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Abstract

Soil is a natural body that comprises of solid, liquid and gaseous phases, and is
characterized by horizons/layers, different from the initial material from which it has
been formed. Soil supports plant growth and has properties resulting from the
integrated effect of climate and living organisms acting upon the parent materials
determined by relief/topography for a certain time. Soil forming factors and
processes work in integration to create a soil with unique properties. This concept of
soil formation was given by the Russian school in 1870. Soil genesis starts with the
weathering/disintegration of rocks (i.e., igneous, sedimentary or metamorphic)
which creates the initial material for its development. However, it is a long time
requiring process and it may take hundreds to thousands of years to develop a
complete soil profile. Morphology of a soil is the reflection of the processes
responsible for its formation. Morphology encompasses the form, structure and
organization of soil material responsible for development of soil horizons, color and
other features. Every soil has its own distinct morphology which is a consequence of
interaction among different soil forming factors and processes. Soil morphology not
only tells what is there and where it is but also how it was formed. Hence, by
interpreting soil morphological features one can have a good idea about its genesis.
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2.1. Introduction

The basic concept of soil has evolved through a long period of scientific studies.
Various concepts were put forward at different times, however, the latest concept
favored by the American school of thought is generally considered more appropriate.
According to this concept, soil is defined as a “collection of natural bodies occupying
a portion of the Earth’s surface that supports plants or is capable to support plants
out of door and that have properties due to integrated effect of climate and living
matter acting upon parent material, as conditioned by relief over periods of time”
(Brady and Weil 2007). At places, a soil may be modified or even made of earthy
materials anthropogenically. It extends into shallow water or air on upper side and
into deep water or to barren areas comprising of rocks or ice at its margins. However,
its lower limit is the most difficult to define. Soil includes layers/horizons relatively
close to its surface, which differ from the underlying rock or parent material, formed
because of interactions of climate, living organisms, parent material and relief, over
a geological time period. Commonly, soil grades to its lower margin to a hard rock
or to an earthy material virtually devoid of roots, animals or marks of any other
biological activity. The lower limit of soil, therefore, is normally the lower limit of
biological activity.

The biological activity or pedogenic processes may extend to depths greater than 2
m; consequently, the lower limit of soil for classification purposes is arbitrarily set
to 2 m. Thus, a soil is a three-dimensional body having length, width and depth. A
soil is unconsolidated material that results from the weathering of hard, consolidated
materials like rocks, several soil forming processes are involved which convert the
material into a soil. The sequence of soil genesis processes can be conceptualized as
below:

Rocks —— Weathering——— Parent material ——— Soil formation factors
and processes — Soil

2.2. Rocks and Minerals

Rocks are hard consolidated masses formed by the assemblage of one or more
mineral grains. Rocks can be classified into different types depending upon their
chemical composition as well as their mode of formation.

2.2.1.  Igneous rocks

These are the most abundant rocks present in the Earth crust, originated from the
solidification of molten lava or magma. Geologists consider that igneous rocks were
the first rocks formed on the Earth whereas sedimentary and metamorphic rocks were
formed later, from igneous rocks. The word igneous is derived from a Latin word
meaning fire, which provides a clue to the origin of these rocks. There are many weak
points in the earth crust, from where molten material may make its way through these
points the surface of earth. Once the molten material has escaped from the conditions
of high temperature and pressure which exist deep under the Earth’s surface, it begins
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to cool down. Eventually, the flowing molten material slows down, stagnates,
solidifies and becomes a solid igneous rock. The characteristics of igneous rocks are
determined by the composition of the original molten material from which it was
formed. Salient examples of igneous rocks include Granite, Gabbro and Basalt.

