materials from 

one horizon to another. In general ,  the mixing activit ies  of animals, sometimes 

called pedoturbation ,  tends to undo or counteract the tendency of other soil -

forming processes to accentuate the differences among soil  horizons.  

HUMA N INFLUENCE S :     Human activit ies also influence soil  formation. For 

example, it  is  believed, that Native Americans regularly set f ires to maintain 

several large areas of prairie grasslands in Indiana and Michigan. In contrast,  

nowadays the suppression of forest f ires in Canada ends up in the stronger 

accumulation of organic matter in th e forest f loor, causing much more 

devastating f ires with much higher temperatures, which seem to effect the 

structure of surface soils. This again leads to more frequent landslides often 

destroying human settlements.  

Human destruction of natural vegetation  (trees and grass) and subsequent 

ti l lage of the soil  for crop production has in recent t imes abruptly modified 

soil  formation. Likewise, irr igating an arid region soil  drastically influences the 

soil-forming factors, as does adding ferti l izer and l ime to soils  of low ferti l ity.  

In surface mining and urbanizing areas today, bulldozers may have an effect 

on soils almost identical to that of the ancient glaciers; they level and mix soil  

horizons and set the clock of soil  formation back to zero.  

 

2.4.4 Topography 

Topography relates to the configuration of the land surface and is described 

in terms of differences in elevation, s lope, and landscape position – on other 
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words, the lay of the land. The topographical setting may either hasten or 

retard the work of cl imatic forces. Steep slopes general ly encourage rapid soil  

loss by erosion and allow less rainfal l  to enter the soil  before running off. In 

semiarid regions, the lower effective rainfall  on steeper slopes also results in 

less complete vegetative cover, so there is less plant contribution to soil  

formation. For al l  of these reasons, steep slopes prevent the formation of soil  

from getting very far ahead of soil  destruction.  Therefore, soils on steep 

terrain tend to have rather shallow, poorly develope d profiles in comparison 

to soils of nearby, more level sites (Figure 2.3).  

 

Figure 2.3 Topography influences soil  properties, inc lud ing so i l  depth .  The d iagram 

on the lef t  shows the ef fect  of  s lope on the prof i le character i st ics  and the depth of  a  so i l  

on which forest  trees are the natura l  vegetat ion.  The photo on the r ight  i l lust rates the 

same pr incip le under grass land vegetat io n.  Often a  re lat ively  smal l  change in  s lope can 

have a  great  ef fect  on soi l  development.   

 

In swales and depressions where runoff water tends to concentrate, the 

regolith is usually more deeply weathered and soil  profile development is  

more advanced. However, in the lowest landscape positions, water may 

saturate the regolith to such a degree that drainage and aeration are 

restricted. Here the weathering of some minerals and the decomposition of 

organic matter are retarded, while the loss of iron and mangane se is  
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accelerated. In such low-lying topography, special profile features 

characteristic of wetland soils may develop.  

Soils commonly occur together in groups, with each member of the group 

occupying a characteristic topographic position. When each of the soils occurs 

on similar parent material but in a different sequential position from the top 

to the bottom of a slope, the group of soi ls is cal led a catena .  

INTE RAC TION W ITH VE GE TATION :     Topography often interacts with vegetation to 

influence soil  format ion. In grassland-forestry transition zones, trees are 

commonly confined to the slight depressions where soil  is generally wetter 

than in upland positions. If  water stands for part or all  of the year in a 

depression in the landscape, cl imate is less influe ntial in  regulating soi l  

development. Low-lying areas may so give rise to peat bogs and, in turn, to 

organic soi ls.  

SLOPE ASPE CT :     Topography affects the absorbance of solar energy in a given 

landscape. In the northern hemisphere, south -facing slopes are  more 

perpendicular to the sun’s rays and are generally warmer and thereby 

commonly lower in moisture than their north -facing counterparts.  

Consequently, soi ls on the south slopes tend to be lower in organic matter and 

are not so deeply weathered.  

PA RENT MA TE RIAL  INTERAC TIONS :     Topography also can interact with parent 

material .  For example, in areas of  t i lted beds of sedimentary rock, the ridges 

often consist of resistant sandstone, while the valleys are underlaid by more 

weatherable l imestone. In many la ndscapes, topography reflects the 

distribution of residual, col luvial,  and alluvial parent materials, with residual 

materials on the upper slopes, col luvium covering the lower slopes, and 

alluvium fi l l ing the valley bottom.  

 

2.4.5 Time 

Soil-forming processes take time to show their effects.  The clock of soil  

formation starts t icking when a landslide exposes new rock to weathering 

environment at the surface, when a f looding river deposits a new layer of  

sediment on its f loodplain, when a glacier melts and du mps its load of mineral  
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debris, or when a bulldozer cuts and fi l ls  a landscape to level  a construction 

or mine-reclamation site.  

RATE S OF WEATHERING :     When we speak of a “young” or a “mature” soi l,  we are 

not so much referring to the age of the soil  in y ears, as to the degree of 

weathering and profi le development. Time interacts with the other factors of  

soil  formation. For example, on a level site in a warm climate, with much rain 

fall ing on permeable parent material rich in reactive minerals, weathering  and 

soil  profile differentiation wil l  proceed far more rapidly than on a site with 

steep slopes and resistant parent material in a cold, dry climate.  

EXAMPLE S OF SOIL  GE NESIS  OVER T IME :     Figure 2.4 i l lustrates changes that 

typically take place during so il  development on residual rock in warm, humid 

climate. During the f irst 100 years, l ichens and mosses establish themselves 

on the bare exposed rock and begin to accelerate its breakdown and the 

accumulation of dust  and organic matter. Within a few hundred  years, grasses, 

shrubs and stunted trees have taken root in a deepening layer of disintegrated 

rock and soil,  adding greatly to the accumulation of organic materials and to 

the formation of  the A and C horizons. During the next 10.000 years or so,  

successions of forest trees establ ish themselves and the activit ies of a 

multitude of t iny soil  organisms transform the surface plant l itter into a 

distinct O horizon. The A horizon thickens somewhat, becomes darker in  

colour, and develops a stable granular struc ture. Soon, a bleached zone 

appears just below the A horizon as soluble weathering products, and iron 

oxides, and clays are moved down with the water and organic acids, 

percolat ing down from the l itter layer. These transported materials begin to 

accumulate in a deeper layer, forming a B horizon. The process continues, with 

more sil icate clay accumulating and blocky structure forming as the B horizon 

thickens and becomes more dist inct.  Eventually,  the si l icate clays themselves 

break down, some si l ica is leached away, and new clays containing less si l ica 

form in the B horizon. These clays often become mixed or coated with oxides 

of iron and aluminium, causing the B horizon to take on a reddish hue. As the 

entire profile continues to deepen over t ime, the zone of weathered, 

unconsolidated rock may become many meters thick.  
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Figure 2.4 Progressive stages of soi l  profi le development  over  t ime for  a  res idua l  

igneous  rock ,  in  a  warm,  humid  c l imate that  i s  conducive  ( favourable)  to  forest  vegetat ion.  

The t ime scale  increases logar ithmica l ly  f rom left  to  r ight ,  cover ing  more than 100.000 

years .   

 

CHRONOSE QUE NCE :     Most soi l -profile features develop so slowly that it  is not 

possible to directly measure time -related changes in their  formation. Indirect  

methods, such as carbon dating or the presence of fossils and human artifacts, 

must be turned to for evidence about the time required for soil  development 

to occur.  

In a different approach to studying the effects of t ime on soil  development, 

soil  scientists look for a chronosequence  – a set of soils that share a common 

community of organisms, cl imate, parent material ,  and topography, but differ 

with regard to the length of t ime that the materials have been subjected to 

weathering and soil  formation. A chronosequence can  sometimes be found 

among the soi ls forming on alluvial terraces of differing ages.  
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The simultaneous and interdependent influences of  the f ive factors of soi l  

formation present many challenges to those who would l ike to understand just  

how a given soil  was formed or predict what soil  properties are l ikely to be 

encountered in a given environment. With this in mind, we will  now focus on 

the processes that change parent material into a soil,  processes that operate 

under the influence of the f ive major factor s of soil  formation we have just 

considered.  

 

2.5 Four Basic Processes of Soil Formation  

The accumulation of regolith from the breakdown of bedrock, or the 

deposition (by wind, water, ice, etc.) of unconsol idated geologic materials may 

precede or, more commonly, occur s imultaneously with the development of 

the distinctive horizons of a soil  profile.  During the formation ( genesis ) of a 

soil  from parent material,  the regolith undergoes many profound changes. 

These changes are brought about by variations in  the four broad soil -forming 

processes considered next. These four basic processes – often referred to as 

the soil-forming, or pedogenic processes – help define what distinguishes soi ls  

from layers of sediment deposited by geologic processes. They are resp onsible 

for soil  formation in all  kinds of environment.  

TRA NSFORMATIONS :     Transformations  occur when soil  constituents are 

chemical ly or physically modified or destroyed and others are synthesized 

from the precursor materials. Many transformations involv e weathering of 

primary minerals, disintegrat ing and altering some to form various kinds of  

si l icate clays.  As other primary minerals decompose, the decomposition 

products recombine into new minerals that include additional  types of s i l icate 

clays and hydrous oxides of iron and aluminium. Other important 

transformations involve the decomposition of organic residues and the 

synthesis of organic acids, humus and other products. Sti l l  other 

transformations change the size (e.g.,  physical weathering to smaller 

particles) or arrangement (e.g. ,  aggregation) of mineral particles.  

TRA NSLOC ATIONS :     Translocations  involve the movement of inorganic and 

organic materials laterally within a horizon or vertically from one horizon up 
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or down to another. Water, either per colation down with gravity or ris ing up 

by capil lary act ion, is the most common translocation agent. The materials  

moved within the profile include dispersed fine clay particles, dissolved salts, 

and dissolved organic substances. Translocations of material s by soil  

organisms also have a major influence on soil  genesis. Important examples 

include incorporation of surface organic l itter into the A and B horizons by 

certain earthworms, transport of B and C horizon material to the surface by 

mound-builing termites, and the widespread burrowing actions of rodents.  

ADDIT IONS :     Inputs of materials to the developing soil  profi le from outside 

sources are considered additions .  A very common example is the input of 

organic matter from fallen plant leaves and sloughed -off roots (the carbon 

having originated in the atmosphere). Another ubiquitous addition is dust 

particles fall ing on the surface of the soil.  Sti l l  another example, common in 

arid regions, is the addition of salts or si l ica dissolved in the groundwater an d 

deposited near or at  the soil  surface when the rising water evaporates.  

LOSSE S:     Materials are lost from the soil  profile by leaching to groundwater,  

erosion of surface materials, or  other forms of removal. Evaporation and plant 

use cause losses of  water. Leaching and drainage cause the loss of water, 

dissolved substances such as salts or si l ica weathered from parent minerals,  

or organic acids produced by microorganisms or plant roots. Erosion, a major 

loss agent, often removes the f iner particles (humu s, clay and silt),  leaving the 

surface horizon relat ively sandier and less rich in organic matter than before. 

Organic material is also lost by microbial decomposition. Grazing by animals 

or harvest by people can remove large amounts of both organic matter  and 

nutrient elements.  Of course, animals and people can also contribute 

additions, such as manure and ferti l izers.  

 

These processes of  soil  genesis, operating under the influence of the 

environmental  factors discussed previously, give us a logical  framew ork for 

understanding the relationships between particular soils and the landscapes 

and ecosystems in which they function. In analyzing these relationships for a 

given site, ask yourself:  What are the materials being added to this soil? What 

transformations and translocations are taking place in this  profile? What 

materials are being removed? And how have the cl imate, organisms, 
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topography, and parent material at this  site affected these processes over 

t ime? 

 

A  S IMPLIFIED  EXA MPLE  OF  SOIL-FORMING PROCE SSES  IN AC TION :     Consider the 

changes that might take place as a soil  develops from a thick layer of relatively 

uniform loess parent material in a climate conducive to grass vegetation 

(Figure 2.4), as often to be found in Hungary.  

Although some physical weat hering and leaching of carbonates and salts may 

be necessary to al low plants to grow in certain parent materials, soil  formation 

really gets started when plants become established and begin to provide 

additions  of l itter and root residues on and in the sur face layers of the parent 

material .  The plant residues are transformed by soi l  organisms into humus and 

other new organic substances.  The accumulation of humus enhances the 

capacity of the soil  to hold water and nutrients, providing a positive feedback 

for accelerated plant growth and further humus buildup. Earthworms, ants,  

termites,  and a host of smaller animals come to l ive in the soil  and feed on 

the newly accumulating organic resources. In so doing, they accelerate the 

organic transformations ,  as well  causing the translocation  of plant residues, 

loosening the mineral material as they burrow into the soil .  
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Figure 2.4 Development of a hypothetical soil  in  about  2 m of  uniform ca lcareous 

loess  deposit s,  where the warm subhumid  c l imate i s  conducive to  ta l l  grass  prair ie 

vegetat ion.  The t ime scale  increases  logar ithmica l ly  from left  to  r ight ,  cover ing  about  

12.000 years .  In  the in i t ia l  stages,  ra inwater ,  charged  with  organic  ac ids  f rom microb ia l  

resp irat ion ,  d issolves  carbonates  from the loess  and  moves them downward to  a  zone of  

accumulat ion  (Bk  horizon).  As  th is  happens,  p lant  roots  take ho ld  in  the upper  layer  and 

add the organ ic  matter  necessary  to  create  an  A  hor izon .  Ants,  beet les,  earthworms,  and  a  

host  o f  smal ler  creatures  take up res idence and act ive ly  mix  in  sur face l i t ter  and  speed  the 

re lease  o f  nutr ients  f rom the minera ls  and p lant  residues.  Over t ime the carbonate  

concentrat ion  zone moves deeper,  the A horizon th ickens,  and noncalcareous B horizons 

develop as  change i n  co lor  and structure  occur  in  the weather ing  loess  above the zone of  

carbonate accumulat ion .  Eventual ly ,  s i l icate c lay  accumulates in  the B horizon (giv ing i t  

the des ignat ion Bt ) ,  both by stat ionary  weather ing of  pr imary  minera ls  and by travel l ing 

there  with  water  perco lat ing from the upper horizons.   

 

A-HORIZ ON DEVELOPME NT :     The resulting organic-mineral mixture near the soil  

surface, which comes into being rather quickly, is commonly the f irst soil  

horizon developed, the A horizon. It  is  darker in colo r and its chemical  and 

physical properties differ from those of the original parent material .  Individual  

soil  particles in this horizon commonly clump together under the influence of  
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organic substances to form granules, differentiating this layer from the deeper 

layers and from the original parent material .  On sloping land, erosion may 

remove some materials from the newly forming upper horizon, retarding,  

somewhat, the progress of horizon development.  

FORMATION OF B-  A ND C-HORIZ ONS :     Carbonic and other or ganic acids are carried 

by percolating waters into the soil ,  where they stimulate weathering 

reactions.  The acid-charged percolating water dissolves various minerals (a 

transformation ) and leaches the soluble products (a translocation)  from upper 

to lower horizons,  where they may precipitate. This combination of 

transformation and translocation create i l luviation  zones of depletion in the 

upper layers and zones of accumulation  in the lower. The dissolved substances 

include both positively charged ions (cati ons; e.g.,  Ca 2 +)  and negatively 

charged ions (anions; e.g.,  CO 3
-  and SO4

2 -) released from the breakdown of 

minerals and organic matter. In semiarid and arid regions, precipitation of 

these ions produces horizons enriched in calcite (CaCO 3) or gypsum 

(CaSO4 2H2O), designated as a Bk layer in Figure 2.4.  

Over t ime, the leached surface layer thickens, and the zone of  Ca accumulation 

is moved deeper down to the maximum depth of water penetration. Where 

rainfall  is great enough to cause signif icant drainage to t he groundwater, some 

of the dissolved materials may be completely removed from the developing 

soil  profile ( losses) ,  and the zone of accumulation may move below the reach 

of plant roots, or be dissipated altogether. On the other hand, deep -growing 

plant roots may intercept some of these soluble weathering products and 

return them, through leaf - and l itter-fal l ,  to the soi l  surface, thus retarding 

somewhat the processes of acid weathering and horizon differentiation.  

The weathering of primary minerals into  clay minerals becomes evident only 

long after the dissolution and movement of Ca is well  underway. The newly 

formed clay minerals may accumulate where they are formed, or they may 

move downward and accumulate deeper in the profile. As clay is removed from  

one layer and accumulates in another, adjacent layers become more distinct 

from each other, and a Bt horizon (one enriched in si l icate clay) is formed. 

When the accumulated clay in the Bt horizon periodically dries out and cracks, 

blocklike or prismatic units of soil  structure begin to develop. As the soil  

matures, the various horizons within the profile generally become more 

numerous and more distinctly different from each other.  
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2.6 The Soil Profile 

At each location on the land, the earth’s surface has experienced a particular 

combination of influences from the f ive soil -forming factors, causing a 

different set of layers (horizons) to form in each part of the landscape, thus 

slowly giving r ise to the natural bodies we call  soils .  Each soil  is characterized 

by a given sequence of these horizons. A vertical exposure of this sequence is 

termed a soil  profile .  We wil l  now consider the major horizons making up soil  

profiles and the terminology used to describe them.  

 

2.6.1 The Master Horizons and Layers  

Five master horizons  are recognized and are designated using the capital  

letters O, A, E, B, and C.  Subordinate horizons may occur within some master 

horizons and these are designated by lowercase letters following the capital 

master horizon letters (e.g.,  Bt, A p, or Oi).  

O-HORIZ ONS :     The O group is comprised of organic horizons that generally 

form above the mineral soi l  or occur in an organic soil  prof ile. They derive 

from dead plant and animal residues.  Generally absent in grassland regions, O 

horizons usually occur in forested areas and are commonly referred to as the 

forest f loor.  

Often three subordinate O horizons can be distinguished.  

The Oi horizon  is an organic horizon of  fibric  materials  – recognizable plant  

and animal parts (leaves, twigs, and needles), only sl ightly decomposed. The 

Oi horizon is referred to as the l itter  or L layer  by foresters in some parts of  

Europe.  

The Oe horizon  consists of hemic materials – f inely fragmented residues 

intermediately decomposed, but sti l l  with much fiber evident when rubbed 

between the f ingers. This layer corresponds to the fermentation  or F layer  

described by some foresters.  

The Oa horizon  consists sapric materials – highly decomposed, smooth, 

amorphous residues that do not retain much fiber or recognizable tissue 
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structures. This is the humified or H layer  designated by foresters in some 

parts of Europe.  

A-HORIZ ONS :     The topmost mineral horizons, designa ted A horizons, general ly 

contain enough partially decomposed (humified) organic matter to give the 

soil  a color darker than that of the lower horizons. The A horizons are often 

coarser in  texture, having lost  some of the f iner materials by translocation t o 

lower horizons and by erosion.  

E-HORIZ ONS :     These are zones of maximum leaching or eluviation  (from Lat in 

ex  or e ,  out, and lavere ,  to wash) of clay, iron, and aluminium oxides, which 

leaves a concentration of resistant minerals, such as quartz,  in the  sand and 

silt  sizes. An E horizon is usually found underneath the A horizon and is 

generally l ighter in color than either the A horizon above it  or the horizon 

below. Such E horizons are quite common in soils  developed under forests, but 

they rarely occur  in soils developed under grassland.  

B-HORIZ ONS :     B horizons form below an O, A, or E horizon and have undergone 

sufficient changes during soi l  genesis so that the original parent material  

structure is no longer recognizable. In many B horizons materials  have 

accumulated, typical ly by i l luviation  (from the Latin i l ,  in, and lavere ,  to wash) 

from the horizons above. In humid regions, B horizons are the layers of 

maximum accumulat ion of materials such as iron and aluminium oxides (Bo or 

Bs horizons) and sil icate clays (Bt horizons), some of which may have i l luviated 

from upper horizons and some of which may have formed in place. In  arid and 

semiarid regions, calcium carbonate or calcium sulphate may accumulate in 

the B horizon (giving Bk and By horizons, res pectively).  

C-HORIZ ON :     The C horizon is the unconsolidated material underlying the 

solum (A and B horizons). It  may or may not be the same as the parent material  

from which the solum formed. The C horizon is below the zones of greatest  

biological  act ivi ty and has not been sufficiently altered by soil  genesis to 

qualify as a B horizon. While loose enough to be dug with a shovel, C horizon 

material often retains some of the structural features of the parent rock or 

geologic deposits from which it  formed. I ts upper layers may in t ime become 

a part of the solum as weathering and erosion continue.  

