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Chemistry of the Earth

Overview: Introduction; Layers of the earth; Characteristics of the different layers of
the earth; Chemistry of rocks and minerals; Isomorphism and polymorphism in rocks;
Geochemical cycles; Driving forces behind geochemical cycles; Conclusion; References;
Questions.

2.1

INTRODUCTION

Geochemistry deals with a variety of processes that have great bearing on many chemical
phenomena in the environment such as sources and sinks for metals, natural mineral resources,
exploitation and depletion over time, and interactions between various segments in the environment.
In short, geochemistry is the study of the interactions of chemical processes that affect the
materials on earth. Geochemical processes take place under a variety of environmental conditions
— from extremely low to extremely high pressure and temperature systems. For example,
although diamond and coal are made up of carbon, diamond — the most glittering of all
substances — forms at very high pressure and temperature, whereas coal — the primary
energy resource — forms at ambient conditions.
In environmental processes, invariably one or more types of earth materials are involved.
Hence, it is important to understand some aspects of the composition and behaviour of earth
materials. This chapter discusses the processes involving solids; water and atmospheric
processes are discussed in subsequent chapters.
Solid earth has three broad layers — the crust, the mantle, and the core. To understand
the various chemical phenomena that take place on the surface of the earth, it is important
to first delve into the phenomena that take place inside the earth’s interior.
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crust is about 3.0 g/cm3. The density of upper layers of the mantle (about 3.3 g/cm3) is much
more than that of the crust. Therefore, the oceanic crust floats like ice over the mantle. As
the oceanic crust ages, it accumulates a heavy layer of cooled mantle rock underneath it and
sinks into the mantle. The high temperature of the inner layer melts the sinking crust and then
ejects it as semi-liquid material. Because of this recycling process, no oceanic crust older
than about 200 million years exists on the surface of the earth. About 16% of the mantle
consists of recycled oceanic crust and only about 0.3% consists of recycled continental
crust.
Apart from their densities, another important difference between the two crusts relates
to their thickness. While the oceanic crust is only about 5 km thick, the continental crust is
about 35-40 km thick. Under young mountains such as the Himalayas, the continental crust
may even be up to 70 km thick.

2.2.2 The Mantle
The crust is underlain by a denser material known as the mantle. This region immediately
below the crust is dense, solid, and has an average density of about 3.3 g/cm3. A part of the
mantle and the crust, up to 100 km from the crustal surface, is collectively known as
lithosphere. Below this depth, the materials are soft due to molten material interspersed
between solids (this region contains 1%-10% molten material). This region is known as
asthenosphere and extends up to about 250 km below the crust.
The part of the mantle below 250 km, up to a level of about 2900 km, is known as
mesosphere. Within the mesosphere, up to a depth of about 900 km, there is a progressive
change in physical and chemical properties. These changes become abrupt and discontinuous
below 900 km. In general, in the mesosphere, the iron (Fe) content increases and magnesium
(Mg) content decreases with an increase in depth.

2.2.3 The Core
The region of outer core starts at about 2900 km depth. As compared to the mantle, the
physical and chemical properties of matter in this region change sharply. The outer core is
liquid, denser than the overlying mantle, and the temperature increase is sharp, about 700 °C.
Also, at such depths, the pressure is obviously very high. The high density of the core is
probably due to an increase in Fe content, along with the presence of a minor amount of
other elements that normally form an alloy with Fe in liquid form under high temperature and
pressure. The outer core is underlain by a solid core that extends up to the centre of the earth
(about 5100 km deep). The inner core is believed to be made up of metallic Fe in solid form.
Man has observed and studied the earth only up to a depth of about 40 km from the
surface. This depth is called the Moho depth. All understanding of the physical and chemical
properties below this depth is derived from scientific speculations based on geophysical
studies as well as comparison with other objects such as meteorites.
There are many theories that explain the immense heat trapped in the core of the earth.
According to one theory, when the earth came into being and increased in size, impacts of
new material delivered sufficient energy to melt most or all of the substance forming the
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planet’s bulk. The heavier elements (such as iron) sank into the centre of the planet, while
the lighter elements (such as silica and aluminium) moved over to the top. With the sinking
of hot Fe, the temperature within the interior became so hot that the outer core remained in
liquid state. According to yet another theory, radioactive elements (such as uranium [U] and
thorium [Th]) are present in the centre of the planet. These radioactive elements release heat
when they decay, thus supplying the earth's interior with heat for billions of years since its
formation.