2.2.2. Sedimentary rocks

Sedimentary rocks are formed from the layers of accumulated sediments. These
rocks are formed by the deposition and re-cementation of weathered products of
other rocks. For example, quartz sand weathered from granite and deposited at the
bottom of pre-historic sea may, through geological changes, have become cemented
into solid mass called sandstone. Similarly, re-cemented clays are termed as shales.
Pre-existing rocks of any group (igneous, metamorphic and sedimentary) are broken
down by the continuous process of weathering to form debris known as sediments.
The process continues over millions of years and early sediments are gradually
buried and more sediment accumulates. The accumulated sediment is finally
compacted through the weight of the sediment layers one above the other; the water
squeezes off and the minerals become cemented. In the process of sedimentary rocks
formation, layers of sediments are built up, layer over layer. Layering is, therefore, a
fundamental characteristic of these rocks. Each layer is separated from the one above
and the one below by a line of demarcation known as bedding plane. This generally
represents the sudden change in the grain size or in the composition of the sediment
being laid down. Examples of sedimentary rocks include shale, mudstone and
limestone.

2.2.3.  Metamorphic rocks

Meta means change and Morph means shape or form. Therefore, metamorphic rocks
are those rocks which are formed due to change in shape of pre-existing igneous or
sedimentary rocks under very high temperature and pressure. The process of change
is called metamorphism. Igneous and sedimentary masses subjected to tremendous
pressure and high temperature succumb to metamorphism. This process of
metamorphism generally occurs deep within the Earth’s outer layers. This is the
reason that most of metamorphic rocks appear after the considerable erosion of
overlying material. The metamorphic rock “slate” is derived from sedimentary shales
and mudstone whereas sedimentary limestone can be metamorphosed into marble.
Some examples of metamorphic rocks are given below;

Igneous/Sedimentary rock transformed into ~ Metamorphic rock
Granite —_— Gneiss

Shale e Slate

Mudstone - Slate

Limestone - 5 Marble
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2.3. Soil Minerals

Soil minerals are naturally occurring inorganic substances present in soils, having
definite chemical composition and crystalline structure. These may either be primary
minerals or secondary minerals.

2.3.1.  Primary/original minerals

These are the original minerals which have not changed since their formation from
molten lava or magma. They are abundantly found in igneous and metamorphic
rocks, e.g., quartz, microcline, orthoclase, muscovite, biotite, augite, hornblende, etc.

2.3.2.  Secondary minerals

These are the minerals which have been transformed from the primary minerals.
During weathering, primary minerals break down into their respective elements,
these elements then recombine to produce secondary minerals. These are commonly
found in sedimentary rocks, e.g., calcite, dolomite, gypsum, apatite, limonite,
hematite, gibbsite and layer silicate clay minerals.

24. Weathering

Weathering refers to physical and chemical transformation of rocks or minerals,
present in the Earth’s crust. The rocks and minerals which are not in equilibrium with
the Earth’s surface temperature and pressure are transformed and broken down to
smaller fragments or into secondary minerals. A number of physical, chemical and
biological activities are responsible for carrying out weathering either of the rocks
and/or for developing of soil profiles. Some authors make a distinction between
weathering within and beyond the soil profile. Weathering that takes place in the soil
solum is referred to as pedochemical weathering and that which takes place below
the soil solum is termed as geochemical weathering.

24.1. Physical/Mechanical weathering

Physical/mechanical weathering refers to breakdown of larger rock fragments (Fig.
2.1) into smaller ones without any change in chemical composition of rocks or
minerals (Schaetzl and Anderson 2005). As particles are broken down into smaller
fragments, their surface area is increased and they become more prone to chemical
weathering. Several biotic and abiotic factors are involved in physical weathering,
like temperature, moisture, wind, ice, plants, animals and human beings. The role of
various factors in physical/mechanical weathering is elaborated below.

24.1.1. Temperature

Temperature is an important agent that causes a considerable change in rock
fragments as well as within a developing soil profile. Generally, rocks are composed
of more than one mineral resulting in differential expansion and contraction of
minerals in rocks when rocks heat up and cool down during day and night,
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respectively. As some minerals expand more than others, temperature changes
induce differential stresses which eventually cause the rocks to crack apart.
Furthermore, the outer surface of a rock is often warmer or colder than the inner
portion of the rock, slowly resulting in peeling away of the outer layers. This process
is called exfoliation.

2.4.1.2. Water

Water is also an important weathering agent and, thus, has a deciding influence on
soil formation and profile development. An area having heavy rainfalls is prone to
accelerated rates of weathering. Water enters cracks present in rocks. When
temperature lowers, water is transformed into ice crystals and exerts tremendous
force, of up to about 1465 Mg cm™. On rise of temperature, the process is reversed.
Alternate freezing and thawing helps to widen the cracks; resultantly, the rocks are
broken down into smaller fragments.