R  LAYE RS:     These are consol idated rock, with l itt le evidence of weathering.  
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2.6.2 Subdivisions within Master Horizons  

Often distinctive layers exist within a give n master horizon,  and these are 

indicated by a numeral fol lowing the letter designation. For example, if  three 

different combinations of structure and colors can be seen in the B horizon, 

then the profile may include a B1 -B2-B3 sequence.  

If  two different geologic parent materials (e.g.,  loess over glacial t i l l )  are 

present within the soil  profile, the numeral 2 is placed in front of the master 

horizon symbols for horizons developed in the second layer of  parent material .  

For example, a soil  would have a seq uence of horizons designated O-A-B-2C if  

the C horizon developed in glacial t i l l  while the upper horizons developed in 

loess.  

 

2.6.3 Transition Horizons 

Transitional layers between the master horizons (O, A,  E, B and C) may be 

dominated by properties of on e horizon but also have prominent 

characteristics of another. The two applicable capital letters are used to 

designate the transitional horizons (e.g.,  AE, EB, BE and BC). The master 

horizon symbol that is give f irst designates the kind of horizon whose 

properties dominate the transitional horizon.  

In some cases, transitional horizons have distinct  parts with recognizable 

properties of two kinds of master horizons: in such a case these are indicated 

as above, but the two capital letters are separated by a virgule (/),  such as 

E/B, B/E, B/C or C/R. Commonly, most of the individual parts of one of the  

components are surrounded by the other.  

 

2.6.4 Subordinate Characteristics Within Master Horizons and 

Layers 

Designations of subordinate distinctions and features within the master 

horizons and layers are based on profile characteristics observable in the  f ield 

and are applied during the description of the soil  at the site. Lower case letters 

are used as suffixes to designate specif ic kinds of master horizons and layers,  
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and other features. For example, three types of  O horizons (Oi, Oe,  and Oa) 

mentioned above are commonly encountered sequences of organic horizons. 

Other subordinate distinctions include special physical properties and the 

accumulation of particular materials, such as clays and salts. A l ist  of the 

recognized subordinate letter designations  and their meanings (by FAO) is  

given in Table 2.2.  

Table 2.2 Lowercase letter symbols to designate subordinate distinct ions 

within master horizons  

Letter  Dist inct ion  Letter  Dist inct ion  

A Organic matter ,  highly decomposed  n  Accumula tion of exchangeable 

sodium (Na)  (pedogenet ic)  

B Bur ied genet ic  soi l  hor izon  o  Accumula tion of Fe  and Al  

(pedogenetic)  

C Concret ion or  nodules  p  Ploughing or  other  human 

dis turbance  

D Dense layer  (physically roo t  

res tr ict ive)  

q  Accumula tion of pedogenet ic  

si l ica  

E Organic mater ial ,  intermedia te  

decomposi t ion  

r  Strong reduction  

F  Frozen so il  s  I l luvial  accumulat ion of  

sesquioxides  (Fe,  Al)  and  organic  

matter  

G Stagnic  condit ions  (gleying,  

mott l ing)  

ss  Sl ickenslides ( shiny c lay wedges)  

H Accumula tion of  organic mat ter  t  Accumula tion of si l icate  c lays  

( i l luvia l)  

I  Organic matter ,  s l ight ly  

decomposed  

v  Occurrence of p l inthi t  (high iron,  

red mater ial)  

J  Jarosi te  accumula tion (yel lo w 

sulphur  mineral)  

w Development o f d ist inct ive co lour  

or  s tructure  

J j  Cryoturbat ion ( fros t  mixing)  x  Fragipan (high bulk densi ty,  

br i t t le)  

K Accumula tion of carbonates  

(pedogenetic)  

y  Accumula tion of  gypsum 

(pedogenetic)  
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M Cementat ion or  indurat ion 

(pedogenetic ,  massive)  

z  Accumula tion of  so luble  sa l t s  

 

We suggest that you mark this table for future reference, and study it  now to 

get an idea of the distinctive soil  properties that can be indicated by horizon 

designations. In an example, a Bt horizon is a B horizon characterized by clay 

accumulation (t  from German Ton ,  meaning clay); l ikewise,  in a Bk horizon,  

carbonates (k) have accumulated pedogenetical ly.  

It  is  not l ikely that the profile of any one soil  wil l  show all  of the master 

horizons as indicated above. For example, in some cultivated land, seriou s 

erosion produces a truncated profile .  As the surface soil  is swept away over 

the years, the plough reaches deeper and deeper into the profile. Hence, the 

ploughed zone in many cases consists almost entirely of former B horizon 

material ,  and the C horizon  is correspondingly near the surface. Comparison 

to a nearby non-eroded site can show how much erosion has occurred.  

 

2.6.5 Soil Genesis in Nature 

Not every contrasting layer of material  found in soil  profiles is a genetic 

horizon  that developed as a result of  the processes of  soi l  genesis,  such as 

those described. The parent materials from which many soils  develop 

contained contrast ing layers before soi l  genesis started. For example, such 

parent materials as glacial outwash, marin e deposits, or recent alluvium may 

consist of various layers of f ine and coarse particles laid down by separate 

episodes of sedimentation. Consequently, in characterizing soils,  we must 

recognize not only the genetic horizons and properties that come into being 

during soil  genesis, but also those layers or properties that may have been 

inherited from the parent material.  

 

Study Questions? 

1.  What is  meant by the statement,  weathering combines the 

processes of destruction and synthesis ? Give an example of these  

two processes in the weathering of a primary mineral?  
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2.  How is water involved in the main types of chemical weathering 

reactions? 

3.  Explain the signif icance of the ratio of si l icon to aluminium in soil  

minerals? 

4.  Give an example of how parent material  may vary  across large 

geographic regions on one hand, but may also vary within a small  

parcel of land, on the other.  

5.  Name the f ive main factors affecting soil  formation. With regard 

to each of these factors of soil  formation, compare a forested 

North Hungarian Mountains slope to the semiarid Hungarian Great 

Plain below.  

6.  How do colluvium ,  glacial t i l l ,  and alluvium  differ in appearance 

and agency of transport?  

7.  What is loess, and what are some of its properties as a parent 

material?  

8.  Give two specif ic examples for eac h of the four broad processes 

of soil  formation.  

9.  Assuming a level area of granite rock was the parent material in 

both cases, describe in general terms how you would expect two 

soil  profiles to differ, one in a warm, semiarid grassland and the 

other in a cool, humid pine forest.  

10.  For the two soi ls described in question 5, make a prof ile sketch 

using master horizon symbols and subordinate suffixes to show 

the approximately depths, sequence, and nature of the horizons 

you would expect to f ind in each soil.  

11.  Visualize a slope in the landscape near where you l ive. Discuss 

how specif ic soil  properties would l ikely change along the 

toposequence of soi ls on this slope.  
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3. Soil Architecture and Physical Soil Properties  

And when the crop grew, and was 

harvested,  No man had crumbled a hot 

clod in his  f ingers  

and let  the earth s i ft  past  his  

f ingert ips.  

- J O H N  S T E I N B E C K ,  T H E  G RA P E S  OF  W RA T H  

 

Soil  physical properties profoundly influence how soi ls function in an 

ecosystem and how they can best be managed. Success or failure of both 

agricultural and engineering projects often hinges on the physical properties 

of the soil  used. The occurrence and growth of many plant species are closely 

related to soil  physical properties, as is the movement over and through soils 

of water and its dissolved nutrients and chemical pol lutants.  

Soil  scientists use the color, texture, and other physical properties of soil  

horizons in classifying soil  profiles and in making determinations about soil  

suitabil ity for agricultural and environmen tal projects. Knowledge of the basic 

soil  physical propert ies is not  only of great practical value in itself,  but will  

also help in understanding many aspects of soils considered in later chapters.  

The physical properties considered in this chapter focus o n soil  sol ids and on 

the pore spaces between the solid particles. Together, soil  texture and 

structure help determine the abil ity of the soil  to hold and conduct the water 

and air necessary for sustaining l ife. These factors also determine how soils 

behave when used for highways and building construction and foundations, or 

when manipulated by ti l lage. In fact ,  through their influence on water 

movement through and off soils,  soil  physical properties also exert 

considerable control  over the destruct ion of th e soil  itself  by erosion.  

 

3.1 SOIL COLOR 

Soil  colors have l itt le effect on the behavior and use of soils. However, they 

do provide valuable clues to the nature of other soil  properties and conditions. 

Because of the  importance of  color in soil  classif icat ion and interpretation, a 

standard system for accurate color description has been developed using 
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Munsell  color charts. In this system, a small piece of soil  is compared to 

standard color chips in a soil  color book. Each color chip is described by the 

three components of color: the hue  ( in soils,  usually redness or yellowness), 

the chroma  ( intensity or brightness, a chroma of 0 being neutral gray), and 

the value  ( l ightness or darkness, a value of 0 being black).  

 

Causes of Soil  Colors  

Three major factors have the greatest influence on the color of a soil:  (1) its 

organic matter content, (2) its water content, and (3) the presence and 

oxidation states of iron and manganese oxides. Organic matter tends to be 

dark brown to black in color. As a consequence, so il  horizons high in organic 

matter are darker in  color than are those that are lower in this constituent.  

Organic coatings tend to darken and mask the brighter colors from compounds 

such as iron oxides.  

Water content of a soil  a lso influences its color, mo ist soils generally being 

darker in color than dry ones. But water levels have an even more signif icant 

and indirect effect on soil  color. The quantity of soil  water inf luences the level 

of soil  air,  and more specif ically of soil  oxygen. Oxygen, in turn, d etermines 

the oxidation state of several elements,  and especially of iron in its oxide 

minerals. Red or brown colors of well -drained uplands, especial ly in the 

tropics, suggest the presence of oxidized iron oxides, in contrast to the grays 

and blues dominant where chemically reduced conditions exist . Other minerals 

that sometimes give distinctive colors are manganese oxide (black), glauconite 

(green), and carbonates, such as calcite, that impart a whit ish color to subsoils 

of semiarid regions.  

 

Interpreting Soil  Colors  

Colors can tell  us a great deal about a soi l  and are therefore used extensively 

in classifying soils. Typically A horizons are darker and B horizons are brighter 

in color than adjacent horizons. Color is used as a diagnostic criterion for 

classifying soil .  For example, a moll ic epipedon is so dark that both its value 

and its chroma are 3 or less in  the Munsel l  color book. Al l  soils  when wet tend 

to be darker in color (lower value) than when dry.  
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The colors of iron-containing minerals tel l  much about the hydrologic regime 

or drainage status of a soi l.  Bright (high -chroma) colors, indicative of the 

oxidized state of the iron, are typical of well -drained soi ls through which 

drainage water and air move easi ly. Under prolonged anaerobic conditions,  

iron is chemically reduced to compounds that have low -chroma (gray, bluish, 

or gray-green) colors, a condition referred to as gley.  

 

3.2 SOIL TEXTURE (SIZE DISTRIBUTION OF SOIL PARTICLES)  

The knowledge of the proportions of different -sized particles in a soil  ( i .e.,  the 

soil  texture) is crit ical for understanding soil  behavior and management.  When 

investigating soils on a site, the texture of various soil  horizons is often the 

f irst and most important property to determine, for a soil  scientist can draw 

many conclusions from this information. Furthermore,  the texture of a soil  in  

the f ield is not readily subject to change, so it  is considered a basic property 

of a soil .  

 

Soil  Separates 

Diameters of individual soil  particles range over six orders of magnit ude, from 

boulders (1 m) to submicroscopic clays (<10 - 6  m). Scientists group these 

particles into soil  separates according to several  classif ication systems, as 

shown in Figure 3.1.  The classif ica tion established by the U.S.  Department of 

Agriculture is used in this text. The size ranges for these separates are not 

purely arbitrary, but reflect major changes in how the particles behave and in 

the physical properties they impart to soi ls.  

Gravels, cobbles, boulders and other coarse fragments greater than 2 mm in 

diameter may affect the behavior of a soi l,  but they are not considered to be 

part of the fine earth fraction to which the term soi l  texture properly appl ies.  

SAND .  Sand particles are those smaller than 2 mm but larger than 0.05 mm (2 

-  0.02 mm due to the Atterberg-classif ication, used in Hungary). They may be 

rounded or angular depending on the extent to which they have been worn 

down by abrasive processes during soil  formation. The coarsest sand particles 

may be rock fragments containing sever al minerals, but most sand grains 

consist of a single mineral,  usually quartz (SiO 2) or other primary si l icate 
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(Figure 3.2). The dominance of quartz means that the sand separate generally 

has a far smaller total content of plant nutrients than do the f iner  separates.  

 

 

FIG URE 3 .1  C la s s i f ica t io n o f  so i l  par t ic l es  a ccor di n g  to  t he ir  s i ze .  T h e s ha d e d  sca le  i n  t he c e nt er  

an d t h e nam e s on  t h e d r awi ng s  o f  pa rt ic l e s  fo l low  th e Un it e d St at es  D e par t me nt  o f  Ag r ic ul t ur e  

sy st em,  w h ich  i s  w i d el y  us ed  t hro u gho ut  t he  wor ld .  The  U SD A sy st em i s  a lso  u se d i n  t h is  book .  T he  

oth er  two  sy st em s s hown  ar e  a lso  wi d el y  u se d  by  so i l  sc i e nt is t s  an d  by  h i ghw ay  con st r uct ion  

en g in e er s .  T h e draw i ng  i l l us tr at es  t h e s iz e  o f  so i l  s e par at e s  ( not e sca l e) .  

 

 

 

FIG URE 3.2  G e ne ra l  r e lat ion s hi p  b etw ee n pa rt ic l e  s iz e  an d k i n d s  o f  m i ne r a ls  p r es e nt .  Qua rtz  

domi na t es  t h e sa nd  a n d c oars e s i l t  f rac t io n s.  P r i ma ry  s i l i cat e s  s uch  a s  t he  f e l ds pa r s ,  hor n bl e nd e,  

an d mic as  ar e  p re s en t  i n  th e s an d s  a nd,  i n  d ecr ea s i n g amo un ts ,  i n  t he s i l t  f ract io n.  Seco n dar y  

s i l i c at es  dom in at e t he  f i ne  c lay .  O th e r  s econ da r y  m i ne ra l s ,  suc h  a s  t he  ox i de s  o f  i ron  a n d 

a l umi n um,  ar e  prom i ne n t  in  t he  f i n e s i l t  a nd  c l ay  f r act io n s.  

 

Sand feels gritty between the f ingers and the particles are generally visible to 

the naked eye. As sand particles are relatively large, so,  too, the voids 
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between them are relatively large and promote free drainage of water and 

entry of air into the soil.  The relationship between particle s ize and specific 

surface area (the surface area for a given volume or mass of particles) is 

i l lustrated in Figure 3.3. Because of their large size, particles of sand have 

relatively low specif ic surface area. Therefore, sand particles can hold l itt le 

water, and soi ls dominated by sand are prone to drought. Sand particles are  

considered noncohesive; that is,  they do not tend to stick together in a mass.  

 

 

FIG URE 3.3  Th e re la t io ns h ip  b etw e en  t he  s u rfac e a r ea  o f  a  g iv e n m as s  o f  ma t er ia l  a nd  t h e s iz e  o f  

i t s  pa rt ic l e s .  In  t h e s in g le  la rg e  c ub e (a )  eac h  fac e ha s  64  cm 2  o f  s u rfac e ar e a .  T he  c ub e  h as  s i x  

face s ,  so  t h e cu b e ha s  a  to ta l  o f  38 4 cm 2  s u rfac e a re a  (6  fac e s  x  64  cm 2  p er  fac e) .  I f  t he  s ame  cu b e  

of  mat er ia l  wa s  c ut  i nto  s mal le r  c u be s  ( b)  so  th at  e ach c u be  wa s o nly  2  c m o n eac h s i d e,  t h en  t h e 

sam e ma s s  o f  ma t er ia l  wo ul d now b e pr e se n t  a s  64  sma l l er  cu b es  ( 4  x  4  x  4) .  Each fac e o f  e ach  

sma l l  c ub e  wou ld  hav e 4  c m 2  (2  x  2  cm)  o f  s urf ace  a r ea ,  g iv i n g  24  cm 2  o f  su rfac e a r ea  for  ea ch  c ub e  

(6  fac es  x  4  cm 2  p er  f ace ) .  Th e to ta l  ma ss  wou l d t h er efor e hav e 153 6 cm 2  (2 4  cm 2  p e r  cu b e x  6 4  

cu be s)  o f  s u rfac e a r ea .  T h is  i s  fo ur  t im es  a s  m uc h s u rfac e a re a  a s  t he  s i ng le  l a rg e c u be .  S i nc e c lay  

par t i c l es  ar e  ve ry ,  v er y  s mal l  an d us ua l ly  p la te l i ke  in  sh ap e,  t h ei r  s ur fac e a rea  i s  tho u sa n ds o f  

t im e s gr eat e r  t ha n th at  o f  th e sa me  ma ss  o f  sa n d pa rt i c l es .  

 

SILT .  Particles smaller than 0.05 mm but larger than 0.002 mm in diameter 

(0.02 – 0.002 by Atterberg) are classif ied as s i lt .  Individual si lt  particles are 

not visible to the unaided eye, nor do they feel gritty when rubbed between 

the f ingers. These are essentially microsand particles, with quartz generally 

the dominant mineral. Where silt  is composed o f weatherable minerals,  the 

smaller size of  the particles allows weathering to proceed rapidly enough to 

release signif icant amounts of plant nutrients.  

Although si lt  is composed of particles similar in shape to sand, it  feels smooth 

or si lky, l ike f lour. The pores between silt  particles are much smaller (and 

much more numerous) than those in sand, so si lt  retains more water and lets 
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less drain through. However, even when wet, si lt  itself  does not exhibit much 

stickiness or plast icity (mal leabil ity).  What l itt le plast icity, cohesion 

(stickiness), and adsorptive capacity some silt  fractions exhibit is  largely due 

to a f i lm of adhering clay.  

CLAY .  Part icles smaller than 0.002 mm are classif ied as clay and have a very 

large specif ic surface area, giving them  a tremendous capacity to adsorb water 

and other substances. A spoonful of clay may have a surface area the size of a 

football  f ield. This large adsorptive surface causes clay particles to cohere in 

a hard mass after drying. When wet, clay is sticky and c an be easily molded.  

Clay size particles are so small that they behave as colloids -if  suspended in 

water they do not readily settle out. Unlike most sand and silt  particles, clay 

particles tend to be shaped like t iny f lakes or f lat platelets. The pores between 

clay particles are very small and convoluted, so movement of both water and 

air is very slow. Each unique clay min eral imparts very different properties to 

the soils in which it  is prominent.  Therefore, soil  properties such as shrink -

swell behavior, plast icity, water-holding capacity, soil  strength, and chemical  

adsorption depend on the kind of clay present as well  as the amount.  

 

Influence of Surface Area on Other Soil Properties  

When particle size decreases, specif ic surface area and related pro perties 

increase greatly,  as shown graphically in Figure 3.4. Fine colloidal  clay has 

about 10,000 times as much surface area as the same weight of medium -sized 

sand. Soil  texture influences many other soi l  properties in far -reaching ways 

as a result of f ive fundamental surface phenomena:  

1.  Water is retained in soils as thin f i lms on the surfaces of soil  particles.  

The greater the surface area, the greater the soil 's capacity for holding 

water.  

2.  Both gases and dissolved chemicals are attracted to and adsorbed by 

mineral particle surfaces. The greater the surface area, the greater the 

soil 's capacity to retain nutrients and other chemicals.  

3.  Weathering takes place at the surface of mineral particles,  releasing 

constituent elements into the soil  solution. The gre ater the surface 
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area, the greater the rate of release of plant nutrients from weatherable 

minerals.  

4.  The surfaces of mineral particles often carry both negative and some 

positive electromagnetic charges so that particle surfaces and the water 

f i lms between them tend to attract each other. The greater the surface 

area, the greater the propensity for soil  particles to stick together in a 

coherent mass, or as discrete aggregates.  

5.  Microorganisms tend to grow on and colonize particle surfaces. For this  

and other reasons, microbial reactions in soils are greatly affected by 

the specif ic surface area.  

 

 

F IG URE  3. 4  T h e f i ne r  t he  t e xt ur e  o f  a  so i l ,  t he  gr eat e r  i s  t h e  ef fec t i ve  su r face  e xpo se d  b y  i t s  

par t i c l es .  No te t hat  ad sor pt ion,  sw el l i n g,  a n d t he o th er  p hy s ic a l  pro p er t i e s  c i te d fo l low t h e s am e  

ge n era l  t r e nd  a nd  t ha t  t h e ir  i nt en s i t ie s  go  u p r ap i d ly  as  t he  co l lo i da l  s i z e  i s  a p proac h e d.  