2.3

CHARACTERISTICS OF THE DIFFERENT LAYERS OF
THE EARTH

The physical and chemical properties of the various layers of the earth change as one goes
from the surface to the innermost part of the core, although certain physical parameters
(such as density) can be averaged on the whole.

2.3.1 Physical Properties
The physical properties of the different layers, including the colour, density, and temperature
and pressure vary from layer to layer. However, the variation is systematic such that there
is a vertical downward trend. The mean physical properties, summarized in Table 2.1, do not
refer to any one layer but all the layers put together in their various proportions. Table 2.1
shows the physical properties of the whole earth based on its different layers. These properties
have been averaged over various layers, with the properties of individual layers quite different
from each other. For example, the topmost layer has a density of about 2.65 g/cm3, whereas
the inner layer has a density greater than 10 g/cm3. Likewise, the temperature at the surface
of the earth is about 25°C, whereas at the core it is over 5000°C.
All the above-mentioned properties are for the entire shell of the earth, although each
layer has different values for each of the above parameters.
Table 2.1 Physical properties of the earth, on an average, from surface to core.

Parameter

Measurement

Mass

5.98 ¥ 10 24 kg

Diameter

12 756.28 km

Density

5 515 kg/m3

Mean surface temperature

15°C

Surface gravity

9.78 m/s2

Orbital eccentricity

0.0167

Surface pressure

1.014 bars

Magnetic field

0.3076 gauss-Re3

Source: Data condensed and modified from Holland H and Turekian KK (2004).
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Table 2.3 Composition of the earth’s mantle in weight per cent.
Element

Average composition (%)

Fe

5.8

Al

2.2

Ca

2.3

Na

0.3

K

0.03

O

44.8

Si

21.5

Mg

22.8

Source: Data condensed and modified from Holland H and Turekian KK (2004).

Table 2.4 Composition of the earth’s core in weight per cent.
Element

Average composition (%)

Iron

88.8

Nickel

5.8

Sulphur

4.5

Other trace elements

<1

The combined chemical composition of the whole planet (Table 2.5) suggests that there is
chemical gradation as one goes from the topmost soil layer to the core. The three elements
at the bottom (hydrogen, carbon, and nitrogen) are generally concentrated in the top crustal
layer of the world. Since these are highly biospheric active elements, their concentrations in
different parts of the world may fluctuate. In addition, the crust below all continents chemically
differs from the crust below the sea floor, whereas the mantle and the core are chemically
homogeneous everywhere. Further, there are chemical variations with depth within the crust
and mantle; similarly, chemical variations also exist in the outer and inner parts of the core.
The vertical differences from layer to layer are primarily due to the varying types of minerals
and rocks that occur in a given region. It is, therefore, necessary to learn about minerals and
rocks and their chemistry.
Analysis of chemical composition
The origin of the meteorites and other similar objects is same as that of the earth. Hence,
meteorites that fall on the earth are analysed to infer the internal composition of the planet.
Iron meteorites, carbonaceous meteorites, and chondrite meteorites commonly comprise the
meteoritic showers that fall on the earth. One can ‘mix up’ a composition for the whole earth
by combining proportions of these iron and chondritic meteorites.
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Table 2.5 Average abundance of elements in various layers (crust, mantle, and core)
of the earth.
Element

(mg/km earth weight)

Oxygen

4,56,000

Silicon

2,73,000

Aluminium

83,600

Iron

62,200

Calcium

44,600

Magnesium

27,640

Sodium

22,700

Hydrogen

1,500

Carbon

180

Nitrogen

15

Source: Data condensed and modified from Holland H and Turekian KK (2004).

Table 2.6 gives the chemical composition of the earth based on a number of situations —
combination of different types of meteorites (types 1 to 3) falling on the earth, analysis of
other cosmic particles, and actual data collection from shallow earth with extrapolation to
greater depth based on indirect geophysical evidence.
In Table 2.6, it can be seen that there are three different analyses for earth materials.
These materials are based on different combinations of commonly observed meteorites such
as Fe-meteorite, chondritic meteorite, and carbonaceous meteorite. Composition of the meteorites
analysed is briefly described below.
–
–
–
–

2.4

Analysis 1: 32.4% Fe-meteorite (with 5.3% FeS) and 67.6% oxide portion of bronzite
chondrites.
Analysis 2: 40% Type I carbonaceous chondrites, 50% ordinary chondrite, and 10% Femeteorite (containing 15% S).
Analysis 3: Non-volatile portion of type I carbonaceous chondrites with FeO/FeO + MgO
of 0.12 and sufficient SiO2 reduced to silica to yield a metal/silicate ratio of 32/68.
Analysis 4: Based on Ca, Al, and Ti = 5 × type I carbonaceous chondrites; FeO = 12%
to accommodate lunar density; and Si/Mg = chondritic ratio.