2.4.1.3. Abrasion by Water, Wind, and Ice

When flowing water is loaded with sediments, it has tremendous cutting power.
These sediments colloid with each other and breakdown into smaller particles. The
rounding of riverbed rocks and beach sand grains is an evidence of the abrasion that
accompanies water movement. Wind-blown dust and sand can break down rocks by
abrasion in certain arid regions. In glacial areas, huge moving ice masses carrying
soil and rock fragments, grind down rocks n their path and can carry away large
volumes of material.

Fig. 2.1 After effects of physical weathering
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24.2. Chemical weathering

Chemical weathering is a decomposition process in which chemical changes take
place in rocks and minerals. In this process, soluble materials are released, new
minerals are synthesized and some resistant products remain as such. Several
processes are involved in chemical weathering; however, water is the main agent
which is responsible for bringing chemical changes in rocks and minerals.

24.2.1. Hydration

Hydration refers to the addition of water molecules/hydroxyl groups to a mineral
without causing any decomposition of that mineral. Hydrated minerals are more
prone to decomposition due to their increased volume which makes it softer and more
stressed. In case of layer silicate clays, like Mica, hydration may occur on surfaces
and broken edges while in simple salt it may occupy the entire surface.

5 Fe203 +9 Hzo — > Fey 015.9 Hzo
CaSO4+ 2H20 —_— CaSO4.2H20
2.4.2.2. Hydrolysis

In hydrolysis reactions, water molecule splits into its hydrogen and hydroxyl
components and the hydrogen so released often replaces a cation from the mineral
structure. Depending upon the soil and climatic conditions, the released cation may
go to the cation exchange sites on clay minerals, combine with anions to form new
mineral or it may leach down to underground water. Hydrolysis may result in
complete decomposition or transformation of the original mineral structure, e.g.,
hydrolysis of calcium carbonates produces OH™ ions which cause alkalinity in soils:

CaCOs3+ 2H,0 ———— 5 Ca?*+ HCOs"+ OH"
2.4.2.3. Dissolution

Dissolution refers to the dissolving of simple mineral salts, like chlorides or
carbonates, by water. Water dissolves many minerals by hydrating the cations and
anions until they become dissociated and get surrounded by water molecules. These
dissolved minerals are converted into solution, which permits greater chemical
changes than could occur in a unionized (generally solid) state. This process is more
important in areas where calcium carbonate (limestone) is present either in soil or in
rocks.

2.4.24. Oxidation

Oxidation refers to the loss of electrons from an element. It plays very important role
in weathering process in those areas where plenty of oxygen and Fe, Mn and S
containing minerals are present. Oxidation results in decomposition of the mineral
by destabilizing the mineral structure due to imbalance of charge created by
oxidation process, e.g., ferrous is oxidized to ferric resulting in destabilization of the
mineral crystal structure.

Fe** ———— Fe’*



Concepts in Soil Genesis and Morphology 23

2.4.2.5. Reduction

Reduction is the gain of electrons and takes place under water saturated/submerged
soil conditions. Minerals that contain Fe, Mn, or S are especially susceptible to this
reaction. When Fe is transformed into its reduced form (i.e., Fe?*), it becomes highly
mobile and susceptible to leaching if free drainage occurs. Furthermore, it imparts a
characteristic green or blue green color to the soil.

Fe’* ————— Fe?*

Various chemical weathering processes occur simultaneously and interdependently.

2.4.3. Biological weathering

Biological weathering refers to the breakdown of larger rock fragments and chemical
transformation of minerals by living organisms. Lower plants, like mosses and
lichens, grow on exposed rocks, catch dust particles, accumulate organic matter and
encourage further plant growth. The pressure exerted by roots of higher plants assists
in disintegration of rocks by opening the spaces for penetration of water which may
later freeze and expand and thus accelerating the weathering process. Moreover,
plant roots also secrete certain organic acids which help to solubilize the minerals
through chelation process and thus help in mineral weathering (Van Hees et al.
2000)). In addition to that, plant roots produce CO, during respiration, acidity the
soil environment, which in turn results in increased mineral weathering through
dissolution process. When plants grow, they uptake nutrient cations from the soil
minerals, hence promote more soil weathering, as the soil solution will attempt to
attain equilibrium. Burrowing animals, such as earthworms, ants and rodents, and
hoofed animals through their actions also contribute slowly to the disintegration of
rocks. Humans accelerate the slow process of physical weathering by ploughing and
cultivating.