 

3.3 SOIL TEXTURE 

Three broad groups of textural classes are recognized: sandy soils,  clayey soils,  

and loamy soils. Within each group, specif ic textural class names convey an 

idea of the size distribution of particles and indicate the general nature of soil  

physical properties.  The 12 textural classes named in Table 3.1 form a 

graduated sequence from the sands, which are coarse in texture and easy to 

move about, to the clays, which are very f ine and dif f icult to handle physical ly.  

Sands and loamy sands are dominated by the properties of sand, for the sand 

separate comprises at least 70% of the material by weight ( less than 15% of 
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the material is clay). Characteristics of the clay separate are distinctly 

dominant in clays, sandy cla ys, and si lty clays.  

LOAMS .  The loam group contains many subdivisions. An ideal loam may be 

defined as a mixture of sand, s i lt ,  and clay part icles that exhibits the 

propert ies of those separates in about equal proportions. This definit ion does 

not mean that the three separates are present in equal amounts (as will  be 

revealed by careful  study of Figure 3.5). This anomaly exists because a 

relatively small percentage of clay is required to engender clayey properties 

in a soil,  whereas small amounts of sand an d silt  have a lesser influ ence on 

how a soil  behaves. Thus, the clay modif ier is used in the class name of soils  

with as l itt le as 20% clay, but to qualify for the modifiers sandy or silt ,  a soi l  

must have at least 40 or 45% of those separates, respect ive ly.  

Most soils are some type of loam. They may possess the ideal makeup of equal  

proportions previously described and be classed simply as loam. However,  a 

loam in which sand is dominant is  classif ied as a sandy loam. In the same way,  

there may occur si lt  loams, s i lty clay loams, sandy clay loams, and clay loams.  

 

TABLE 3.1 General  Terms Used to Describe Soi l  Texture in  Relat ion to the Basic  Soi l  

Textural  Class Names  ( U.S .  Depa rtmen t o  f  Ag r i cu l ture  C lass i f ica t ion  Sys te m)  

 

 

Alteration of Soil  Textural Class 

Over very long periods of t ime, pedologic processes such as erosion,  
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deposition, i l luviat ion, and weathering can alter the textures of various soil  

horizons.  However,  management practices generally do not alter the textural 

class of a soi l  on a f ield  scale. The texture of a given soil  can be changed only 

by mixing it  with another soil  of a different textural class. For example, the 

incorporat ion of large quantit ies of sand to change the physical properties of 

a clayey soil  for use in greenhouse pots o r for turf would bring about such a 

change.  

 

Determination of Textural Class by the " Feel" Method  

Textural class determination is one of the f irst f ield ski l ls a soil  scientist should 

develop. Determining the textural  class of a soil  by its feel is of great practical  

value in soil  survey,  land classif ication, and any investigation in which soil  

texture may play a role.  
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FIG URE 3.5  Th e major  so i l  te x tu ra l  c la ss e s  a re  d ef i n ed  b y  th e p erc e nta g es  o f  sa nd,  s i l t ,  an d c la y  

accord i ng  to  th e h eavy  bo un da ry  l in e s  s how n o n t h e t e xt ur a l  t r ia n gl e.  I f  t h es e pe rce n ta ge s  hav e  

be e n d et er mi n ed  fo r  a  s o i l  s am pl e  by  pa rt ic l e  s iz e  an a ly s is ,  t h e n th e  t r ia n gl e  ca n b e u se d  to  

de t erm i ne th e so i l  t e xt ur a l  c la s s  nam e t ha t  a pp l ie s  t o  tha t  so i l  sa mp l e.  To  us e th e gra p h,  f i r st  f i n d 

th e a p pro pr ia te  c l ay  p erc en ta ge  a lon g th e le f t  s id e o f  t he t r ia n gl e ,  th e n dr aw a  l i n e  f rom t ha t  

locat ion acro ss  t he gr ap h go i ng pa ra l l e l  to  t h e b as e o f  th e t r i an g le .  Ne xt  f i n d t he sa n d pe rce n ta ge  

a lon g t h e b as e o f  t he t r ia ng l e ,  t he n draw a  l i n e  i nw ard go i n g p ara l l e l  to  t he t r ia n gl e  s i de la be le d 

"Pe rce n t  s i l t . "  Th e sma l l  a rrows  i n di ca t e  t he  p rop e r  d i rec t i o n in  wh ic h to  dr aw  th e l i ne s .  Th e nam e 

of  t h e com pa rt me nt  in  w hic h  t h es e two l i n es  in te rs ect  i n di cat e s  th e  t e xt ur a l  c la s s  o f  t h e so i l  

sam pl e.  Pe rc en ta ge s  fo r  a ny  two of  th e th r ee  so i l  s ep ara t es  i s  a l l  t hat  i s  re q ui re d.  Be ca us e th e  

pe rc en ta ge s  for  s an d,  s i l t ,  a nd  c l ay  a dd  up  to  10 0%,  th e t h i rd  pe rce n ta ge  ca n ea s i ly  b e ca lc u lat e d  

i f  t he  ot h er  two  ar e  k now n.  I f  a l l  t hr e e p erc e nta g es  ar e  u s ed ,  th e  t hr e e l i n es  wi l l  a l l  i nt er sec t  at  

th e sa me  po i nt .  Co n s i d er ,  as  a n  e xa mp l e,  a  so i l  th a t  ha s  b ee n  d et e r mi n ed  to  con ta i n  15%  sa nd,  

15% c la y ,  a nd 7 0% s i l t .  T hi s  e xam pl e i s  i n dic at ed by  t h e l ig h t  da s he d l i n es  tha t  i n te rs ect  i n  t he  

compa rtm e nt  l ab e le d " S i l t  loam ."  W hat  i s  t he  t e xt u ra l  c l as s  o f  a no th er  so i l  s amp le  t ha t  ha s  33%  

sa nd,  33% s i l t ,  a nd 33% c l ay?  Th e l i n es  ( not  s h ow n)  for  t h i s  se con d exam pl e w oul d in te r sec t  i n  th e 

cen t er  o f  t h e " C la y  loam"  compa rtm e nt .  

 

Laboratory Particle-Size Analyses  

The first and sometimes most diff icult  step in a particle -size analysis is the 

complete dispersion of a soil  sample in water, so even the tiniest clumps are 

broken down into individual, primary particles. Dispersion is usual ly 

accomplished using chemical treatments along with a high -speed blender or 

ultrasonic vibrator.  

Separation into size groups can be accomplished by passing the  suspended 

particles through standard sieves that are graded in size to separate the gravel 

and fine and coarse sand separates, permitting the silt  and clay fractions to 

pass through. A sedimentation procedure is usually used to determine the 

amounts of si lt  and clay. The principle involved is simple.  Because soil  

particles are more dense than water, they tend to sink, sett l ing at a velocity 

that is proportional to their s ize.  In other words,  "The bigger they are,  the 

faster they fal l ." The equation that de scribes this relationship is referred to 

as Stokes' law.  

The complete expression of Stokes' law tells  us the velocity V of a particle 

fall ing through a f luid is directly proport ional to the gravitational force g,  the 

difference between the density of  the p article and the density of the f luid D s  

-  D f) and the square of the effective particle diameter (d 2).  The settl ing 

velocity is inversely proportional to the viscosity or "thickness" of the f luid η. 

Since velocity equals distance h divided by time t we can write Stokes' law as:  
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Where:   g = gravitational force = 9.81 newtons per kilogram (9.81 N/kg)  

η = viscosity of water at 20°C = 1 / 1000 newton -seconds per m 2  

(10 - 3  Ns/m2)  

D s  = density of the solid particles, for most soils = 2.65 x 103  kg/m2   

D f  = density of the f luid (i .e.,  water) = 1.0 x 10 3  kg/m3  

By measuring the amount of soil  st i l l  in  suspension after various amounts of  

settl ing t ime (using a pipette or a hydrometer),  the percentages of  each size 

fraction can be determined so as to identify the soil  textural class and 

generate particle-size distribution curves such as those shown in Figure 3.6.  

 

 

FIG URE 3.6  P ar t ic le -s iz e  d i st r i b ut ion i n  t h re e so i l s  va ry i n g wi d el y  i n  th e ir  te xtu re s .  Not e th at  th e re  

i s  a  gra d ua l  t ra n s i t io n in  t he  p ar t ic le -s iz e  d i st r i b ut i on i n  eac h o f  t h es e so i l s .  

 

Figure 3.6 presents particle -size distr ibution curves for soils representative o f 

three textural  classes. The fact that these curves are smooth emphasizes that  

there is no sharp l ine of demarcation in the distribution of sand, si lt ,  and clay 

fractions, and suggests a gradual change of properties with change in particle 
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size.  

It  is important to note that soils are assigned to textural classes solely on the 

basis of the mineral particles of sand size and smaller;  therefore, the 

percentages of sand, si lt ,  and clay always add up to 100%. The amounts of 

stone and gravel are rated separately . Organic matter is usual ly removed from 

a soil  sample by oxidation before the mechanical separat ion.  

The relationship between such analyses and textural class names is commonly 

shown diagrammatically as a triangular graph (e.g.,  Fig. 3.5). This textural 

triangle also enables us to use laboratory particle -size analysis data to check 

the accuracy of f ield textural determinations by feel.  

 

3.4 STRUCTURE OF MINERAL SOILS  

The term structure relates to the arrangement of primary soil  particles into 

groupings cal led aggregates or peds. The pattern of pores and peds defined 

by soil  structure greatly influences water movement, heat transfer, aerat ion, 

and porosity in soils. Activit ies such as t im ber harvesting, grazing, t i l lage,  

traff icking, drainage, l iming, and manuring impact soils largely through their 

effect on soil  structure, especial ly in the surface horizons.  

 

Types of Soil  Structure  

Many types of structural peds  occur in soils,  often within different horizons of 

a particular soil  prof ile. Soi l  structure is characterized in terms of the shape 

(or type), size, and distinctness (or grade) of the peds. The four principal  

shapes of soi l  structure are spheroidal,  platy , prismlike, and blocklike. These 

structural  types (and some subtypes) are i l lustrated in Figure 3.7 and are 

described following.  

SPHEROIDAL .  Granular structure consists of spheroidal peds or granules that  

are usual ly separated from each other in a loosely packed arrangement (see 

Figure 3.7a). When the spheroidal peds are especially porous,  the term crumb 

is sometimes appl ied. They typical ly range from less than 1 to greater than 10 

mm in diameter.  

Granular and crumb structures are characteristic of many surface soi ls (usually 
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A horizons),  particularly those high in organic matter. Consequently, they are 

the principal types of soil  structure affected by management. They are 

especially prominent in grassland soi ls and soils that have been worked by 

earthworms.  

PLATELIKE .  Platy structure, characterized by relatively thin horizontal peds or 

plates, may be found in both surface and subsurface horizons.  In most 

instances, the plates have developed as a result of soi l-forming processes. 

However, unlike other structure types, platy structure may also be inherited 

from soil  parent materials, especial ly those laid down by water or ice. In some 

cases compaction of clayey soils  by heavy machinery can create platy str ucture 

(see Figure 3.7b).  

BLOCKLIKE .  Blocky peds are irregular,  roughly cubelike,  and range from about 

5 to 50 mm across. The individual blocks are not shaped independently, but 

are molded by the shapes of the surrounding blocks. When the edges of the 

blocks are sharp and the rectangular faces distinct, the subtype is designated 

angular blocky (see Figure 3.7c). When some rounding has occurred, the 

aggregates are referred to as subangular blocky (see Figure 3.7d).  These types 

are usual ly found in B horizons , where they promote good drainage, aeration,  

and root penetration.  

PRISMLIKE .  Columnar and prismatic structure are characterized by vertical ly 

oriented prisms or pi l larl ike peds that vary in height among dif ferent soils and 

may have a diameter of 150 mm o r more. Columnar structure (see Figure 3.7e),  

which has pil lars with distinct, rounded tops, is especial ly common in subsoils 

high in sodium (e.g.,  natric horizons). When the tops of the prisms are 

relatively angular and flat horizontally, the structure is  designated as 

prismatic (see Figure 3.7f) .  Both prismlike structures are often associated with 

swelling 
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FIG URE 3. 7  T he  va r io u s  st ruc tu r e ty pe s  ( s ha pe s)  fo un d  i n  mi n era l  so i l s .  T h ei r  t yp ica l  locat io n is  

su g ge st e d.  T h e dr awi ng s  i l l u str at e  th e ir  e ss e nt ia l  f e atu r es  a nd  t he  pho tos  i nd icat e  how th ey  look  

in  s i tu .  Fo r  sca l e ,  no te  th e 15 -c m- lon g  p e nc i l  i n  (e )  a n d t he  3 -cm-w id e  k n i fe  b l ad e  i n  (d )  a nd  ( f ) .  

[Pho to  (e )  cou rt e sy  o f  J .  L .  Arn d t ,  now w it h  Pe te rs e n Env i ro nme n ta l  Co n su lt i ng ;  No rt h Dako ta  S ta te  

Un iv er s i ty .  Ot he r s  co ur te s y  o f  R .  We i l ] .  

 

types of  clay. They commonly occur in subsurface horizons in arid and semiarid 
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regions and, when well developed, are a very str iking feature of the profile. 

In humid regions,  prismatic structure sometimes occurs in poorly drained soi ls  

and in fragipans.  

 

Description of Soil  Structure in the Field  

In describing soil  structure (see Table 19.1), soil  scientists note not only the 

type (shape) of the structural peds present, but also the relative size (f ine,  

medium, coarse) and degree of development or distinctness of the peds 

(grades such as strong, moderate, or weak). Generally, the structure of a soil  

is easier to observe when the soil  is relatively dry. When wet, structural peds 

may swell and press closer together, making the individual peds less well  

defined. In  any case,  the structural arrangement of soil  particles and the pore 

spaces between structural peds greatly influence soi l  density, an aspect of soi l  

architecture that we wil l  now examine in detail.  

 

3.5 SOIL DENSITY 

Particle Density  

Soil  particle density Dp  is def ined as the mass per unit vol ume of soil  solids (in 

contrast to the volume of the soil,  which would also include spaces between 

particles). Thus, if  1 cubic meter (m 3) of  soil  solids weighs 2.6 megagrams (Mg), 

the particle density is 2.6 Mg/m 3  (which can also be expressed as 2.6 grams  

per cubic centimeter). 4  

Particle density is  essentially the same as the specif ic gravity of a solid 

substance. The chemical composit ion and crystal  structure of a mineral 

determines its particle density. Part icle density is not affected by pore space, 

and therefore is not related to particle size or to the arrangement of particles 

(soi l  structure).  

Particle densities for most mineral soils vary between the narrow l imits of 2.60 

to 2.75 Mg/m3  because quartz, feldspar, micas, and the colloidal si l icates that  

usually make up the major portion of mineral soi ls all  have densities within 

this range. For general calculations concerning arable mineral surface soils (1 

to 5% organic matter),  a particle density of about 2.65 Mg/m 3  may be assumed 
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if  the actual particle density is not known. This number would be reduced for 

soils known to be high in organic matter, which has a particle density of only 

0.9 to 1.3 Mg/m 3 .  

 

Bulk Density  

A second important mass measurement of soils is bulk density  Db ,  which is  

defined as the mass of a unit volume of  dry soil .  This volume includes both 

solids and pores. Both expressions of density use only the mass of the solids 

in a soil;  therefore any water present is excluded from consideration.  

There are several methods of determining soil  bulk density by obtaining a 

known volume of soil,  drying it  to remove the water, and weighing the dry 

mass. A special coring instrument can obtain a sample of  known volume 

without disturbing the natural soil  structure.  

 

Factors Affecting Bulk Density 

Soils with a high proportion of pore space to solids have lower bulk densities 

than those that are more compact and have less pore space. Consequently,  

any factor that influences soil  pore space wil l  affect bulk density.  

EFFECT  OF  SOIL  TEXTURE .  F ine-textured soils such as si lt  loams, clays, and clay 

loams generally have lower bulk densities than do sandy soils. This is true 

because the solid particles of the f ine -textured soils tend to be organized in 

porous granules, especial ly if  adequate organic matter is present. In these 

aggregated soils,  pores exist both between and within the granules.  This 

condition ensures high total pore space and a low bulk density. In sandy soil ,  

however, organic matter contents generally are low, the solid particles are 

less l ikely to be aggregated, and the bulk densities are commonly higher than 

in the f iner-textured soils. More or less similar amounts of large pores are 

present in both sandy and well -aggregated fine-textured soils,  but that sandy 

soils have few of the f ine, wi thin-ped pores, and so have less total porosity.  

This fact may seem counterintuitive at f irst because sandy soi ls are commonly 

referred to as “l ight” soils,  while clays and clay loams are referred to as 

“heavy” soi ls. The terms heavy and l ight in this cont ext refer not to the mass 
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per unit volume of the soils,  but to the amount of effort that must be exerted 

to manipulate these soils with ti l lage implements -the sticky clays being much 

more diff icult to t i l l .  

 

 

FIG URE 3.8  B ul k  de n s i t i es  typ ica l  o f  a  v ar ie ty  o f  so i l s  a n d so i l  ma t er ia l s .  
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DEPTH  IN  SOIL  PROFILE .  Deeper in the soi l  profile, bulk densities are generally 

higher, probably as a result of lower organic matter contents, less aggregation, 

fewer roots and other soil -dwelling organisms, and compaction caused by the 

weight of the overlying layers. Very compact subsoils may have bulk densities 

of 2.0 Mg/m3  or even greater.  

Management Practices Affecting Bulk Density  

Changes in bulk density for a given soil  are easily measured and can alert soil  

managers to changes in soi l  quality and ecosystem function. Increases in bulk 

density usual ly indicate a poorer environment for root growth, reduced 

aeration, and undesirable changes in hydrologic function,  such as reduced 

water infi ltration.  

FOREST  LANDS .  The surface horizons of most forested soils have rather low 

bulk densit ies (see Figure 3.8). Tree growth and forest ecosystem function are 

particularly sensit ive to increases in bulk density. Conventional t imber harvest 

general ly disturbs and compacts 20 to 40% of the forest f loor and is especial ly 

damaging along the skid trai ls where logs are dragged and at the landing 

decks-areas where logs are piled and loaded onto trucks. An expensive, but 

effective, means of moving logs whi le minimizing compactive degradation of 

forest lands is the use of cables strung between towers or hung from large 

balloons.  

Intensive recreational and transport use of soi ls  in forests and other areas 

with natural vegetation can also lead to increased bul k densit ies. Such effects 

can be seen where access roads, trai ls,  and campsites are found. E.g.,  trai ls of  

herdsmen of the 19th century sti l l  show the i l l  effects of soil  compaction. An 

important consequence of increased bulk density is a diminished capaci ty of 

the soil  to take in water, hence increased losses by surface runoff.  

In urban areas, trees planted for landscaping purposes must often contend 

with severely compacted soils. While it  is usually not practical to modify the 

entire root zone of  a tree,  several practices can help. First,  making the planting 

hole as large as possible will  provide a zone of loose soi l  for early root growth. 

Second, a thick layer of mulch spread out to the drip l ine (but not too near the 

trunk) will  enhance root growth, at least near the surface. Third, the tree roots 

may be given paths for expansion by digging a series of narrow trenches 

radiating out from the planting hole and back -f i l led with loose, enriched soil .  



 

81 
 

In some urban settings it  may be desirable to create an "a rtif icial soi l" that  

includes a skeleton of coarse angular gravel to provide strength and stabil ity, 

and a mixture of  loam-textured topsoil  and organic matter to provide nutrient -  

and water-holding capacities. Also, large quantit ies of sand and organic 

materials are sometimes mixed into the upper few centimeters of a f ine -

textured soil  on which putting green turf  grass is to be grown.  

AGRICULTURAL LAND. Although ti l lage may temporarily loosen the surface 

soil,  in the long term intense ti l lage increases soi l  bulk density because it  

depletes soil  organic matter and weakens soil  structure.  The effect of 

cultivation can be minimized by adding crop residues or farm manure in large 

amounts and rotating cultivated crops with a grass sod.  

In modern agriculture, heavy machines used to pull  implements, apply 

amendments, or harvest crops can create yield -limiting soil  compaction. 

Certain ti l lage implements, such as the moldboard plow and the disk harrow, 

compact the soil  below their working depth even as they l ift  and l oosen the 

soil  above. Use of these implements or repeated trips over the f ield by heavy 

machinery can form plow pans or traffic pans, dense zones immediately below 

the plowed layer (Figure 3.9). Other t i l lage implements, such as the chisel 

plow and the spr ing-tooth harrow, do not press down upon the soil  beneath 

them, and so are useful in breaking up plow pans and stirr ing the soi l  with a 

minimum of compaction. Large chisel -type plows can be used in subsoil ing to 

break up dense subsoil  layers, thereby permi tting root penetration (Figure 

3.21). However, in some soi ls the effects of subsoi l ing are quite temporary.  