2.5. Types of Soil Parent Material

Depending upon the location and mode of transportation, parent material can be of
many different types.

2.5.1.  Sedentary/Residual

The parent material formed in place and still at the original site is called
sedentary/residual (Fig 2.2). This parent material develops in its original place from
the rocks, generally by long and intense weathering. In Pakistan, the Pothohar plateau
is covered with such materials. The nature of these materials depends upon the nature
of rocks from which these materials have been formed.
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Fig. 2.2 Residual parent material

2.5.2.  Transported parent material
2.5.2.1.  Colluvial

Colluvial is the parent material transported by gravity, and is deposited at the base of
foothills or mountains. These deposits are extremely variable in composition. The
soils developed from these parent materials may be coarse in texture and even stony.
Being coarse, such parent material has good drainage. It is abundantly found in
Northern areas of Pakistan, like Murree, Abbottabad, and Nathiagali, etc.

2.5.2.2.  Alluvial deposits

The parent material which has been transported/deposited by the action of rivers and
streams is termed as alluvium. The alluvial soils are finely layered, to great depths.
This kind of parent material is somewhat sandy (coarse textured) near river banks to
is more clayey away from river banks. These soils developed of alluvial parent
material are generally level, fertile and highly productive; however, clayey soils may
suffer with drainage problem. Alluvial soils are more prevalent in Punjab and Sindh
provinces of the country.

2.5.23.  Glacial deposits

This refers to all parent materials of glacial origin, whether deposited directly by the
ice melt or by the associated water. Glacial deposits consist of heterogeneous
mixture, varying in size from coarse fragments to clay particles. This type of parent
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material is generally present in northern parts of the Punjab province as well as in
Khyber Pakhtunkhwa province.

2.5.24. Eolian deposits

These are materials which are transported and deposited by the action of wind.
Depending upon the type of original material that was subjected to such actions, such
wind-blown materials are differentiated into loess, sand dunes, adobe and volcanic
ash.

2.5.2.3.1. Loess

Loess is generally silty in nature, with some sand and clay. Whereas mostly
agricultural soils in Pakistan are alluvial in nature, some soils, like most soils of
Pothowar plateau, are formed from loess. Loess-derived soils are generally
productive, provided adequate water is available; these soils are quite open and
porous in nature.

2.5.2.3.2. Sand dunes

Sand dunes are sandy materials transported and deposited by the action of wind. The
coarser particles deposit near the source and accumulate in the form of sand dunes.
Salient examples are the vast soils in Thal, Thar and Cholistan deserts. Because of
their coarse texture and air climate (leading to water scarcity) most of the sand dune
soils possess low productivity potential.

2.5.2.3.3. Adobe
Adobe parent martial is like loess, but more calcareous in nature.
2.5.2.3.4. Volcanic ash

Volcanic ash is transported by wind from active volcanoes. Such parent material in
not present in Pakistan, but is very common in Japan, Mexico, Indonesia, etc.

2.6. Stability Indices and Weathering Sequences

Stability indices is the arrangement of soil minerals according to their stability or
weatherability. It is very useful in determining the pace of weathering of a particular
soil material, indigenous soil minerals and the nutrients’ status of soils. Moreover,
this stability indices also indicates the effect of biotic and abiotic factors on the course
of soil genesis/formation. It is also helpful in predicting the soil’s behavior under the
applied forces as soil physical properties are related to clay minerals which are
dominant in that soil. Mineral stability indices for sand and silt sized fractions,
proposed by Goldich (1938) are olivine > hypersthene>biotite> feldspar>
mica>quartz. For detailed information about these stability models, readers are
referred to Soil Genesis and Classification by Boul et al. (2003).
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2.6.1.  Factors affecting stability indices/mineral weathering
2.6.1.1. Nature and composition of minerals

Mineral weatherability/stability depends upon their chemical composition as well as
on structural arrangement of the minerals. Simple salt minerals, like NaCl, CaCOs,
and CaSOy4 are more susceptible to weathering than complex minerals, like layer
silicates, comprising of tetrahedral and octahedral sheets. Tetrahedral coordination
also influences mineral weathering. Olivine comprising of a single tetrahedron only,
weathers more rapidly compared to quartz which has maximum sharing of its
tetrahedral oxygen. Furthermore, isomorphic substitution also plays an important
role on the rate of mineral weathering. During isomorphic substitution, Al** ions
replace Si** ions in tetrahedral sheets; this substitution destabilizes the mineral
structure and results in mineral disintegration. In addition to that, Fe, S and Mn
contents in the minerals also affect the pace of mineral weathering due to oxidation-
reduction processes.

2.6.1.2. Climate

Water is a crucial requirement for all weathering processes, like hydration, hydrolysis
and dissolution. It not only dissolves minerals but also helps in translocation of
elements within the developing soil profile; hence is important for the soil
development process. Temperature affects the rate of biochemical reactions.
Weathering processes are very slow in the low temperature areas or even in the high
temperature regions, if there is moisture shortage.

2.6.1.3.  Particle size and exposure time

Smaller particles having large surface area weather more rapidly compared to larger
sized particles. Quartz is the most stable mineral in sand and silt sized fractions but
quartz present in the clay sized fraction is susceptible to relatively rapid weathering.
The extent of weathering also depends upon the time duration for which rocks have
been exposed to certain climatic/atmospheric conditions. About 75 % of the
sedimentary rocks are exposed to weathering at the Earth’s surface (Greensmith
1978).

2.7. Soil Formation

Soil formation is a sequence of processes involved both in production of parent
material by weathering processes and in soil profile development. Soil formation
ultimately leads to the development of horizons within the soil profile. Another
obvious evidence of soil formation is that organic matter and soil colloids are
transported downward in the soil profile, resulting in the development of clay,
carbonates, iron and manganese oxides, humus, and/ or gypsum zones within the soil
profile.
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2.7.1.  Factors affecting soil formation

The process of soil formation and properties of the produced soil are controlled by
many spatial factors. Jenny (1941) had described the influence of various factors on
the process of soil formation by the following simple equation:

S(xy) =f(cL o, r,p, t,....... )

Where “S” is soil property, “xy” are locational coordinates, “f( )” means ‘as a

[T3%3]

function of” “cl” stands for climate, “0” is indication of organisms, “r” is relief/
topography, “p” is parent material (i.e., condition of soil formatting material at time
zero), and “t” is time (i.e., age of soil). Brief descriptions of the role of these factors

in soil formation is described in this section.
2.7.1.1. Parent material

Parent material is an early state of a soil system. It is the initial material from which
soil develops. The soil’s parent material has profound effect on soil properties, like
texture which in turn controls many physico-chemical properties of the soil. Soil
parent material may include a bed rock, inorganic and organic constituents, water,
wind, ice, gravity, volcanic or material moving down a slope. The rate of weathering
is influenced, to a large extent, by the type of parent material (Creda 2002; Olson
2005). The type of soil developed as a result of weathering processes depends largely
upon the type of rocks (i.e. parent material) and how those rock minerals had reacted
to external environmental factors, like rainfall, temperature, pressure, wind velocity
and erosive forces. The parent material contributes to soil properties in three ways:

1) Intensity of weathering
2) Elements present in parent material

3) Particle fraction

In hot and humid areas of the world, like the tropical regions (i.e., Thailand,
Indonesia, etc.), intense weathering results in development of acidic soils due to
excessive leaching of basic cations (like calcium (Ca), magnesium (Mg), sodium
(Na) and potassium (K)) from the soil profile. Contrarily, in arid climate regions (like
countries of the Middle East), because of less leaching of basic cations, the soils
formed are alkaline in nature with dominance of free carbonates (primarily CaCO3)
and lesser profile depth than acid soils. Soil mineral “olivine” weathers rapidly
compared to quartz because the Si tetrahedra are held together only by O-metal cation
bonds, whereas in quartz it consists entirely of linked Si tetrahedra.