Any ti l lage tends to reduce soil  strength, thus making the soil  less resistant to 

subsequent compaction.  
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FIG URE 3 .9  T racto rs  an d  oth er  h eav y  e q ui pm e nt  compac t  t h e so i l  to  co ns i de ra bl e  d ep th s,  

inc re as i ng b ul k  de n s i ty  a nd r ed uc in g p l an t  g rowt h  an d cro p y ie l ds  T h e ef f ect s  a re  e sp ec ia11 y  

dam ag in g i f  t he so i l  i s  we t  wh en  t raf f ick e d.  (a )  Th e t i r es  o f  a  h eav y  v eh ic le  compac t  a  sa n dy  loam  

so i l  to  abo ut  30  c m,  c r ea t i ng  a  t ra f f ic  pa n.  P low in g t em pora r i ly  loos e ns  t he compac te d s urf ace  so i l  

(p low lay e r) ,  bu t  i nc re as e s  com pac t io n j u st  b elow t he  p lowe d lay er ,  c r ea t i ng  a  comb i ne d tra f f i c  

pa n an d  p low pa n.  B ul k  d e ns i t i es  i n  e xc e ss  o f  1 .8  Mg /m 3  pr ev en te d  t h e p en et ra t io n o f  cot ton  roo ts  

in  th i s  ca se.  (b)  T h e y i e ld  o f  pota toe s  wa s  r e du ce d i n  two o ut  o f  t h re e y ea rs  i n  t h i s  t e st  o n a  c lay  

loam i n  Mi n ne sot a .  Y ie l d  r ed uc t io ns  a re  o f t e n mos t  pro nou nc e d in  r e lat iv e l y  d ry  yea r s  w he n  p la nt s  

hav e  t he  gr eat e st  ne e d f or  su b so i l  moi st ur e.  [ Bas ed  o n da ta  f ro m C am p a nd  L un d  (1 964)  a n d 

Voorh ee s  ( 198 4) ]  

 

Traffic is  particularly damaging on wet soil.  Generally, with heavier loads and 

on wetter soils,  compactive  effects are more pronounced and penetrate more 

deeply into the profile. To prevent compaction, which can result in yield 

reductions and loss  i f  profitabil ity, the number of t i l lage operations and heavy 

equipment trips over the f ield should be minimized an d timed to avoid periods 

when the soil  is  wet. Unfortunately,  traff ic on wet agricultural soils is 

sometimes unavoidable in humid temperate regions in spring and fall .  

Some managers attempt to reduce compaction using an opposite strategy in 

which special wide t ires are f itted to heavy equipment so as to spread the 

weight over more soil  surface, thus reducing the force applied per unit area.  

 

Influence of Bulk Density on Soil  Strength and Root Growth  
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High bulk density may occur as a natural soi l  profile fea ture (for example, a 

fragipan) or it  may be an indication of human -induced soi l  compaction. In any 

case, root growth is inhibited by excessively dense soils for a number of 

reasons, including the soil 's resistance to penetration, poor aeration, s low 

movement of nutrients and water, and the buildup of toxic gases and root 

exudates.  

 

 

FIG URE 3 .10  Root  d i st r i b u t io n o f  a  cot to n p la nt .  On th e r i gh t ,  i n te rrow trac tor  t ra f f ic  an d p low i ng  

hav e  ca us e d  a  p lowp an  th at  r es tr ic t s  root  grow th .  R oots  ar e  mor e  pro l i f ic  on  th e  l ef t  w h er e  t he r e  

ha d be e n no  r ec en t  t rac tor  t ra f f ic .  T h e roo ts  ar e  se e n to  e nt er  t he  s u bso i l  t hro ug h a  loo se n e d zon e  

crea t ed  b y  a  su b so i l i n g  ch is e l - t yp e  im p le me nt .  (Cou rt e sy  U SD A Na t io n a l  T i l la ge  M ach i ne ry  

Labor ator y)  

 

Roots penetrate the soil  by pushing their way into pores. If  a pore is too small  

to accommodate the root cap, the root must push the soil  particles aside and 

enlarge the pore. To some degree, the density per se restr icts root growth,  as 

the roots encounter fewer and smaller pores. However, root penetration is 

also l imited by soil  strength, the property of the soil  that causes it  to resist  

deformation. One way to quantify soil  strength ,  is to measure the force 

needed to push a standard  cone-tipped rod (a penetrometer) into the soil.  

Compaction general ly increases both bulk density and soil  strength. At  least 

two factors (both related to soil  strength) must be considered to determine 

the effect of bulk density on the abil ity of roots to penetrate soil .  
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EFFECT  OF  SOIL  WATER  CONTENT .  Soil  water content and bulk density both 

affect soi l  strength. Soil  strength is increased when a soil  is  compacted to a 

higher bulk density,  and also when finer -textured soi ls dry out and harden. 

Therefore, the effect of bulk density on root growth is most pronounced if 

those soils are dry,  a higher bulk density being necessary to prevent root 

penetration when the soils are moist.  

EFFECT  OF  SOIL  TEXTURE .  The more clay present in a soi l,  the smaller the 

average pore size, and the greater the resistance to penetration at a given 

bulk density. Therefore, if  the bulk density is the same, roots more easily 

penetrate a moist sandy soi l  than a moist  clayey one. The growth of roots into 

moist soil  is general ly l imited b y bulk densities ranging from 1.45 Mg/m 3  in 

clays to 1.85 Mg/m 3  in loamy sands (see Figure 3.8).  

 

3.6 PORE SPACE OF MINERAL SOILS  

One of the main reasons for measuring soil  bulk density is that this value can 

be used to calculate pore space. For soils  with the same particle density, the 

lower the bulk density, the higher the percent pore space (total porosity).   

 

Factors Influencing Total Pore Space 

In the f irst lesson we noted that for an "ideal" medium -textured, well -

granulated surface soil  in good condition for plant growth, approximately 50% 

of the soil  volume would consist of pore space, and that the pore space would 

be about half-f i l led with air and half -f i l led with water. Actually, total porosity 

varies widely among soils for the same reasons that bulk density varies. Values 

range from as low as 25% in compacted subsoils to more than 60% in well -

aggregated, high-organic-matter surface soils. As is the case for bulk density, 

management can exert a decided influence on the pore space of soi ls. Data 

from a wide range of  soils show that cultivation tends to lower the total pore 

space compared to that of uncultivated soils. This reduc tion usually is  

associated with a decrease in organic matter content and a consequent 

lowering of granulation.  

Bulk density values help us predict only total porosity. However, soil  pores 

occur in a wide variety of sizes and shapes that largely determine what role 
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the pore can play in the soil.  Pores can be grouped by size into macropores, 

mesopores, micropores, and so on. We wil l  simplify our discussion at thi s point  

by referring only to macropores  ( larger than about 0.08 mm) and micropores 

(smaller than about 0.08 mm).  

MACROPORES.  The macropores characteristical ly allow the ready movement 

of air and the drainage of water. They also are large enough to accommod ate 

plant roots and the wide range of t iny animals that inhabit the soil .   

Macropores can occur as the spaces between individual  sand grains in coarse -

textured soi ls. Thus, even though a sandy soil  has relatively low total porosity, 

the movement of air and  water through such a soil  is surprisingly rapid 

because of the dominance of the macropores.  

In well-structured soils,  the macropores are generally found between peds.  

These interped pores may occur as spaces between loosely packed granules 

or as the planar cracks between tight -f itt ing blocky and prismatic peds.  

Macropores created by roots, earthworms, and other organisms constitute a 

very important type of pores termed biopores. These are usually tubular in  

shape and may be continuous for lengths of a mete r or more. In some clayey 

soils,  biopores are the principal form of  macropores, greatly facil itating the 

growth of plant roots.  

Perennial vegetation, such as forest trees and certain grasses, is particularly 

effective at creating channels that serve as conduits for roots, long after the 

death and decay of the roots that originally created them.  

MICROPORES .  In contrast to macropores, micropores are usually f i l led with 

water in f ield soi ls. Even when not water -f i l led, they are too small to permit 

much air movement.  Water movement in micropores is slow, and much of the 

water retained in these pores is not available to plants. F ine -textured soils,  

especially those without a stable granular structure, may have a predominance 

of micropores, thus allowing relati vely slow gas and water movement, despite 

the relatively large volume of total pore space. Aeration, especially in the 

subsoil ,  may be inadequate for satisfactory root development and desirable 

microbial activity. While the larger micropores accommodate pl ant root hairs 

and microorganisms, the smaller micropores (sometimes termed 

ultramicropores and cryptopores) are so tiny that their radii  are measured in 

nanometers (10 - 9  meters),  giving r ise to the term nanopores. Such pores are 
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too small to permit the entrance of even the smallest bacteria or some decay -

stimulating enzymes produced by the bacteria. Thus, these pores can act as 

hiding places for some adsorbed organic compounds (both naturally occurring 

and pollutants),  thereby protecting them from breakdow n for long periods of 

t ime, perhaps for centuries.  

Clearly, the size, shape, and interconnection of soil  pores, rather than their 

combined volume, are of greatest importance in determining soil  drainage,  

aeration, and other such processes.  

 

Cultivation and Pore Size 

Continuous cropping, particularly of soils original ly high in organic matter,  

often results in a reduction of macropore spaces (see Table 3.2). When native 

prairie lands are plowed and planted to row crops such as corn or soybean s, 

soil  organic matter contents and total pore space are reduced. But most 

striking is  the effect  of cropping on the size of the soi l  pores. Such cropping 

drastically reduces the amount of macropore space that is so crit ical for ready 

air movement.  

In recent years, conservat ion ti l lage practices, which minimize plowing and 

associated soil  manipulations, have been widely adopted in the United States.  

Because of increased accumulation of organic matter near the soil  surface and 

the development of a long-lived network of macropores (especial ly biopores),  

some conservation ti l lage systems lead to greater macroporosity of the 

surface layers.  

 

TABLE 3.2  Effect  of  About 50 Years of  Cont inuous Cropping on the Macropore and 

Micropore Spaces Textured Vert isol  (Housto n Black Clay) in Texas  

 

Co mpared to  the  undis tu rbed pra ir ie  ( v i rg in  so i l ) ,  the  c u l t i va ted  so i l  ha s  far  les s  macropo re  
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space,  but  has  ga ined so me mic - ropo re  space as  aggrega tes  were  de stro yed,  changing la rge 

interped po res  in to  much  sma l le r  micropo res .  The  loss  o f  mac ropore  sp ace  probably  resu lted  

fro m the loss  o f  o rganic  ma tter  tha t  is  ev iden t.  

 

3.7 FORMATION AND STABILIZATION OF SOIL AGGREGATES  

The formation and maintenance of a high degree of aggregation are among the 

most diff icult  tasks of soil  ma nagement,  yet they are also among the most 

important, s ince they are a potent means of influencing ecosystem function. 

The organization of surface soils into relatively large structural aggregates 

provides for the low bulk density and a high proportion of macropores so 

desirable for most soil  uses.  

Some aggregates readily succumb to the beating of rain and the rough -and-

tumble of plowing and ti l l ing the land. Others resist disintegration, thus 

making the maintenance of a suitable soil  structure comparativel y easy. 

Generally,  the smaller aggregates are more stable than the larger ones,  so 

maintaining the much-prized larger aggregates requires much care.  

We will  d iscuss practical means of managing soil  structure after we consider 

those factors responsible for aggregate formation and those that give the 

aggregates stabi l ity once they are formed. Since both sets of factors are 

operating simultaneously, it  is  some times diff icult to distinguish their  relat ive 

effects on the development of stable aggre gates in soi ls.  

 

Hierarchical Organization of Soil Aggregates  

The large aggregates (>1 mm) so desirable for most soil  uses are typically 

composed of smaller aggregates, which in turn are composed of sti l l  smaller 

units, down to clusters of clay and humus less than 0.001 mm in size. You may 

easily demonstrate the exis tence of this hierarchy of aggregation by selecting 

a few of the largest aggregates in a soil  and gently crushing or picking them 

apart to separate them into many smaller -sized aggregates.  

 

Factors influencing Aggregate Formation and Stability in Soils  
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Both biological and physical -chemical (abiotic) processes are involved in the 

formation of soil  aggregates. The physical -chemical  processes tend to be most 

important at the smaller end of  the scale, biolo gical processes at the larger 

end. Also, the physical -chemical processes of aggregate formation are 

associated mainly with clays and, hence, tend to be of greater importance in 

f iner-textured soils. In sandy soils that have l itt le clay, aggregation is alm ost  

entirely dependent on biological processes.  

 

Physical-Chemical Processes  

Most important among the physical -chemical processes are (1) the mutual  

attraction among clay part icles and (2) the swell ing and shrinking of clay 

masses.  

FLOCCULATION  OF  CLAYS  AND  THE  ROLE  OF  ADSORBED  CATIONS. Except in very 

sandy soils  that are almost devoid of  clay, aggregation begins with the 

flocculation  of  clay particles into microscopic clumps or f loccules (Figure 

3.11). If  two clay platelets come close enough to each other, the cations 

compressed in a layer between them will  attract the negative charges on both 

platelets, thus serving as bridges to hold the platelets together. T his process 

is repeated until  a small "stack" of parallel clay platelets,  termed a clay 

domain ,  is formed. Other types of clay domains are more random in 

orientation, resembling a house of cards. These form when the positive 

charges on the edges of the clay platelets attract the negative charges on the 

planar surfaces (Figure 3.11).  Clay f loccul es or domains, along with charged 

organic col loids (humus), form bridges that bind to each other and to f ine silt 

particles (mainly quartz),  creating the smallest  size groupings in the hierarchy 

of soil  aggregates .  These domains, aided by the f locculating influence of 

polyvalent cations (e.g.,  Ca 2 + ,  Fe2 + ,  and Al3 +) and humus, provide much of  the 

long-term stabil ity for the smaller (<0.03 mm) microaggregates .  The 

cementing action of inorganic compounds, such as iron oxides, produces very 

stable small aggregates sometimes called pseudosand in certain clayey soi ls 

(Ult isols and Oxisols) of hot, humid regions.  
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FIGURE 3.11 The role o f  cat ions in  the f loccu lat ion of  soi l  c lays.  The d i -  and t r iva lent  

cat ions,  such as Ca 2 +  and Al 3 +  t ight ly  adsorbed and can ef fect ively  neutral ize the negat ive  

asurface charge on c lay  part ic les.  These cat ions can a lso from bridges that  br ing c lay  

part ic les c lose  together .  Monovalent  ions,  espec ia l ly  Na + ,  with  re lat ively  la rge hydrated 

radi i ,  can cause c lay  part ic les to  repel  each other  and create a  d ispersed condi t ion .  Two 

th ings  contr ibute to  the d ispersion :  (1)  the large hydrated sodium ion  does not  get  c lose  

enough to the c lay  to  ef fect ively  neutra l ize the negat ive charges,  and (2)  the s ingle charge  

on sodium is  not  effect ive in  forming a  br idge between c lay  part ic les.  

 

When Na+  (rather than polyvalent cations such as Ca 2 +  or A13 +) is a prominent 

adsorbed ion, as in some soils of arid and semiarid areas, the attractive forces 

are not able to overcome the natural  repulsion of one negatively charged clay 

by another. The clay platelets cannot approach closely enough to f locculate,  

so remain dispersed as far apart from one another as possible. Clay in this 

dispersed, gel- l ike condition causes the soil  to become almost structureless, 

impervious to water and air,  and very undesirable from the standpoint of plant 

growth.  

 

VOLUME  CHANGES  IN  CLAYEY  MATERIALS .  As a soil  dries  out and water is 

withdrawn, the platelets in  clay domains move closer together, causing  the 

domains and, hence,  the soil  mass to shrink in volume. As a soil  mass shrinks, 

cracks wil l  open up along planes of weakness.  Over the course of many cycles 
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(as occur between rain or irrigation events in the f ield) the network of cracks 

becomes more extensive and the aggregates between the cracks better 

defined. Plant roots also have a distinct drying effect as they take up soi l  

moisture in their  immediate vicinity. Water uptake, especial ly by f ibrous -

rooted perennial grasses, accentuates the physical a ggregation processes 

associated with wett ing and drying. This effect is but one of many examples 

of ways in which physical and biological soil  processes interact.  

Freezing and thawing cycles have a similar effect , s ince the formation of  ice 

crystals is a drying process that also draws water out of clay domains. The 

swelling and shrink ing act ions that accompany freeze -thaw and wet-dry cycles 

in soils create f issures and pressures that alternately break apart large soi l  

masses and compress soil  part icles in to defined structural peds. The 

aggregating effects of these water and temperature cycles are most 

pronounced in soils  with a high content of swelling -type clays, especially 

Vertisols, Moll isols, and some Alfisols.  

 

Biological Processes 

ACTIVITIES  OF  SOIL  ORGANISMS .  Among the biological  processes of 

aggregation,  the most prominent are (1) the burrowing and molding activit ies 

of earthworms, (2) the enmesh ment of particles by st icky networks of roots 

and fungal hyphae, and (3) the production of organic glues  by microorganisms, 

especially bacteria and fungi. In both cultivated and uncultivated soils,  

earthworms (and termites) move soil  particles around, often ingesting them 

and forming them into pellets or casts.  In some forested soils,  the surface 

horizon consists primarily of  aggregates formed as earthworm castings (see,  

for example, Figure 3.7a). Plant roots also move particles about as they push 

their way through the soil.  This movement forces soil  particles to come into 

close contact with each other, encou raging aggregation. At the same time, the 

channels created by plant roots and soi l  animals serve as macropores, breaking 

up large clods and helping to define larger soil  structural units.  

Plant roots (particularly root hairs) and fungal hyphae exude sugar l ike 

polysaccharides and other organic compounds, forming sticky networks that 

bind together individual soi l  particles and tiny microaggregates into larger 

agglomerations called macroaggregates .  The threadlike fungi  that associate 
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with plant roots (cal led mycorrhizae ) are especially effective in providing this 

type of relatively short-term stabi l ization of large aggregates, because they 

secrete a gooey protein called glomalin,  which is very effective as a cementing 

agent (Figure 3.12).  

Bacteria also produce polysaccharides and other organic glues as they 

decompose plant residues. Bacterial polysaccharides were shown intermixed 

with clay at a very small scale. Many of these root and microbial organic glues 

resist  dissolution by water and so not only enhanc e the formation of soil  

aggregates but also help ensure their stabil ity over a period of months to a 

few years. These processes are most notable in sur face soils,  where root and 

animal activit ies and organic matter accumulation are greatest.  
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FIGURE 3.12  Fungal  hyphae b inding so i l  part ic les into aggre gates.  (a )  C lose -up  of  a  hyphae 

growing over  the sur face o f  a  mineral  gra in  encrusted with  microb ia l  ce l l s  and debr is .  Bar  

= 10 µm. (b)  An advanced stage of  aggregat ion  during the format ion of  so i l  f rom dune  

sands.  Note the net  o f  funga l  hyphae and  the encrustat ion of  the mineral  gra ins with  

organic  debr is.  Bar  =  50 µm.  (c )  Hyphae of  the root -assoc iated  fungus from the genus  

Gigaspora interconnect ing part ic les in  a  sandy  loam from Ore gon.  Note a lso the funga l  

spore and the p lant  root.  Bar  = 320 µm.  

 

INFLUENCE  OF  ORGANIC  MATTER .  In most temperate zone soils,  organic 

matter is  the major agent stimulat ing the formation and stabil ization of  

granular and crumb-type aggregates (see Figure 3.14). In  the f irst plac e, 
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organic matter provides the energy substrate that makes possible the 

previously mentioned activit ies of the fungi, bacteria, and soil  animals. 

Second, as organic residues decompose, gels and other viscous microbial prod -

ucts, along with associated bacte ria and fungi, encourage crumb formation. 

Organic exudates from plant roots also participate in this aggregating action.  

Organic products of decay, such as complex polymers, chemically interact with 

particles of  si l icate clays and iron and aluminum oxides .  These compounds 

orient the clays into packets (domains), which form bridges between individual  

soil  particles, thereby binding them together in water -stable aggregates.  

During the aggregation process, soil  mineral particles (si lts  and fine sands) 

become coated and encrusted with bits of  decomposed plant residue and other 

organic materials. At an even smaller scale, microscopic bits  of decomposed 

residues and humus particles become encrusted with clay packets. In either 

case, the resulting organomineral  complexes promote the formation of  

aggregates. Figure 3.13 shows direct evidence of the organomineral domains 

that bind soil  particles.  