2.7.1.2. Climate

Climate is the average weather conditions at a specific place over a period of time as
determined by temperature, precipitation, wind velocity and other morphological
factors of the area. Key climatic components in relation to soil formations are the
amount of rainfall, evaporation, temperature, wind, solar radiation (White 2006;
Gray et al. 2011) and type of vegetation. These sub-factors influence the rates of
chemical, physical and biological processes responsible of soil profile development.
In general, as rainfall increases the rate of physical and chemical weathering
increases resulting in deep soil profile development. It also influences leaching of
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colloids in the soil profile and the chemical weathering processes like hydration,
dissolution and hydrolysis. The sustenance of plant life on the rock surface is also
influenced by climate. Temperature controls not only rate of weathering but also
intensity of biological activities. Warm, moist climate encourages rapid plant growth
and hence more organic matter production; the opposite is true for cold and dry
climate. Generally, temperature changes with latitude and altitude. Temperature
controls the rate of weathering and biological processes of growth and
decomposition. Rates of reaction are roughly doubled for every 10°C rise in
temperature, although enzymatic reactions are sensitive to high temperatures and
mostly attain a maximum between 30 and 35°C. Climate also influences the growth
of natural vegetation. Vegetation is the main contributor of organic matter to soil;
most soils of arid zone regions contain much lesser than 5% organic matter. Whereas
humid region environment is favorable for the growth of perennial trees, grasslands
as native vegetation are dominant in semiarid regions and various kinds of shrubs
grow in arid lands. Wind influences soil formation directly, by erosion and deposition
processes. The windblown material is called eolian. The eolian soils are not
productive due to their low organic matter content, water and nutrient holding
capacity.

2.7.1.3. Biota

An ecosystem consists of soil and the living organisms. The activities of living plants,
animals and decomposition of their wastes and residues have marked influence on
soil development. The soils having large numbers of these animals have fewer but
deeper horizons because of constant mixing/over turning within the soil profile.
Symbiotic association of fungi, algae and or cyanobacteria have a major role in
weathering, because they produce chelates that trap metallic ions, released by the
weathered rocks, to form organo-metallic complexes. Burrowing animals, like mole,
ants, termites, earthworms, influence soil formation when they are present in large
numbers. Similarly, soil microorganisms like Rhizobia can fix atmospheric nitrogen
(N») into compounds useable by plants.

2.714. Relief

Relief has strong influence on local climate, plants/vegetation, erosion and drainage
of alandscape (Fig. 2.3). Any variations in relief will affect the temperature (a rough
idea is that for every 100 meters increase in height, temperature will decrease by
0.5°C). Impermeable B horizons, generally are developed on undulating lands. The
Northern hemisphere having slopes with south-facing aspects have more solar
radiation; hence, more vegetation is present on the north facing slopes and scarce and
smaller shrubs are present on the south facing slopes. Thus, relief can increase or
decrease the pace of weathering processes. On smooth or flat surfaces water is
removed less rapidly than in the areas with steep slopes. The soils with steep slope
are susceptible to water erosion resulting in shallow soil profile development; the
opposite is true for soils with gentle slope.
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Fig. 2.3 Difference in vegetation at different topographical positions

2.7.1.5. Time

Time duration is another important soil-forming factor. The time required for soil
development depends upon so many other factors, like climate, parent material,
organisms and relief. It is difficult to quantify the soil formation as development of
soil profile is continuously changing with time. (Hugget 1998) Soil horizons tend to
develop more rapidly under warm, humid and forested conditions where there is
enough water available to move clay, humus and other soil colloids downwards
through the soil profile. Soils can be classified according to their age as under:

i. Young soils

The soil with no developed horizon and having recently developed material. Usually,
young soils have thinner A horizon and no B horizon. Soil Order Inceptisols is
comprised of young soils with no accumulation of clay material (i.e., lacking illuvial

clay).
ii. Immature soils

The soils which are at early stage of development with poorly developed horizons,
because these soils were exposed to soil forming factors for short periods of time.
Such soils are usually shallow in depth and are alluvial in nature.