 

FIGURE 3.13  An u lt rath in  sect ion i l lustrat ing the interact ion among organic  mater ia l s  and 

si l i cate c lays in  a  water -stable aggregate.  The dark -co lored mater ia l s  (C)  are groups o f  c lay  

part ic les that  are interact ing with  organic  po lysacchar ides (P ) .  A bacter ia l  ce l l  (B)  i s  a l so 

surrounded by polysacchar ides.  Note the genera l ly  hor izontal  or ien tat ion of  the c lay  

part ic les,  an or ientat ion encouraged by the organ ic  mater ia ls .  [From Emerson,  et  a l .  
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(1986);  photograph provided  R .  C.  Foster ,  CSIRO,  Glen Osmond,  Austra l ia ]  

 

 

FIGURE 3.14  The aggregates  o f  so i l s  h igh in  organic  matter  are  much  more stab le than are 

those low in  th is  const i tuent .  The low -organic -matter  soi l  aggregates fa l l  apart  when they 

are  wetted;  those h igh  in  organic  matter  mainta in  thei r  stabi l i ty .  

 

INFLUENCE  OF  TILLAGE. Til lage can have both favorable and unfavorable 

effects on aggregation. If  the soil  is not too wet or too dry when the ti l lage is 

performed, the short -term effect of  t i l lage is generally favorable. Til lage 

implements break up large clods,  incorpo rate organic matter into the soil ,  ki l ls  

weeds, and generally create a more favorable seedbed. Immediately after 

plowing, the surface soil  is loosened ( its cohe sive strength is decreased) and 

total porosity is increased.  

Over longer periods, however, t i l lage gre atly hastens the oxidation of soil  

organic matter, thus reducing the aggregating effects of this  soil  component.  

Til lage operations, especially if  carr ied out when the soi l  is  wet, also tend to 

crush or smear stable soil  aggregates, resulting in loss of ma croporosity and 

the creation of a puddled condition (see Figure 3.15).  
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FIGURE 3.15  Puddled so i l  ( le ft )  and wel l -granulated soi l  ( r ight ) .  P lant  roots and espec ia l ly  

humus p lay  the major  ro le in  so i l  granulat ion.  Thus a  sod tends to  encourage development 

of  a  granu lar  st ructure in  the sur face horizon of  cu lt ivated land .  (Courtesy  USDA Natura l  

Resources  Conservat ion Service)  

INFLUENCE  OF  IRON/ALUMINUM  OXIDES. Scientists have noted that some 

well-weathered soi ls  of the tropics have more stable aggregation than soils  

with comparable or even higher organic matter levels in temperate regions. 

This is thought to be due primari ly to the binding effects of the iron and 

aluminum sesquioxides (particularly the amorphous forms) that are plentiful 

in many tropical soils. Fi lms of such compounds coat and cement soil  

aggregates, thereby preventing their ready breakdown when the soil  is t i l led.  

 

3.8 TILLAGE AND STRUCTURAL MANAGEMENT OF SOILS 

When protected under dense vegetat ion and undisturbed by t i l lage, most soils 

(except perhaps some sparsely vegetated soils in arid regions) possess a 

surface structure sufficiently stable to allow rapid infi ltration of water and to 

prevent crust ing. However, for the manager of cultivated soils,  the 

development and maintenance of stable surface soil  structure is a major 

challenge. Many studies have shown that aggregation and associated desirable 

soil  properties such as water infi ltration rate decline  under long periods of  

t i l led row-crop cultivation (Table 3.3).  

 

TABLE 3.3  Effect  of  Period of  Corn Cult ivation on Soi l  Organic Matter,  Aggregate 

Stabi l i ty,  and Water Inf i l trat ion in Five Si lt  Loam Inceptisols f rom Southwest France  
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In  so i l s  with  dep leted  organic -matter levels ,  aggregates easi ly  broke down under the 

inf luence o f  water,  fo rming smal le r  aggregates and dispersed  mater ia ls  that  sealed the  soi l  

surface and inh ib ited in f i l t rat ion.  A level  o f  3% soi l  o rgan ic  matter seems to  be su f f ic ient  

fo r good st ructura l  stab i l i ty  in  these temperate reg ion s i l t  loam so i l s .  

 

Tillage and Soil Tilth  

Simply defined, ti lth  refers to the physical condition of the soil  in relation to 

plant growth. Ti lth  depends not only on aggregate formation and stabil ity, but 

also on such factors as bulk density, soil  moisture content, degree of  aeration, 

rate of water infi ltration, drainage, and capil lary water capacity. As might be 

expected, t i lth often changes rapid ly and markedly. For instance, the 

workabi l ity of f ine-textured soi ls may be altered abruptly by a sl ight change 

in moisture.  

Clayey soils are especial ly prone to puddling and compaction because of their 

high plast icity and cohesion. When puddled clayey so ils  dry, they usually 

become dense and hard. Proper t iming of trafficking is more diff icult for clayey 

than for sandy soils,  because the former take much longer to dry to a suitable 

moisture content and may also become too dry to work easi ly.  

Farmers in temperate regions typically f ind their soils too wet for t i l lage just 

prior to planting time (early spring), while farmers in tropical  regions may face 

the opposite problem of soils too dry for easy ti l lage just prior to planting (end 

of dry season). In trop ical  and subtropical  regions with a long dry season, soil  

often must be ti l led in a very dry state in order to prepare the land for planting 

with the onset of the f irst rains. Til lage under such dry condit ions can be very 

diff icult  and can result in hard c lods if  the soils contain much sticky -type 

sil icate clay.  
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Soil  Crusting 

Fall ing drops of water during heavy rains or sprinkler irrigation beat apart the 

aggregates exposed at the soil  surface. In some soils the dilution of salts by 

this water stimulates the dispersion of clays. Once the aggregates become 

dispersed, small particles and dispersed clay tend to wash into and clog the 

soil  pores.  Soon the soil  surface is covered with a thin layer of f ine,  

structureless material called a surface seal .  The surface seal inhibits water 

infi ltration and increases erosion losses.  

As the surface seal dries, it  forms a hard crust. Seedl ings, if  they emerge at  

all ,  can do so only through cracks in the crust. Formation of a crust soon after 

a crop is sown may allow so f ew seeds to emerge that the crop has to be 

replanted. In arid and semiarid regions, soil  sealing and crusting can have 

disastrous consequences because high runoff losses leave l itt le water 

avai lable to support plant growth.  

Crusting can be minimized by kee ping some vegetative or mulch cover on the 

land to reduce the impact of raindrops. Once a crust has formed, it  may be 

necessary to rescue a newly planted crop by breaking up the crust with l ight  

t i l lage (as with a rotary hoe), preferably while the soil  i s sti l l  moist. Improved 

management of soil  organic matter and use of certain soil  amendments can 

"condition" the soil  and help prevent clay dispersion and crust formation.  

 

Soil  Conditioners  

GYPSUM .  Gypsum (calcium sulfate) is widely available in its  relat ively pure 

mined form, or as a major component of various industrial by -products. 

Gypsum has been shown effective in improving the physical condition of many 

types of soils ,  from some highly weathered acid soils to some low -salinity,  

high-sodium soils of  semiarid regions (see Chapter 10). The more soluble 

gypsum products provide enough electrolytes (cations and anions) to promote 

f locculation and inhibit the dispersio n of aggregates, thus preventing surface 

crusting. Field trials  have shown that gypsum -treated soils  permit greater 

water infi ltration and are less subject  to erosion than untreated soils.  

Similarly, gypsum can reduce the strength of hard subsurface layers, thereby 

allowing greater root penetration and subsequent plant uptake of water from 

the subsoil .  
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ORGANIC  POLYMERS .  Certain synthetic organic polymers can stabil ize soil  

structure in much the same way as do natural organic polymers such as 

polysaccharides. While large applications of these polymers would be 

uneconomical,  it  has been shown that  even very small amounts can effectively 

inhibit  crust formation if  appl ied properly.  For example,  polyacrylamide (PAM) 

is effective in stabil iz ing surface aggregates when applied at rates as low as 1 

to 15 mg/L of irr igat ion water or sprayed on at rates as low as 1 to 10 kg/ha. 

Figure 3.16 shows the dramatic stabil iz ing effect of synthetic polyacrylamides 

used in irrigation water. A number of research reports indicate that the best 

results can be obtained by combining the use of PAM and gypsum products.  

 

 

FIGURE 3.16  The remarkable stab i l i z ing ef fect  o f  a  synthet ic  polyacry lamide i s  seen in  the 

furro w on the r ight  compared to the left ,  untreated ,  furrow. I rr igat ion water  broke down 

much of  the  structure  o f  the untreated  soi l  but  had no  ef fect  on the treated row.  [F rom 

Mitchel l  (1986) ]  

 

OTHE R SOIL  COND IT IONERS .  Several species of algae that l ive near the soil  surface 

are known to produce quite effective aggregate -stabil iz ing compounds. 

Applicat ion of small  quantit ies of commercial preparations contain ing such 

algae may bring about a signif icant improvement in surface soil  structure. The 
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amount of amendment required is very small because the algae, once 

established in the soil,  can multiply.  

Various humic materials are marketed for their soil  conditioning effects when 

incorporated at low rates (< 500 kg/ha). However, carefully conducted 

research at many universit ies has failed to show that these materials have 

signif icantly affected aggregate stabi l ity or crop yield, as claimed.  

 

3.9 SOIL PROPERTIES RELEVANT TO ENGINEERING USES  

Field rating of Soil  Consistence and Consistency  

CONSISTENCE. Soi l  consistence is a term used by soi l  scientists to describe the 

resistance of a soi l  to mechanical  stresses or manipulations at various 

moisture contents. Soils are rated for consistence as part of describing a soi l  

profile and for estimating suitabi l ity for traffic and ti l lage. This property is a 

composite expression of those forces of mutual attraction among soi l  

particles, and between particles and pore water, that determine the ease with 

which a soil  can be reshaped or ruptured. Consistence is commonly deter -

mined in the f ield by feeling and manipulating the soil  by hand. As a clod of 

soil  is squeezed between th e thumb and forefinger (or crushed underfoot, if 

necessary), observat ions are made on the amount of force needed to crush 

the clod and on the manner in which the soil  responds to the force. The degree 

of cementation of the soil  by such materials  as s i l ica ,  calcite, or iron is also 

considered in identifying soil  consistence.  

Moisture content greatly influences how a soil  responds to stress;  hence,  

moist and dry soils are given separate consistence ratings (Table 3.4). A dry 

clayey soil  that cannot be crushe d between the thumb and forefinger but can 

be crushed easily underfoot would be designated as hard. It  would exhibit 

much greater resistance to deformation than the same soil  in a wet, plastic 

state. Anyone who has gotten a vehicle stuck up to its axles in  sticky mud has 

f irsthand experience of these principles. While most of the terms in Table 3.4  

are self-explanatory, the term friable requires some comment. If  a clod of 

moist soil  crumbles into aggregates when crushed with only l ight pressure, it 

is said to be friable. Friable soils are easi ly t i l led or excavated.  

The degrees of stickiness and plasticity (malleabil ity) of soil  in the wet 
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condition are often included in describing soi l  consistence (although not 

shown in Table 3.9).  

 

CONSISTENCY. The term consistency is  used in a s imilar manner by soil  

engineers to describe the degree to which a soil  resists deformation when a 

force is applied. However, consistency is determined by the soil 's resistance 

to penetration by an object, while the soil  scientist's consistence describes 

resistance to rupture. Instead of  crushing a clod of soil ,  the engineer attempts 

to penetrate it  with either the blunt end of a penci l  (some use their thumbs) 

or a thumbnail.  For example, if  the blunt end of a pencil  makes onlya sl igh t 

indentation, but the thumbnail penetrates easi ly, the soil  is rated as very f irm 

(Table 3.4).  

 

TABLE 3.4  Some Field Tests and Terms Used to Describe the Consistence and 

Consistency of  Soi ls  

 

The consistency o f  cohesive  materia ls  i s  c losely  re lated  to,  but  not  exact ly  the same as,  

thei r  consistence.  Condi t ions ,  of  least  coherence are  represented by terms at  the top o  f  

each column,  those o  f  g reater  coherence  near the bottom.  

 

Field observations of both consistence and consistency provide valuable 

information to guide decisions about loading and manipulating soils. For 

construction purposes, however,  soi l  engineers usual ly must make more 
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precise measurements of a number of related soil  properties that help predict 

how a soil  wil l  respond to applied stress .  

 

3.10 CONCLUSION 

Physical  properties exert a marked influence on the behavior of soils with 

regard to plant growth, hydrology,  environmental management, and 

engineering uses. The nature and properties of the individual  particles, their  

size distribution,  and their arrangement in soils determine the total volume of  

nonsolid pore space,  as well  as the pore sizes, thereby impacting on water and 

air relat ionships.  

The properties of individual particles and their proportionate distribution (soil  

texture) are subject  to l itt le human control in f ield soils.  However, it  is  

possible to exert some control over the arrangement of these particles into 

aggregates (soil  structure) and on the stabil ity of these aggregates. Ti l lage and 

traffic must be carefully controlled  to avoid undue damage to soil  t i lth,  

especially when soi ls  are rather wet. Generally, nature takes good care of soil  

structure, and humans can learn much about soil  management by studying 

natural systems. Vigorous and diverse plant growth, generous return  of  

organic residues, and minimal physical disturbance are attributes of natural 

systems worthy of emulation. Proper plant species selection, crop rotation,  

and management of chemical ,  physical ,  and biological factors can help ensure 

maintenance of soi l  physical quality. In recent years, these management goals 

have been made more practical by the advent of conservation ti l lage systems 

that minimize soi l  manipulations while decreasing soil  erosion and water 

runoff.  

Particle s ize, moisture content,  and plast i city of the colloidal fraction all  help 

determine the stabi l ity of  soi l  in response to loading forces from traffic, 

t i l lage, or building foundations. The physical propert ies presented in this 

chapter greatly influence nearly all  other soil  properties and u ses, as discussed 

throughout this book.  
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Study Questions? 

1.  If  you were investigating a site for a proposed housing development, 

how could you use soil  colors to help predict where problems might be 

encountered? 

2.  You are considering the purchase of some farmland in a region with 

variable soi l  textures. The soi ls on one farm are mostly sandy loams and 

loamy sands, while those on a second farm are mostly clay loams and 

clays. List the potential advantages and disadvantages of each farm as 

suggested by the texture of its soils.  

3.  Revisit  your answer to question 2. Explain how soi l  structure in both the 

surface and subsurface horizons might modify your opinion of the merits 

of each farm.  

4.  Two different t imber-harvest methods are being tested on adjacent 

forest plots with clay loam surface soi ls. Init ially, the bulk density of the 

surface soil  in both plots was 1.1 Mg/m 3 .  One year after the harvest  

operations,  plot A soil  had a bulk density of 1.48 Mg/m 3 ,  while that in  

plot B was 1.29 Mg/m 3 .  Interpret these values with regard to the relative 

merits of systems A and B, and the l ikely effects on the soil 's  function 

in the forest ecosystem.  

5.  What are the textural classes of two soi ls,  the f irst with 15% clay and 

45% si lt ,  and the second with 80% sand and 10% clay? (Hint : Use Figure 

3.5.)  

6.  For the forest plot B in question 4, what was the change in percent pore 

space of the surface soi l  caused by t imber harvest? Would you expect 

that most of this change was in the micropores or in the macropores? 

Explain.  

7.  Discuss the posit ive and negative impacts of t i l lage on soil  structure. 

What is another physical  consideration that you would have to take into 

account in deciding whether or not to change from a conventional to a 

conservation ti l lage system?  

8.  What would you, as a home gard ener, consider to be the three best and 

three worst things that you could do with regard to managing the soil  

structure in your home garden?   
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4. Soil water: Characteristics and Behavior  

 

Water is a vital component of every l iving thing. Although it  is one of nature’s 

simplest chemicals, water has unique properties that promote a wide variety 

of physical,  chemical,  and biological processes. These processes greatly 

influence almost every aspect of soi l  development and behavior, from the 

weathering of minerals  to the decomposition of organic matter, from the 

growth of plants to the pollution of groundwater.  

We are al l  familiar with water.  We drink it ,  wash with it ,  swim in it ,  and irrigate 

our crops with it .  But water in the soil  is  something quite different fr om water 

in a drinking glass.  In the soil,  water is intimately associated with sol id 

particles, particularly, those that are col loidal in size. The interaction between 

water and soil  solids changes the behavior of both.  

Water causes soil  particles to swell  and shrink, to adhere to each other, and 

to form structural aggregates. Water participates in innumerable chemical  

reactions that release or t ie up nutrients, create acidity, and wear down 

minerals so that their constituent elements eventually contribute to the 

saltiness of the oceans.  

Attraction to solid surfaces restricts some of the free movement of water 

molecules, making it  less l iquid and more solidlike in its behavior. In the soil ,  

water can f low up as well  as down. Plants may wilt  and die in a soil  whose 

profile contains a mill ion kilograms of water in a hectare. A layer of sand and 

gravel in a soil  profile may actually inhibit  drainage, causing the upper 

horizons to become muddy and saturated with water during much of the year.  

These and other soi l  water phenomena seem to contradict our intuition about 

how water ought to behave.  

Soil-water interactions influence many of the ecological functions of soi ls and 

practices of soi l  management. These interactions determine how much 

rainwater runs into and through the soil  and how much runs off the surface. 

Control of these processes in turn determines the movement of chemicals to 

the groundwater, and of both chemicals and eroded soil  part icles to streams 

and lakes. The interactions affect the rate of water l oss through leaching and 

evapotranspiration, the balance between air and water in soil  pores, the rate 

of change in soil  temperature, the rate and kind of metabolism of organisms, 
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and the capacity of soil  to store and provide water for plant growth.  

 

4.1 STRUCTURE AND RELATED PROPERTIES OF WATER  

The abil ity of water to influence so many soi l  processes is determined 

primari ly by the structure of the water molecule. This structure also is  

responsible for the fact that water is a l iquid, not a gas, at temperat ures found 

on earth. Water is,  with the exception of mercury, the only inorganic (not 

carbon-based) l iquid found on Earth.  Water is  a simple compound, its  

individual molecules containing one oxygen atom and two much smaller 

hydrogen atoms. The elements are  bonded together covalently, each hydrogen 

atom sharing its single electron with the oxygen.  

 

Polarity 

The arrangement of the three atoms in a water molecule is not symmetrical,  

as one might expect.  Instead of  the atoms being arranged linearly (H -O-H), the 

hydrogen atoms are attached to the oxygen in a V -shaped arrangement at an 

angle of only 105°. As shown in Figure 4.1, this  results in an asymmetrical 

molecule with the shared electrons spending most of the time nearer to the 

oxygen than to the hydrogen. Consequently, the water molecule exhibits 

polarity; that is,  the charges are not evenly distributed. Rather, the side on 

which the hydrogen atoms are located tends to be electropositive and the 

opposite side electronegative.  

As a result,  each water molecule  does not act independently but rather is  

coupled with other neighboring molecules. The hydrogen (positive) end of one 

molecule attracts the oxygen (negative) end of another, resulting in a chainlike 

(polymer) grouping. Because its molecules cluster togeth er,  water has a much 

higher boil ing point than other l iquids with comparably low molecular weights 

(e.g. ,  methyl alcohol).  

Polarity also explains why water molecules are attracted to electrostatically 

charged ions and to colloidal surfaces. Cations such as  W, Na+ ,  K+ ,  and Ca2 +  

become hydrated through their attraction to the oxygen (negative) end of 

water molecules. L ikewise, negatively charged clay surfaces attract water, this  

t ime through the hydrogen (positive) end of the molecule. Polarity of water 
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molecules also encourages the dissolution of salts in water since the ionic 

components have greater attraction for water molecules than for each other.  

 

 

FIG URE 4.1  Two -d im e ns io na l  r e pr e se nt at ion  o f  a  wa te r  mo lec u le  s howi n g a  la r ge  oxyg e n a tom a n d 

two m uc h sma l l e r  hy dro g e n atom s.  Th e HOH a n gl e  o f  10 5°  r e su lt s  i n  a n a sy mme tr i ca l  a rra n ge me n t .  

One  s i de  o f  th e w at er  m olec ul e  ( t hat  wi th  t h e tw o hy dro g en s)  i s  e l ect ro posi t iv e;  t h e ot h er  i s  

e l ect ron e gat iv e.  T h is  acco un t s  for  t h e po la r i ty  o f  wa te r .  

 

When water molecules become attracted to electrostatically charged ions or 

clay surfaces, they are more closely packed than in pure water. In this packed 

state their freedom of movement is restr icted and their energy status is lower 

than in pure water. Thus, when ions or c lay particles become hydrated, energy 

must be released. That released energy is  evidenced as heat of solution  when 

ions hydrate or as heat of wetting  when clay particles become wet. The latter 

phenomenon can be demonstrated by placing some dry, f ine clay i n the palm 

of the hand and then adding a few drops of water. A sl ight rise in temperature 

can be felt.  

 

Hydrogen Bonding 

Through a phenomenon called hydrogen bonding, a hydrogen atom of one 

water molecule is attracted to the oxygen en of a neighboring wate r molecule,  

thereby forming a low energy bond between the two molecules. This type of 

bonding accounts for the polymerization of water. Hydrogen bonding also 
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accounts for the relatively high boil ing point, specif ic heat,  and viscosity of 

water compared to the same properties of other hydrogen -containing 

compounds, such as H 2S, which has a higher molecular weight but no hydrogen 

bonding. It  is also responsible for the structural rigidity of some clay crystals 

and for the structure of some organic compounds, such as proteins.  

 

Cohesion versus Adhesion  

Hydrogen bonding accounts for two basic forces responsible for water 

retention and movement in soils:  the attraction of water molecules for each 

other (cohesion ) and the attraction of water molecules for solid surfaces 

(adhesion ) .  By adhesion (also called adsorption),  some water molecules are 

held rigidly at the surfaces of soi l  solids. In turn, these tightly bound water 

molecules hold by cohesion other water molecules farther removed from the 

solid surfaces (Figure 4.2). Together, these forces of adhesion and cohesion 

make possible the property of plasticity possesses by clays.  

 

 

FIG URE 4 .2  T h e forc e s  o f  cohe s ion ( b etw ee n w at er  molec u le s)  a n d co he s ion ( be twe e n wa te r  a n d  

so l id  su rfac e)  i n  a  so i l -wat er  s ys te m.  T h e fo rce s  ar e  l arg e ly  a  re s ul t  o f  H - bon d i ng  s how n as  b rok e n 

l i ne s .  Th e ad h es iv e  or  a ds orp t iv e  fo rc e d im i ni s he s  r ap id ly  w it h  d is ta nc e f rom th e so l i d  s u rfac e.  
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Surface Tension 

Another important property of water that markedly influences its behavior in 

soils is that of surface tension. This property is commonly evidenced at l iquid -

air interfaces and results from the greater attraction of water molecules for 

each other (cohesion)  than for the air above (Figure 4.3). The net effect is an 

inward force at the surface that causes water to behave as if  its surface were 

covered with a stretched elastic membrane, and observation familiar to those 

who have seen insects walking on water in  a pond (Figure 4.4). Because of the 

relatively high attraction of water molecules for each other, water has a high 

surface tension (72.8 newtons/mm at 20°C) compared to that of most other 

l iquids (e.g. ,  ethyl alcohol, 22.4 N/mm). As we shall  see, surface tension is an 

important factor in  the phenomenon of capil lar ity, which determines how 

water moves and is retained in soil .  

 

 

FIG URE 4.3  Com par at ive  f orce s  ac t i n g  on  wat er  mol ecu l es  at  t he s ur face  a nd  be n ea th t he s ur fac e.  

Forc e s  ac t i n g  be low t h e s urf ace  ar e  e q ual  i n  a l l  d i r ect ion s  s inc e eac h wa t er  molec u le  i s  a t t rac te d 

eq ua l l y  b y  n ei g hbo r i n g wa te r  mol ec ul es .  At  t he s urf ace,  howev er ,  th e a tt ract i on o f  t he a i r  fo r  t he  

wate r  mol ec ul e s  i s  m uc h l es s  t ha n th at  o f  wa te r  mo lec u le s  for  eac h ot h er .  Co ns e q ue nt ly ,  th e re i s  

a  ne t  dow nwar d  forc e  on  t he  su rfac e  mol ec ul e s ,  an d  th e r es u lt  i s  som et h in g  l ik e  a  com p re s se d  f i lm  

or  m em bra n e a t  t h e s urf a ce.  T hi s  p h enom e non  i s  c a l l ed  sur fa ce  tens i on .  
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FIG URE  4. 4  E ve ry day  ev i d enc e s  o f  wa te r ’ s  s urf ace  t en s ion  ( lef t )  as  in s ect s  la nd  o n w at er  a n d do n 

not  s i nk ,  a nd of  forc es  o f  cohe s ion a n d a d he s ion ( r ig ht)  as  a  d ro p of  wat er  i s  h e ld  b etw ee n th e 

f i ng er s .  

 

4.2 CAPILLARY FUNDAMENTALS AND SOIL WATER  

The movement of water up a wick typif ies the phenomenon of capil larity. Two 

forces cause capi l lar ity: (1) the attraction of water for the solid (adhesion or 

adsorption), and (2) the surface tension of water, which is d ue largely to the 

attraction of water molecules for each other (cohesion).  

 

Capillary Mechanism 

Capil larity can be demonstrated by placing one end of a f ine, clean glass tube 

in water. The water rises in the tube; the smaller the tube bore, the higher 

the water rises. The water molecules are attracted to the sides of the tube 

(adhesion) and start to spread out along the glass in response to this 

attraction. At the same time, the cohesive forces hold the water molecules 

together and create surface tension, c ausing a curved surface (cal led a 

meniscus) to form at the interface between water and air  in the tube. Lower 

pressure under the meniscus in the glass tube (P2) allows the higher pressure 

(P1) on the free water to push water up the tube. The process contin ues until  

the water in the tube has r isen high enough that its weight just balances the 

pressure difference across the meniscus.  
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The height of rise in a capil lary tube is  inversely proport ional to the tube 

radius r .  Capil lary r ise is also inversely proportional to the density of the 

l iquid, and is direct ly proport ional to the l iquid’s surface tension and the 

degree of its adhesive attraction to the soil  surface. By water we can calculate 

the height of the rise h  with following equation:  

 

r
h

15.0
  

 

where both h  and r  are expressed in centimeters. The equation tells  us that  

the smaller the tube bore, the greater the capi l lary force and the higher the 

water r ise in the tube (Figure 4.5).  

 

 

FIG URE 4 .5  U pwa rd c ap i l l ar i ty  mov em e nt  o f  wat e r  th rou g h t ub e s  o f  d i f f er e nt  bor e an d so i l s  w it h  
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di f fe r en t  po re  s iz es .  T h e f i ne r  t he  so i l  te x tu re ,  th e  g re at er  t h e  p ropo rt ion  o f  sma l l - s ize d  po re s,  

an d he nc e,  th e h ig h er  t he  u l t ima te r i s e  o f  wat er  a b ove a  f r e e wa te r  t ab l e .  H oweve r ,  b eca us e o f  

th e muc h  g r eat er  f r ic t io n a l  forc es  i n  t h e sma l l e r  p ore s ,  t he  ca pi l l ar i ty  r i se  i s  m uc h  s lowe r  i n  th e 

f i ne r - t e xt u re d so i l  th an  i n  th e sa n d !! !  

 

Height and Rise in Soils  

Capil lary forces are at work in all  moist soils. However, the rate of movement 

and the rise in height are less than one would expect on the basis  of soil  pore 

size alone. One reason is that soil  pores are not straight, uniform openings 

l ike glass tubes. Furthermore, some soil  pores are f i l led with air,  which may 

be entrapped, s lowing down or preventing the movement of water by 

capil larity (see Figure 4.5b).  

Since capil lary movement is determined by pore size, it  is the pore -size 

distribution that largely d etermines the amount and rate of movement of 

capil lary water in the soil .  The abundance of medium - to large-sized capil lary 

pores in sandy soi ls permits rapid init ial capil lary rise, but l imits the ultimate 

height of rise (Figure 4.5c). Clays have a high p roportion of very f ine capi l lary 

pores, but frictional forces slow down the rate at which water moves through 

them. Consequently,  in clays the capil lary rise is slow init ially, but in t ime it  

generally exceeds that of sands. Loams exhibit capil lary propert ies between 

those of sands and clays.  

Capil larity is traditionally i l lustrated as an upward adjustment. But movement 

in any direction takes place, s ince the attractions between soil  pores and 

water are as effective in forming a water meniscus in horizontal  pores as in  

vertical ones.  The signif icance of capil lar ity in  controll ing water movement in 

small pores wil l  become evident as we turn to soil  water energy concepts.  

 

4.3 SOIL WATER ENERGY CONCEPTS  

The retention and movement of water in soils,  its uptake and translocation in 

plants, and its loss to the atmosphere are all  energy -related phenomena. 

Different kinds of energy are involved, including potential energy  and kinetic 

energy .  Kinetic energy is certainly an important factor in the rapid, turbulent 

f low of  water in a river, but the movement of water in  soi l  is so slow that  the 

kinetic energy component is usually negligible. Potential energy is  most 
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important in determining the status and movement of soil  water. For the sake 

of simplicity,  in this  text we will  use the term energy to refer to potential  

energy.  

As we consider energy,  we should keep in mind that al l  substances, including 

water,  tend to move or change from a higher to a lower energy state.  

Therefore, if  we know the pertinent energy levels at various points in a soil ,  

we can predict the direction of water movement. It  is the differences in energy 

levels from one contiguous site to another that influence this water 

movement.  

 

Forces Affecting Potential  Energy  

The discussion of the structure and properties of water in the previous section 

suggests three important forces affecting the energy level of soil  water . First ,  

adhesion, or the attraction of water to the soil  solids (matrix),  provides a 

matric  force  (responsible for adsorption and capil larity) that markedly reduces 

the energy state of water near particle surfaces. Second, the attraction of 

water to ions and other solutes, resulting in osmotic forces ,  tends to reduce 

the energy state of water in the s oi l  solution. Osmotic movement of pure water 

across a semipermeable membrane into a solution (osmosis) is evidence of the 

lower energy state of water in the solution. The third major force acting on 

soil  water is gravity ,  which always pulls the water downw ard. The energy level  

of soil  water at a given elevation in the profile is  thus higher than that of  

water at some lower elevation. This difference in energy level causes water to 

f low downward.  

 

Soil  Water Potential  

The difference in energy level of water  from one site or one condition (e.g.,  in  

wet soil ) to another (e.g.,  in dry soil ) determines the direct ion and rate of 

water movement in soils and in plants. In a wet soi l,  most of the water is 

retained in large pores or thick water f i lms around particles .  Therefore, most 

of the water molecules in a wet soi l  are not very close to a particle surface 

and so are not held very tightly by the soi l  solids (the matrix). In this condition, 

the water molecules have considerable freedom of movement, so their energy 
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level is near that of water molecules in a pool of pure water outside the soil.  

In a drier soil,  however, the water that remains is located in small  pores and 

thin water f i lms, and is therefore held tightly by the soi l  sol ids. Thus the water 

molecules in a  drier soil  have l itt le freedom of movement, and their energy 

level is much lower than that of the water in wet soil.  If  wet and dry soil  

samples are brought in touch with each other, water wil l  move from the wet 

soil  (higher energy state) to the drier soi l  (lower energy).  

Determining the absolute energy level  of soil  water is a diff icult  and 

sometimes impossible task. Fortunately, it  is not necessary to know the 

absolute energy level of water to be able to predict how it  wi l l  move in soils 

and in the environment. Relative values of soil  water energy are all  that is 

needed. Usually the energy status of soil  water in a particular location in the 

profile is compared to that of pure water at standard pressure and 

temperature, unaffected by the soil  and located at some reference elevation. 

The difference in energy levels between this pure water in the reference state 

and that of the soil  water is termed soil  water potential  (Figure 4.6), the term 

potential,  l ike the term pressure, implying a difference in energy status.  

If  all  water potential values under consideration have a common reference 

point (the energy state of pure water), differences in the water potential of  

two soil  samples in fact reflect differences in their absolute energy levels. This 

means that water wil l  move from a soi l  zone having a high soi l  water potential 

to one having a lower soil  water potential.  This fact should be always kept in  

mind in considering the behavior of water in soils.  

The soil  water potential is due to several forces, each of which is a component 

of the total soil  water potential Ψ t .  These components are due to differences 

in energy levels resulting from gravitat ional, matric, submerged hydrostat ic, 

and osmotic forces and are termed gravitational potential Ψ g ,  matric 

potential Ψm ,  submergence potential  Ψ s ,  and osmotic potential Ψ o ,  

respectively. All  of these components act simultaneously to influence water 

behavior in soils. The general relationship of soil  water potential to potential 

energy levels is shown in Figure 4.6 and ca n be expressed as:  

Ψ t  = Ψg  + Ψm  + Ψo  + Ψ s  + …..  

where the ell ipses (…..) indicate the possible contribution of additional 

potentials not yet mentioned.  
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FIG URE 4 .6  R e l at ion s hi p  b etw ee n th e pot en t i a l  e ne r gy  o f  p ur e wat er  at  a  s ta n dar d re fe re nc e sta te  

(pr e ss u re,  t emp e rat u re,  a nd  e l evat io n)  a n d t ha t  o f  so i l  wat e r .  I f  t h e so i l  wat er  co nt a i n s  sa l ts  a nd  

oth er  so l ut e s ,  t h e mu t ua l  att ract io n b etw e en wa t e r  mol ec ul es  an d t h es e c h emi ca l s  r e d uce s  t h e 

pot en t i a l  e ne rg y  o f  t h e wate r ,  t h e d e gr e e o f  t h e  re d uct ion b ei n g t erm e d  osmot ic  pot en t i a l .  

S i mi lar ly ,  t he  m ut ua l  a tt r act io n b etw ee n so i l  so l i d s  ( so i l  m atr i x)  a n d so i l  w ate r  mo le cu le s  a l so  

re d uce s  t h e w at er ' s  po te n t ia l  e n er gy .  I n  t h i s  ca s e t he  re d uct ion  is  c a l le d  ma tr i c  pot e nt ia l .  S i nce  

bot h o f  th e se  in te rac t io n s  re d uc e th e  wat e r ' s  po t en t i a l  e n er gy  l ev e l  com p are d  to  t ha t  o f  p ur e 

wate r ,  th e  ch an g es  i n  e ne r gy  l eve l  (o smo t ic  po te n t ia l  a n d m at r ic  po te nt ia l )  ar e  bot h  con s id er e d to  

be  ne ga t iv e.  I n  co nt ra st ,  d i f fe r enc e s  in  e n er gy  d u e to  g rav i t y  ( gr av i ta t io na l  p ote nt ia l )  a re  a lway s  

pos i t iv e.  T hi s  i s  beca u s e t he  r ef er e nce e le vat ion  o f  th e p ur e,  wa te r  i s  p u rpo s ely  d e s i g nat e d a t  a  

s i te  i n  t h e so i l  p rof i le  be l ow t hat  o f  t he  so i l  wa t er .  A  p la nt  roo t  a tt em pt in g  to  r emov e wa t er  f ro m 

a  moi st  so i l  wou ld  hav e to  ove rcome  a l t  th r ee  forc es  s im ul ta neo us ly .  

 

Gravitational Potential  

The force of gravity acts on soil  water the same as it  does on any other body,  

the attraction being toward the earth's center. T he gravitational potential Vrg 

of soil  water may be expressed mathematical ly as:  

Ψg  = g * h 

Where g  is the acceleration due to gravity and h  is the height of the soil  water 

above a reference elevation. The reference elevat ion is usually chosen within 

the soil  profile or at its lower boundary to ensure that the gravitational  

potential of soil  water above the reference point will  a lways be posit ive.  
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Following heavy precipitation or irr igation, gravity plays an important role in 

removing excess water from the upper horizons and in recharging groundwater 

below the soil  profile.  

 

Pressure Potential  (Including Hydrostatic and Matric Potentials)  

This component accounts for the effects on soil  water potential of al l  factors 

other than gravity and solute levels. It  most commonly includes (1) the 

positive hydrostatic pressure due to the weight of water in saturated soils and 

aquifers, and (2) the negative  pressure due to the attractive forces between 

the water and the soil  sol ids or the soil  matrix.  

The hydrostatic pressures give rise to what is often termed the hydrostatic 

potential Ψ s ,  a component that is operational only for water in saturated 

zones below the water table. Anyone who has dived to the bottom of a 

swimming pool has felt  hydrostatic pressure on the eardrums.  

The attraction of water to solid surfaces gives rise to the matric potential Ψ m ,  

which is  always negative because the water attracted b y the soil  matrix has an 

energy state lower than that of pure water. (These negative pressures are 

sometimes referred to as suction  or  tension ) .  The matric potential  is  

operational in unsaturated soil  above the water table, while the submergence 

potential  appl ies to water in saturated soil  or below the water table (Figure 

4.7).  

While each of these pressures is signif icant in specif ic f ield situations, the 

matric potential is important in al l  unsaturated soils because there are 

omnipresent interact ions betwe en soil  sol ids and water. The movement of soil  

water,  the availabil i ty of water to plants, and the solutions to many civil  

engineering problems are determined to a considerable extent by matric 

potential.   
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FIG URE 4 .7  T he mat r i c  po t en t i a l  an d su bm e rg e nce p ote nt ia l  ar e  bot h pr es s ur e  pot e nt ia l s  t ha t  ma y 

cont r i b ut e to  tota l  wa t er  pot en t i a l .  T he  ma tr ic  pot e nt ia l  i s  a lway s  n eg at ive  a nd  t h e s ub me r ge nc e 

pot en t i a l  i s  po s i t i ve.  W h e n wat e r  i s  i n  un sa t ura te d  so i l  a bove t he wa te r  t ab l e  ( to p o f  s at ur at e d 

zone)  i t  i s  s ub jec t  to  th e i nf lu e nce o f  mat r ic  pot e nt i a ls .  Wat e r  b elow th e wa te r  ta bl e  in  sa tu ra te d  

so i l  i s  su bj ec t  to  su bm e rg e nce pot e nt ia ls .  I n  t he  e xam pl e show n he r e,  t he mat r ic  po te nt ia l  

dec r ea se s  l i nea r l y  wi th  e l eva t io n a bove th e wa te r  t a b le ,  s i g ni f y i n g  t hat  w at e r  r i s in g  by  ca pi l l ary  

att ract io n u p f rom th e wa te r  ta b le  i s  t h e on ly  so urc e o f  wa te r  i n  t h i s  prof i l e .  Ra i nfa l l  o r  i r r i gat ion  

( se e dot t ed  l in e)  wo ul d a l t er  o r  c ur ve t he  s tra i gh t  l i n e,  b ut  wo ul d no t  c ha n ge  t he  f un da me nt a l  

re lat io ns h i p  d e scr ib e d.   

 

Matric potential Ψ m ,  which results from the phenomena of adhesion (or 

adsorption) and of  capil lar ity,  influences soil  moisture retention as well  as soi l  

water movement. Differences between the Ψ m  of two adjoining zones of a soil 

encourage the movement of water from moist zones (high energy state) to dry 

zones (low energy state) or from large pores to small pores. Although this 

movement may be slow, it  is extremely important,  especially in supplyin g 

water to plant roots.  

 

Osmotic Potential  

The osmotic potential Ψ o  is attributable to the presence of solutes in the soil  

solution. The solutes may be inorganic salts or organic compounds. Their 

presence reduces the potential energy of water, primarily because of the 

reduced freedom of  movement of the water molecules tha t cluster around 

each solute ion or molecule. The greater the concentration of solutes, the 

more the osmotic potential is lowered. As always, water will  tend to move to 
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where its energy level will  be lower, in this case to the zone of higher solute 

concentrat ion. However, l iquid water will  move in response to differences in 

osmotic potential (the process termed osmosis)  only if  a  semipermeable 

membrane  exists between the zones of high and low osmotic potential,  

allowing water through but preventing the movement of the solute .  If  no 

membrane is present, the solute,  rather than the water, generally moves to 

equalize concentrations.  

Because soi l  zones are not generally separated by membranes, the osmotic 

potential Ψo  has l itt le effect on the mass movement of wa ter in soils. Its major 

effect is on the uptake of water by plant root cells that are  isolated from the 

soil  solution by their semipermeable cel l  membranes. In soi ls high in soluble 

salts, Ψo  may be lower (have a greater negative value) in the soil  solutio n than 

in the plant root cel ls. This leads to constraints in the uptake of water by the 

plants. In very salty soil,  the soil  water osmotic potential may be low enough 

to cause cells in young seedl ings to collapse (plasmolyze) as water moves from 

the cells to the lower osmotic potential zone in the soil .  

The random movement of water molecules causes a few of them to escape a 

body of l iquid water, enter the atmosphere, and become water vapor. Since 

the presence of solutes restricts the movement of water molec ules, fewer 

water molecules escape into the air as the solute concentrat ion of l iquid water 

is increased. Therefore, water vapor pressure is  lower in the air  over salty 

water than in the air over pure water. By affecting water vapor pressure, Ψ o  

affects the movement of water vapor in soils. The process of osmosis and the 

relationship between the matric and osmotic components of total soi l  water 

potential is shown in Figure 4.8.  
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FIG URE 4 .8  Re la t io ns h i ps  amon g osmo t ic ,  ma tr ic ,  an d comb i ne d so i l  wa t e r  pot e nt ia ls .  ( Lef t )  

As s um e a  con ta in er  o f  so i l  se pa rat e d f rom p ur e wa te r  by  a  m em bra n e p erm ea bl e  o nl y  to  wat er  

( se e i n s et  show in g o smos is  ac ros s  t h e m em bra n e) .  The p ur e wat er  i s  co n ne cte d to  a  v e ss e l  o f  

merc u ry  th rou g h a  t ub e.  Wate r  w i l l  mov e in to  t h e so i l  i n  r e s pon s e to  t he ma tr i c  forc e s  a tt ract i ng  

wate r  to  so i l  so l i d s  an d t he o smot ic  fo rce s  a ttr act i ng  wa t er  to  so l u te s .  At  e q ui l i b r i um th e he ig h t 

o f  t h e me rc ury  co l um n  a b ove ve s se l  A  i s  a  m ea su r e  o f  t h i s  com bi n ed  so i l  w at er  pot en t i a l  (ma tr ic  

p l u s  o smot ic ) .  (R i g ht ) .  As s um e a  s eco n d co nta i ne r  i s  p lac ed  be twe e n th e p ur e  wate r  an d t he  so i l ,  

an d t h is  con ta in er  i s  se pa r ate d f rom t he so i l  by  a  f i n e scr ee n p erm ea b le  to  bot h so l ut e s  a n d wat e r .  

Ion s  wi l l  mov e f ro m t h e s o i l  in to  t h is  s eco nd  con ta in er  u n t i l  t h e co nce nt ra t i on o f  so l ut e s  i n  t h i s  

wate r  an d  i n  t h e so i l  w at e r  hav e  e q ua l iz ed .  T h en  t h e  d i f f er e nc e b etw ee n  t h e p ote nt ia l  e ne rg i es  o f  

th is  so lu t io n a n d of  th e p u re wa t er  g i ve s  a  me as ur e o f  th e o smot ic  pot e nt ia l .  T he  mat r ic  po te n t ia l ,  

as  me as u re d  b y  t he  co l um n of  m e rcu ry  a b ove  v e ss e l  B ,  wo u ld  t h e n b e th e  d i f f er e nce  be twe e n t he  

combi n e d so i l  wa t er  pot e n t ia l  a n d t he o smo t ic  com p one nt .  Th e gra v i tat io na l  p ote nt ia l  (no t  s how n)  

i s  t h e sa me  fo r  a l t  com pa rtm e nt s  an d  doe s  no t  a f f ect  t h e o utco me  s i nc e th e  wat er  mov em e nt  i s  

hor izon ta l .  [ Mo dif ie d  f ro m R ic ha rd s  ( 19 65) ]  

 

4.4 SOIL WATER CONTENT AND SOIL WATER POTENTIAL  

Soil  water versus Energy Curves  

The relationship between soil  water potential Ψ and moisture content θ of  

three soils of different textures is shown in Figure 4.9. Such curves are 

sometimes termed water release characteristic curves, or simply water 

characteristic curves. The absence of sharp breaks in the curves indicates a 

gradual change in the water potential with increased soil  water content an 
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vice versa. The clay soil  holds much more water at a given potential than does 

the loam or sand. Likewise, at a given moisture content, the wa ter is held 

much more tenaciously in the clay than in the other two soils. The amount of 

clay in a soil  largely determines the proportion of very small micropores in 

that soil.  As we shall  see, about half  of the water held by clay soils is held so 

tightly in these micropores that it  cannot be removed by growing plants. Soil  

texture clearly exerts a major influence on soil  moisture retention.  

Soil  structure also influences soil  water content – energy relat ionships. A well -

granulated soil  has more total pore space and greater overall  water -holding 

capacity than one with poor granulation or one that has been compacted.  

 

 

FIG URE  4. 9  So i l  wa te r  po t en t i a l  c urv e s  for  t hr e e  r ep re se n tat iv e  mi n era l  so i l s .  The  c urv e s  s how  t he  

re lat io ns h ip  o bta i ne d by  s l owly  d ry in g com pl et e ly  s at ura t ed so i l s .  Th e d as h e d l i ne s  show t h e e f fec t  

o f  compac t io n or  poor  st ruc tu r e.  Th e so i l  wat er  p ote nt ia l  Ψ (w hic h i s  ne ga t iv e)  i s  exp re s se d i n  

te rm s of  ba rs  (u p pe r  sca le )  an d k i lop asc a l s  ( kPa)  ( lo wer  sca le ) .  Not e t ha t  th e so i l  wa te r  pot en t i a l  

i s  p lot te d o n a  lo g  sca le .  
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FIG URE 4. 10  T h e re lat io ns hi p  b etw e en  so i l  wa te r  co nt e nt  an d  ma tr ic  pot e nt ia l  o f  a  so i l  upo n b ei n g  

dr ie d  a nd  t h e n rew et te d.  The  ph e nome no n,  k nown  as  hy s te re s is ,  i s  a pp ar e nt l y  du e  to  facto rs  suc h 

as  t he  non u n i form it y  o f  i nd iv i du a l  so i l  por e s ,  e nt r ap pe d  a i r  a n d th e  sw e l l in g  an d  s h r i nk i ng  t ha t  

mig h t  a f fec t  so i l  s t ruc t ur e .  Th e dr awi ng s  s how t h e e f fec t  o f  no nu n i for mi ty  o f  por es .  

 

Hysteresis  

The relationship between soil  water content and potential,  determined as a 

soil  dr ies out, wi l l  differ somewhat from the relationship measured as the 

same soi l  is rewetted. This phenomena, known as hysteresis ,  is i l lustrated in 

Figure 4.10. Hysteresis is caused by a number of factors, including the 

nonuniformity of soi l  pores, swelling and shrinking of clays, etc.  
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Measurements of Soil Water Status  

The soil  water characterist ic curves just discussed highl ight the importance of  

making two general kinds of soi l  water measurements: the amount  of  water 

present (water content ) and the energy status  of the water (soil  water 

potential ).  In order to understand or manage water supply and movement in 

soils it  is essential to have information (directly measured or inferred) on both  

types of measurements.  

Generally the behavior of soil  water is mos t closely related to the energy 

status of the water,  not to the amount of  water in  a soil .  Thus, a clay loam soil  

and a loamy sand will  both feel moist and will  easily supply water to plants 

when the Ψm  is,  say,  -10 kPa. However, the amount of water held b y the clay 

loam, and thus the length of t ime it  could supply water to plants, would be far 

greater at this potential than would be the case for the loamy sand.  

We will  mention several methods for making each of these two types of  soi l  

water measurements. Researchers, land managers, and engineers may use a 

combination of several of these methods to study the storage and movement 

of water in soi l,  manage irr igat ion systems, and predict the physical behavior 

of soils.  

 

Measuring Soil  Water Content  

The volumetric  water content θ  is def ined as the volume of  water associated 

with a given volume (usual ly 1 m 3) of dry soil .  A comparable expression is the 

mass water content θ m ,  or the mass of water associated with a given mass 

(usual ly 1 kg) of dry soil .  Both of thes e expressions have advantages for 

different uses. In most cases we shal l  use the volumetric water content θ in 

this text.  

Because in the f ield we think of plant root systems as exploring a certain depth 

of soil ,  and because we express precipitation (and so metimes irrigation) as a 

depth of water (e.g.,  mm of rain), it  is often convenient to express the 

volumetric water content as a depth ratio (depth of water per unit depth of 

soil ).  Conveniently, the numerical values for these two expressions are the 

same. For example, for a soil  containing 0.1 m 3  of water per m3  of soil  (10% 

by volume) the depth ratio of water is 0.1 m of water per m of soil  depth.  
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Some methods for measuring the soil  water content are shown in Table 4.1 .  

From all  these methods, the gravimetric  method  is a direct measurement of 

soil  water content, and is therefore the standard method by which all  indirect 

methods are calibrated.  

 

TABLE 4.1 Some Methods of  Measuring Soi l  Water  

Note that more than one method may be needed to cover the e ntire range of  so i l  

moisture conditions.  

Meth o d  

Mea su res  so i l  

wa te r  Use  f u l  

ra n g e ,  
kPa  

Used  ma in l y  i n  

Co mmen t s  Co n ten

t  

Po t en t i

a l  

F i e ld  La

b  
1 .  Gravim et r i c  x   0  t o  < -1 0 ,0 0 0   x  Des t ru c t i v e  samp l in g ;  s l o w ( 1  t o  2  d ays )  

u n les s  

mic ro wav e  u s ed .  Th e  s t an d a rd  for  

ca l i b ra t i on .  2 .  Res i s t an ce  

b lock s  

 x  -1 0 0  t o  < -

1 ,5 0 0  

x   Can  b e  au toma ted ;  n o t  s en s i t i ve  n ea r  

op t imu m 

p lan t  wa t e r  con t en t s .  

3 .  Neu t r on  

sca t t e r i n g  

x   0  t o  < -

1 ,5 0 0  

x   Rad i a t i on  p ermi t  n eed ed ;  exp en s iv e  

eq u ip men t ;  

n o t  g ood  i n  h igh -o r gan i c -ma t t er  so i l s ;  

r eq u i r es  

access  t u b e .  

4 .  Tim e d oma in  

re f l ec tom et r y  

( TDR)  

x   0  t o  < -

1 0 ,0 00  

x  x  May b e  au toma t ed ;  accu ra t e  t o  1  k Pa ;  

req u i r es  wav e  

gu id es ;  exp en s i v e  i n s t ru m en t .  

5 .  Ten s iom et e r   x  0  t o  -8 5  x   Accu ra t e  t o  0 .1  t o  1  k Pa ;  l im i t ed  ran g e;  

i n exp en s iv e;  

can  b e  au toma ted ;  n eed s  p er i od i c  
se rv i c in g .  6 .  Th e rm ocou p le  

p s ych ro m ete r  

 x  5 0  t o  < -

1 0 ,0 00  

x  x  Mod era t e ly  exp en s iv e;  wid e  ran g e;  

accu ra t e  on ly  

t o  ±5 0  k Pa .  

7 .  P r essu r e  

memb ran e  

ap p a ra tu s  

 x  5 0  t o  < -

1 0 ,0 00  

 x  Us ed  i n  con ju n c t i on  wi th  gra v im et r i c  

meth od  t o  

con s t ru c t  wa t er  ch a rac t er i s t i c  cu rv e .  

 

Measuring Soil  Water Potentials  

TENSIOMETE RS .  The tenacity with which water is held in soils is an expression of  

soil  water potential Ψ. Field tensiometers  (Figure 4.11) measure this 

attraction or tension. The tensiometer is basically a water -f i l led tube closed 

at the bottom with a porous ceramic cup and at the top with an airtight seal. 

Once placed in the soil,  water in the tensiometer -moves through the porous 

cup into the adjacent soil  unti l  the water potential in the tensiometer is the 

same as the matric water potential in the soil .  As the water is drawn out, a 
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vacuum develops under the top seal,  which can be measured by a vacuum 

gauge or an electronic transducer. If  rain or irrigation rewets the soil,  water 

wil l  enter the tensiometer through the ceramic t ip, reducing the vacuum or 

tension recorded by the gauge.  

Tensiometers are useful between 0 and -85 kPa potential ,  a  range that includes 

half  or more of the water stored in most soils. Laboratory tensiometers called 

tension plates  operate over a s imilar range of potentials. As the soil  dr ies 

beyond -80 to -85 kPa, tensiometers fail  because air is drawn in through the 

pores of the ceramic, relieving the vacu um. A solenoid switch can be f itted to 

a f ield tensiometer in order to automatically turn an irrigation system on and 

off.  

 

 

FIG URE 4.1 1  Te n s iom e te r  met ho d of  d et erm i ni n g wa te r  pot en t i a l  i n  t h e f ie ld .  C ros s  sec t io n show i ng  

th e e s se n t ia l  com pon e nt s  o f  a  te n s iom e te r .  Wa te r  m oves  t hro ug h t h e po rou s  e nd o f  t he in s tr um en t  

in  re s pon s e to  th e p ul l  (ma tr i c  po te nt ia l )  o f  th e so i l .  The vac uu m so  c re at ed i s  mea s ur ed by  a  g au g e 

tha t  re ad s  i n  kP a  o f  te n s io n ( - kPa  w at er  po te n t ia l ) .  
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4.5 THE FLOW OF LIQUID WATER IN SOIL 

Three types of water movement within the soil  are recognized: (1) saturated 

f low, (2) unsaturated flow, and (3) vapor movement. In al l  cases water f lows 

in response to energy gradients,  with water moving from a zone of higher to 

one of lower water potential.  Saturated f low takes place when the soil  pores 

are completely f i l led (or saturated) with water. Unsaturated flow occurs when 

the larger pores in the soil  are f i l led with air,  leaving only the smaller pores 

to hold and transmit water.  Vapor movement  occurs as vapor pressure 

differences develop in relatively dry soils.  

 

Saturated Flow Through Soils  

Under some conditions, at least part of a soil  profile may be completely 

saturated; that is,  al l  pores, large and small,  are f i l led with water. The lower 

horizons of poorly drained soils are often saturated, as are portions of well -

drained soils  above stratif ied layers of  clay.  During and immediately following 

a heavy rain or irrigation, pores in the upper soi l  zones are often f i l led entirely 

with water (Figure 4.12).  
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FIG URE  4. 12  Sat ur at ed  f lo w (p er co la t io n)  i n  a  co lu m n of  so i l  w it h  c ro ss -s ect io na l  a r ea  A,  cm 2 .  A l l  

so i l  por es  ar e  f i l l e d  wi t h  wate r .  

 

The quantity of water per unit of t ime Q/t  that f lows through a column of 

saturated soi l  can be expressed by Darcy's law, as follows:  

L
KA

t

Q
sat


  

where A is the cross-sectional area of the column through which the water 

f lows, K s a t  is the saturated hydraulic conductivity ,  ΔΨ is  the change in water 

potential between the ends of the column (for example, Ψ 1  -  Ψ2) ,  and L is the 

length of the column. For a given column, the rate of f low is determined by 

the ease with which the soil  transmits water (K s a t) and the amount of force 

driving the water, namely the water potential gradient  ΔΨ/L .  For saturated 

f low this force may also be called the hydraulic gradient .  
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Factors Influencing the Hydraulic Conductivity of Saturated Soils  

Any factor affecting the size and configuration of soil  pores will  influence 

hydraulic conductivity. The total f low rate in soil  pores is proportional to the 

fourth power of the radius. Thus, f low through a pore 1 mm in radius (say,  a 

small earthworm channel) is equivalent to that in 10,000 pores with a radius 

of 0.1 mm even though it  takes only 100 pores of radius 0.1 mm to give the 

same cross-sectional area as a 1 mm pore. As a result,  macropores  

(radius > 0.05 mm) account for most water movement in satu rated soils. The 

presence of biopores, such as root channels and earthworm burrows (typical ly 

>1 mm in radius), may have a marked influence on the saturated hydraulic 

conductivity of different soil  horizons.  Because they usually have more 

macropore space, sandy soils generally have higher saturated conductivit ies 

than finer-textured soils. Likewise, soils with stable granular structure 

conduct water much more rapidly than do those with unstable structural units, 

which break down upon being wetted. Saturated  conductivity of soils under 

natural vegetation is  commonly much higher than where cultivated crops have 

been grown. Entrapped air,  which is common in recently wetted soils,  can slow 

down the movement of water and thereby reduce hydraulic conductivity.  

 

PRE FE RENTIAL  FLOW .  Scientists have often noted more extensive pollution of  

groundwater from pesticides and other toxicants than would be predicted 

from the tradit ional  hydraul ic conductivity measurements.  Apparently the 

toxicants are carr ied down rapidly by rain or irr igation water that moves 

through large macropores, cracks, and other such pathways, often before the 

bulk of the soil  is thoroughly wetted. Because the water "prefers" these larger 

pathways, this type of f low is referred to as preferential f low .  Mounting 

evidence suggests that this type of water movement greatly increases 

groundwater pollution.  

Any process that stimulates the formation of macropores with continuity down 

through the profile wil l  encourage preferential f low. Burrowing animals (e.g. ,  

worms, moles, and gophers) as well  as decayed plant roots leave tubular 

channels through which water can f low rapidly.  

Preferential f low in f ine-textured soi ls is enhanced by the shrinkage of the 

clay fraction,  which leaves open cracks and fissures that  can extend down into 
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the lower subsoil  horizons. In some clay soils,  water from the f irst rains after 

a dry spel l  moves rapidly down the profile, carrying with it  the more soluble 

toxicants.  

 

Unsaturated Flow in Soils  

Most of the time, water movement takes place when upland soils are 

unsaturated. Such movement occurs in a more complicated environment than 

that which characterizes saturated water f low. In saturated soils,  essentially 

all  the pores are f i l led with water, although the most rapid water movement 

is through the large and continuous pores. But in unsaturated soils,  these 

macropores are f i l led with air ,  leaving only the f iner pores to accommodate 

water movement. Also, in unsaturated soils the water content and, in turn, 

the tightness with which water is held (water potential) can be highly variable.  

This influences the rate and direction of  water movement and also makes it  

more diff icult to measure the f low of soi l  water.  

As was the case for saturated water movem ent, the driving force for 

unsaturated water f low is differences in water potential.  This t ime, however, 

the difference in the matric potential,  not gravity, is the primary driving force.  

This matric  potential gradient  is  the difference in the matric poten tial of the 

moist soil  areas and nearby drier areas into which the water is  moving. 

Movement wil l  be from a zone of thick moisture f i lms (high matric potential , 

e.g.,  -1 kPa) to one of thin f i lms ( lower matric potential,  e.g. ,  -100 kPa).  

INFLUENCE OF  TEXTU RE .  Figure 4.13 shows the general  relationship between 

matric potential Ψ m ,  (and, in turn, water content) and hydraulic conductivity 

of a sandy loam and clay soil .  Note that at or near zero potential (which 

characterizes the saturated f low region), the hyd raul ic conductivity is 

thousands of t imes greater than at potentials that characterize typical  

unsaturated flow (-10 kPa and below).  
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FIG URE 4 .13  Ge n era l ize d re lat io ns h ip  be tw ee n ma t r ic  pot en t i a l  a n d h yd ra ul i c  cond uc t iv i t y  for  a  

sa nd y  so i l  a nd  a  c l ay  so i l  (not e lo g  sca le s) .  Sat u rat i on f low ta ke s  p lac e at  or  ne ar  ze ro  pot e nt ia l ,  

whi le  m uc h of  th e u n sat ur ate d f low occ u rs  at  a  pot e nt ia l  o f  -0 . 1  bar  ( -1 0  kP a)  or  b e low.  

 

At high potential levels (high moisture contents), hydraul ic conductivity is  

higher in the sand than in the clay. The opposite is true at low potential values 

(low moisture contents).  This relationship is to be expected because the sandy  

soil  contains mainly large pores which are water -f i l led when the soil  water 

potential is high (and the soil  is quite wet), but most of these have been 

emptied by the time the soil  water potential becomes lower than about -10 

kPa. The clay soil  has many mo re micropores which are sti l l  water -f i l led at 

lower soil  water potentials (drier soil  conditions) and can participate in 

unsaturated flow.  

 

4.6 INFILTRATION AND PERCOLATION  

A special  case of water movement is the entry of free water into the soil  at 

the soil-atmosphere interface. This is a pivotal process in landscape hydrology 

that greatly influences the moisture regime for plants and the potential for 

soil  degradation, chemical runoff, and down -valley f looding. The source of 

free water at the soi l  surface  may be rainfall,  snowmelt, or irr igation.  
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Infiltration 

The process by which water enters the soil  pore spaces and becomes soil  water 

is termed infi ltration ,  and the rate at which water can enter the soil  is  termed 

infi ltrabil ity  i :  

tA

Q
i


  

where Q  is the volume quantity of water (m 3) infi ltrating, A  is the area of the 

soil  surface (m 2) exposed to infi ltration, and t  is t ime (s). S ince m 3  appears in 

the numerator and m 2  in the denominator, the units of infi ltration can be 

simplif ied to m/s or, more commonly,  cm/h. The infi ltrat ion rate is not 

constant over t ime, but generally decreases during an irr igation or rainfal l  

episode. If  the soil  is quite dry when infi ltration begins, all  the macropores 

open to the surface wil l  be avai lable to conduc t water into the soil .  In soils 

with expanding types of clays, the init ial  infi ltration rate may be particularly 

high as water pours into the network of shrinkage cracks. However, as 

infi ltration proceeds, many macropores f i l l  with water and shrinkage crac ks 

close up. The infi ltration rate declines sharply at f irst and then tends to level 

off,  remaining fairly constant thereafter (Figure 4.14).  
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FIG URE 4 .1 4  Th e pot e nt i a l  r at e  o f  wa te r  en tr y  i nto  th e so i l ,  o r  i nf i l t ra t i on ca pac i ty ,  ca n be  

mea s ur ed  b y  reco r d i ng  t h e dro p in  wat er  l ev el  i n  a  dou b le  r in g  i nf i l t rom et er  ( top) .  C ha ng e s  in  t he 

in f i l t rat ion ra te  o f  se ve ra l  so i l s  d u r i n g  a  p er io d o f  wate r  a pp l icat ion by  ra in f a l l  o r  i r r iga t io n a re  

show n ( bot tom) .  G e ne ra l l y ,  wat er  e nt e rs  a  dry  so i l  r ap id ly  at  f i rs t ,  bu t  i t s  i nf i l t ra t io n rat e  s low s a s  

th e so i l  b ecom es sa t ura te d.  T he d ec l i ne i s  l ea st  fo r  ver y  s an dy  so i l s  w i th  mac ropor e s  t ha t  do  not  

de p e nd  on  sta b le  s tr uc tu r e o r  c lay  s h r i nk ag e.  I n  co nt ra st ,  a  so i l  h ig h  i n  e xpa ns iv e  c lay s  may  hav e 

a  v er y  h ig h  i n i t ia l  i nf i l t r a t i on ra te  w he n  l ar ge  c rack s  are  o pe n,  bu t  a  v ery  low i nf i l t ra t io n  ra t e  o nc e 

th e  c la ys  swe l l  w it h  wat er  an d c lo se  t h e  crac k s .  Mo st  so i l s  fa l l  be tw ee n  t he s e  e xt re me s,  e xh ib i t i ng  

a  p att e rn  s im i la r  to  t ha t  s hown  for  t he  s i l t  loam so i l .  

 

Percolation 

Infi ltration is a transitional phenomenon that takes place at the soil  surface. 

Once the water has infi ltrated the soil,  the water moves downward into the 

profile by the process termed percolation .  Both saturated and unsaturated 

flow are involved in percolation of water down the profile, and rate of 

percolat ion is  related to the soi l’s  hydraulic conductivity.  In the case of water 

that has infi ltrated a relatively dry soil  ,  the progress of  water movement can 

be observed by the darkened color of the soil  as it  becomes wet. There usual ly 

appears to be a sharp boundary, termed a wetting front ,  between the dry 

underlying soil  and the soil  already wetted. During an intense rain or heavy 
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irrigation, water movement near the soi l  surface occurs mainly by saturated 

f low in response to gravity. At the wetting front, however, water is moving 

into the underlying drier soil  in response to matric potential gradients as well  

as gravity. During a l ight rain, both infi ltration and percolat inon may occur 

mainly by unsaturated flow as water is drawn by matric forces into the f ine 

entrapped pores without accumulating at the soil  surface or in the 

macropores.  

 

Water movement in Stratified Soils  

The fact, that at the wetting front, water is moving by unsaturated flow has 

important effects on how percolating water behaves when it  encounters an 

abrupt change in pore sizes due to such layer as fragipans (strongly compacted 

layers) or claypans, or sand and gravel lenses.  

In all  cases, the effect on water percolat ion is similar -  that is,  the downward 

movement is impeded - even though the causal mechanism may vary. It  is not  

surpris ing that percolating water should slow down markedly when it  reaches 

a layer with f iner pores, which therefore has a lower hydraul ic conductivity.  

However, the fact that a layer of coarser pores will  temporarily stop the 

movement of water may not be obvious.  

Let’s take a case, when a layer of coarse sand impedes downward movement 

of water in an otherwise f ine-textured soil.  Intuitively, one might expect  the 

sand layer to speed, rather than impede, percolation. However, it  has the 

opposite effect because the ma cropores of the sand offer less attraction for 

the water than do the f iner pores of the overlying material .  Therefore, when 

the unsaturated wetting front reaches the sand layer the matric potential is 

lower in the overlying material than in the sand. Since  water always moves 

from higher to lower potential (to where it  wil l  be held more tightly),  it  cannot 

move readily into the sand. Eventually the downward -moving water will  

accumulate above the sand layer and nearly saturate the pores at the soil -

sand interface (i .e.,  the matric potential of the water at the wetting front will  

fall  to nearly zero). Once this occurs, the water will  be so loosely held by the 

f ine-textured soi l  that gravitational forces will  be able to pull  water into the 

sand layer.  
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Interestingly, a coarse sand layer in an otherwise f ine -textured soil  profile 

would also inhibit the rise of water from moist subsoil  layers up to the surface 

soil .  The large pores in the coarse layer wil l  not be able to support capil lary 

movement up from the smaller pores in a f iner layer. Consequently, water 

rises by capil larity up to the bottom of the coarse -textured layer but cannot 

cross it  to supply moisture to overlying layers.  Thus, plants growing on some 

soils with buried gravel lenses are subject to drought  since they are unable to 

exploit the lower soi l  layers. This principle also al lows a layer of gravel to act 

as a capil lary barrier under a concrete slab foundation to prevent water from 

soaking up from the soil  and through the concrete f loor of a home bas ement.  

 

4.7 INFILTRATION AND PERCOLATION  

Two types of water vapor movement occur in soils,  internal and external. 

Internal movement takes place within the soil,  that is,  in  the soil  pores.  

External  movement occurs at  the land surface, and water vapor is lo st by 

surface evaporation.  

Water vapor moves from one point to another within the soil  in response to 

differences in vapor pressure. Thus, water vapor wil l  move from a moist  soi l  

where the soi l  air is nearly 100% saturated with water vapor (high vapor 

pressure) to a drier soil  where the vapor pressure is somewhat lower. Also,  

water vapor will  move from a zone of low salt  content to one with a higher 

salt  content (e.g.,  around a ferti l izer granule). The salt  lowers the vapor 

pressure of the water and encoura ges water movement from the surrounding 

soil .  

If  the temperature of one part of a uniformly moist soil  is lowered, the vapor 

pressure will  decrease and water vapor wil l  tend to move toward this cooler 

part. Heating will  have the opposite effect in that hea ting wil l  increase the 

vapor pressure and the water vapor wil l  move away from the heated area.  

The actual amount of water vapor in a soil  at optimum moisture for plant 

growth is surprisingly small,  being perhaps no more than 10 l iters in the upper 

15 cm of a hectare of a si lt  loam soil.  This compares with some 600,000 l iters 

of l iquid water in the same soil  volume. Even though the amount of water 

vapor is small,  its movement in soi ls can be of some practical signif icance. For 

example, seeds of some plants can absorb sufficient water vapor from the soil 
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to stimulate germination. L ikewise, in dry soils,  water vapor movement may 

be of considerable signif icance to drought -resistant desert plants 

(xerophytes ),  many of which can exist at extremely low soil  water contents.  

For instance, at night the surface horizon of a desert soil  may cool sufficiently 

to cause vapor movement up from deeper layers. If  cooled enough, the vapor 

may then condense as dewdrops in the soil  pores, supplying certain shallow -

rooted xerophytes with water for survival.  

 

4.8 QUALITATIVE DESCRIPTION OF SOIL WETNESS  

The measurement of  soil  water potential  and the observable behavior of soil  

water always depend on that portion of the soil  water that is farthest from a 

particle surface and therefore has the highest potential .  As an init ial ly water -

saturated soil  dries down, both the soil  as a whole and the soil  water it  

contains undergo a series of gradual changes in physical behavior and in their  

relationships with plants.  

To study these changes and introduce the terms commonly uses to describe 

varying degrees of soil  wetness, we shall  follow the moisture and energy status 

of soil  during and after a heavy rain or the applicat ion of irrigation water.  

 

Maximum Retentive Capacity  

When all  soil  pores are f i l led with water from rainfall  or irrigation, the soil  is 

said to be saturated with respect to water (Figure 4.15) and at its maximum 

retentive capacity .  The matric potential  is close to zero, nearly the same as 

that of pure water. The volumetric water  content is  essentially the same as 

the total porosity. The soil  wi l l  remain at maximum retentive capacity only so 

long as water continues to infi ltrate, for the water in the largest pores 

(sometimes termed gravitational  water ) wil l  percolate downward, mai nly 

under the influence of gravitational forces. Data on maximum retentive 

capacities and the average depth of soils in a watershed are useful in  

predicting how much rainwater can be stored in the soil  temporarily, thus 

possibly avoiding downstream floods.  
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FIG URE 4.1 5  Vo lu me s o f  wate r  an d a i r  a s soc ia t ed  wit h  a  100  g  s l ice  o f  s o i l  so l i ds  i n  a  w el l -

gra n ul at e d s i l t  loam a t  d i f fe r en t  mo is tu r e  l ev el s .  Th e to p ba r  s how s t h e s i t ua t io n w h en a  

re pr e se n tat iv e  so i l  i s  com pl et e ly  s at ur at e d wit h  wa te r .  Th i s  s i t ua t io n wi l l  u s ua l ly  occ u r  for  sho rt  

pe r io d s  o f  t im e  d u r i n g a  r a i n  o r  w h en  t h e so i l  i s  b e i ng  i r r i gat e d.  Wa te r  w i l l  so on d ra i n  ou t  o f  th e 

lar g er  por es  (m acro por e s) .  The so i l  i s  t he n sa i d  to  be at  t he f i e l d  ca pac i ty .  P la n t s  wi l l  r emov e wa te r  

f rom t he  so i l  qu i t e  ra pi d ly  u nt i l  t h ey  b e gi n  to  w i l t .  Whe n  p e rma ne n t  w i l t i n g  o f  t he  p la n ts  occ ur s ,  

th e so i l  wat er  co nt en t  i s  s a i d  to  be  a t  th e  wi l t in g  coef f ic i e nt .  T he re  i s  s t i l l  co ns i de ra bl e  wat er  i n  

th e so i l ,  b ut  i t  i s  he l d  too  t ig h t l y  to  p er mi t  i t s  a b so rp t io n b y  p la nt  root s .  A  f ur th e r  r ed uc t io n i n  

wate r  co nt e nt  to  th e  h yg rosco pic  coe f f ic i en t  i s  i l l us tr at ed  i n  t he  bo ttom  b ar .  At  t h is  po i nt  t he  

wate r  i s  h e ld  ve ry  t ig ht ly ,  most ly  by  t h e so i l  co l lo i d s .   

 

Field Capacity  

Once the rain or irr igation has ceased, water in the largest soi l  pores will  drain 

downward quite rapidly in response to the h ydraulic gradient (mostly gravity). 

After one to three days, this rapid downward movement will  become negligible 

as matric forces play a greater role in the movement of the remaining water. 

The soil  then is said to be at its f ield capacity. In this conditi on, water has 

moved out of the macropores and air  has moved in to take its place. The 

micropores or capil lary pores are sti l l  f i l led with water and can supply plants 

with needed water. The matric potential wil l  vary sl ightly from soil  to soi l  but 
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is generally in the range of -10 to -30 kPa, assuming drainage into a less -moist  

zone of similar porosity. Water movement will  continue to take place by 

unsaturated flow, but the rate of movement is very slow since it  now is due 

primari ly to capil lary forces, which  are effective only in micropores (Figure 

4.15). The water found in pores small  enough to retain it  against rapid 

gravitational drainage, but large enough to allow capil lary f low in response to 

matric potential gradients, is sometimes termed capillary water .  

While all  soi l  water is affected by gravity, the term gravitational water  

refers to the portion of soil  water that readily drains away between the states 

of maximum retentive capacity and field capacity. Most soil  leaching occurs as 

gravitational water that drains from the larger pores before f ield capacity is 

reached. Gravitat ional water therefore includes much of the water that 

transports chemicals such as nutrient ions, pesticides, and organic 

contaminants into the groundwater and, ult imately, into streams and rivers.  

Field capacity  is a very useful term because it  refers to an approximate degree 

of soil  wetness at which several important soil  properties are in transition:  

1.  At f ield capacity, a soil  is holding the maximal amount of water useful 

to plants. Additional water, while held with low energy of retention, 

would be of l imited use to plants because it  would remain in the soil  for 

only a short t ime before draining, and, while in the soil ,  it  would occupy 

the larger pores,  thereby reducing soil  aeration. Drainage of  

gravitational water from the soil  is generally a requisite for optimum 

plant growth (hydrophilic plants, such as rice or cattai ls,  excepted).  

2.  At f ield capacity, the soil  is near its lower plastic l imit -that is,  the soi l  

behaves as a crumbly semisolid at water contents below field capacity, 

and as a plastic puty-l ike material that easily turns to mud at water 

contents above field capacity. Therefore, f ield capacity approximates 

the optimal wetness fore ease of t i l lage or excavation.  

3.  At f ield capacity, sufficient pore space is f i l led with air to allow optimal 

aeration for most aerobic microbial activity and for the growth of most  

plants.  
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Permanent Wilting Point or Wilting Coefficient  

Once an unvegetated soil  has drained to its f ield capacity, further drying is 

quite slow, especial ly if  the soil  surface is covered to reduce evaporation. 

However, if  plants are growing in the soil  they wil l  remove water from their  

rooting zone, and the soil  wi l l  continue to  dry. The roots will  remove water 

f irst from the largest water -f i l led pores where the water potential is relatively 

high. As these pores are emptied, roots will  draw their  water from the 

progressively smaller pores and thinner water f i lms in which the matr ic water 

potential is  lower and the forces attracting water to the solid surfaces are 

greater. Hence, it  wil l  become progressively more diff icult for plants to 

remove water from the soil  at a rate sufficient to meet their needs.  

As thee soil  dries, the rat e of plant water removal may fai l  to keep up with 

plant needs, and plants may begin to wilt  during the dayt ime to conserve 

moisture. At f irst the plants wil l  regain their turgor at night when water is not 

being lost through the leaves and the roots can cat ch up with the plant's  

demand. Ultimately,  however, the plant will  remain wilted night and day when 

the roots cannot generate water potentials low enough to coax the remaining 

water from the soi l.  Although not yet dead, the plants are now in a 

permanently wilted condition and will  die if  water is  not provided. For most 

plants this condition develops when the soil  water potential Ψ has a value of 

about -1.500 kPa (-15 bars). A few plants, especial ly xerophytes (desert -type 

plants) can continue to remove wate r at even -1.800 or -2.000 kPa, but the 

amount of water available between -1.500 kPa and -2.000 kPa is very small  

(Figure 4.16).  
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FIG URE 4. 16  W at er  con t en t -ma tr ic  pot e nt ia l  c ur ve  o f  a  loam  so i l  a s  re la te d to  d i f f er e nt  t erm s u s ed  

to  d esc r i b e wat er  i n  so i l s .  The wav y  l in e s  i n  t he d ia gra m to  t h e r i g ht  su g ge s t  tha t  m ea su re me n ts  

suc h  a s  f i e l d  c ap ac i ty  ar e  only  a p pro xi mat io ns .  T he  gra d ua l  c ha n ge  i n  po te nt i a l  w it h  so i l  moi st u re  

cha ng e d i sco ura g es  th e co nce p t  o f  d i f f er e nt  “ for ms ” o f  wate r  i n  so i l s .  At  th e sa me t im e,  s uc h t erm s 

as  gr av i ta t io na l  a n d av a i la bl e  a s s i s t  i n  t he  q ua l i ta t iv e  de sc r i pt ion  o f  mo i st ur e  ut i l i za t io n in  so i l s .  

 

The water content of the soil  at this stage is called the  wilting coefficient  or  

the permanent wilting percentage  and by convention is taken to be that  

amount of water retained by the soil  when the water potential is -1.500 kPa. 

The soil  wi l l  appear to be dusty dry, although some water remains in the 

smallest of the micropores and in very thin f i lms (perhaps only 10 molecules 

thick) around individual soil  particles (Figure 4.16). As i l lustrated in Figure 

4.16, plant available water  is considered to be that water retained in soils  

between the states of f ield capacity and wilt ing coefficient (between -10 to -

30 kPa and -1.500 kPa). The amount of capil lary water remaining in the soil 

that is unavai lable to higher plants can be substantial,  especial ly in f ine -

textured soils and those high in organic matter.  
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4.9 FACTORS AFFECTING AMOUNT OF PLANT-AVAILABLE SOIL WATER 

The amount of soi l  water available for plant uptake is  determined by a number 

of factors, including water content -potential relationship for each horizon,  

soil  strength and density effects on root growth, soil  depth, rooting depth, 

and soil  stratif ication or layering. Here we wil l  only show the general 

relationship between soil  water characteristics and soil  texture (Figure 4.17).  

 

 

FIG URE  4 .17  Ge n era l  r e l a t io ns h ip  b etw ee n  so i l  wa t er  c har act er i st ics  a n d  so i l  t e xt ur e.  Not e  t ha t  

th e w i l t in g  coef f ic ie n t  in c rea s es  a s  t he  te xt u re  bec omes  f i ne r .  Th e  f i e ld  ca p ac i t y  i ncr ea se s  u n t i l  

we r eac h t he s i l t  loam s,  t h en le ve l s  o f f .  R em em be r  t h es e a re  re pr e se n tat iv e  cu r ve s;  i n di v i d ua l  so i l s  

woul d pro ba b ly  hav e va l u es  d i f f er e nt  f rom  t ho se s h own.   

 

Study Questions? 

1.  What is the role of the reference state of water  in defining soil  water 

potential? Describe the properties of this  reference state of water.  

2.  Imagine a root of a cotton plant growing in the upper horizon of an 

irrigated soil .  As the root attempts to draw wa ter molecules from this 

soil,  what forces (potentials) must it  overcome? If  this  soil  were 

compacted by a heavy vehicl,  which of these forces would be most 

affected? Explain!  
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3.  Using the terms adhesion, cohesion,  meniscus, surface tension, 

atmospheric pressure, and hydrophilic  surface, write a brief  essay to 

explain why water rises up from the water table in a mineral soil .  

4.  Suppose you were hired to design an automatic irrigating system for a 

wealthy homeowner's garden. You determine that the f lower beds 

should be kept at a water potential above -60 kPa, but not wetter than 

-10 kPa as the annual f lowers here are sensitive to both drought and 

lack of good aeration. The rough turf areas, however, can do well if  the 

soil  dries to as low as -300 kPa. Your budget a llows either tensiometers 

or electrical  resistance blocks to be hooked up to electronic switching 

valves. Which instruments would you use and where? Explain.  

5.  Suppose the homeowner referred to in question 4 increased your budget 

and asked to use the TDR met hod to measure soil  water contents. What 

additional information about the soils,  not necessary for using the 

tensiometer,  would you have to obtain to use the TDR instrument? 

Explain.  

6.  A greenhouse operator was growing ornamental woody plants in 15 -cm-

tall  plastic containers f i l led with a loamy sand. He watered the 

containers daily with a sprinkler system. His f irst batch of 1000 plants 

yellowed and died from too much water and not enough air. As an 

employee of the greenhouse, you suggest that he use 30 -cm-tall  pots 

for the next batch of  plants. Explain your reasoning.  

7.  Suppose you measured the following data for a soi l:  

  Θ m  a t  d i f ferent  water  po tent ia ls ,  kg water /kg 

dry so il  

Horizon  Bulk densi ty,  

Mg/m3  

- l0kPa  -100kPa  -1.500kPa  

A (0 -30 cm)  1.28  .28  .20  .08  

B t  (0 -70 cm)  1.40  .30  .25  .15  

B x  (0 -120 cm)  1.95  .20  .15  .05  

 

Estimate the total available water holding capacity (AWC) of this soil  in 

centimeters of water.  

8.  A forester obtained a cyl indrical core (L = 15 cm, r = 3.25 cm ) of soil  

from a f ield site. She placed all  the soil  in a metal can with a t ight -f itt ing 

l id. The empty metal  can weighed 300 g and when fi l led with the f ield -
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moist soil  weighed 972 g.  Back in the lab,  she placed the can of  soil ,  with 

l id removed, in an oven for several days until  it  ceased to lose weight.  

The weight of the dried can with soil  (including the l id) was 870 g.  

Calculate both Θm  and Θ. 

9.  Give four reasons why compacting a soil  is l ikely to reduce the amount 

of water avai lable to growing plants.  

10.  Since even rapidly growing, f inely branched root systems rarely 

contact more than 1 or 2% of the soi l  particle surfaces, how is it  that 

the roots can uti l ize much more than 1 or 2% of the water held on these 

surfaces?” 
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