CHEMISTRY OF ROCKS AND MINERALS

The individual layers of the earth and different meteorites (those that have fallen onto the
earth’s surface) have similar elemental compositions, although these elements are present in
variable proportions. However, unlike meteorites, the layers of the earth consist of various
minerals associated with each other in different proportions. These variable associations
account for the extreme complexity and diversity of the rocks and ores found on the earth.
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Table 2.6 Analyses of earth materials.
Element

Earth

Moon

Analysis 1 (%)

Analysis 2 (%)

Analysis 3 (%)

Analysis 4 (%)

Fe

34.6

29.3

29.9

9.3

Si

15.2

14.7

17.4

19.6

Mg

12.7

15.8

15.9

18.7

Ca

1.1

1.5

1.9

4.3

Al

1.1

1.3

1.4

4.2

Ti

2.4

1.7

0.6

1.7

Na

0.6

0.3

0.9

0.07

S

1.9

4.7

–

0.03

Source: Data condensed and modified from Holland H and Turekian KK (2004).

Moreover, the individual layers of the earth may differ in terms of the association of different
elements in the minerals. This is accompanied by diverse physical properties (such as density,
colour, texture, and structure) of rocks in each layer.
As already mentioned, man’s inference of the rest of the earth’s interior, in terms of the
physical and chemical make, is a scientifically inferred ‘guesswork’ based on indirect instrumental
investigations such as gravimetric, electrical, and seismic investigations. Hence, what we
know is too little compared to what we do not know about this planet.

2.4.1 Chemistry of Rocks
A rock can be defined as the physical or chemical association of one or more minerals. For
example, individual mineral grains can be held together in a matrix or ‘glued’ to a base, which
binds them and acts as the matrix. The grains physically held together in such a matrix give
the rock its characteristic ‘texture’. The matrix, ‘glue’, or cement may either be powdered
minerals in the form of ‘natural’ cement or compounds of elements that have not ‘crystallized’
into individual minerals.
The nature of the association of mineral grains and the ‘cement’ is responsible for the
texture of the rocks. The nature of the association of various types of rocks, whether in the
open or in the interior layers of the earth, is responsible for the ‘structure’ of the rock.
Therefore, minerals, matrix, rocks, texture, and structure are all interrelated to each other.
This explains the observed physical and chemical properties of minerals and rocks. Rocks are
classified into three categories — igneous rock, sedimentary rock, and metamorphic rock.
Igneous rock
Rocks that are formed from molten magma or lava are called igneous rocks. All igneous rocks
originate from deep within the earth as a hot, molten magma. As the magma moves towards
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the earth’s surface, it starts to cool and turns into solid igneous rock. Some examples of
igneous rocks are granite and basalt (Figs. 2.2 and 2.3).

Fig. 2.2 Basalt.

Fig. 2.3 Granite.

Igneous rock is the most common type of rock on the continental land mass. The family of
igneous rocks has well-defined physical and chemical features that give individual rocks their
distinct texture and structure. For example, granite contains large mineral grains ‘cemented’
together and is, therefore, a rock with coarse grain texture. On the other hand, basalt
contains fine-grained individual mineral grains, often physically not distinguishable by the
naked eye, giving the rock a fine grain texture. Rocks such as granite are formed at great
depths, generally in a closed environment, whereas basalt and similar rocks are generally
formed in an open environment.
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and important minerals such as gemstones, agate (Fig. 2.6), and garnet (Fig. 2.7). In addition
to pressure and temperature, the presence of any other fluid or gas (such as H2, CO2, and
water vapour) may also promote specific grades of change.

Fig. 2.6 Agate.

Fig. 2.7 Garnet.

Sedimentary rock
Sedimentary rocks are formed due to the action of wind or water on pre-existing rocks.
Every minute of every day, rocks are being worn down by wind and rain, releasing tiny
grains of sand. When these tiny bits of sand and dirt are carried by a flowing waterbody
(such as river and stream) and settled at the bottom, they are called sediment. Over time, the
weight and pressure from the matter on top turns the sediment at the bottom into sedimentary
rock. Sandstone and limestone are examples of sedimentary rock (Figs. 2.8 and 2.9). Coal,
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peat, and other organics are generally called sedimentary rocks since they are formed in
water.

Fig. 2.8 Sandstone.

Fig. 2.9 Limestone.

In fact, soil can be considered sediment that has been moved from the place where it was
formed. Hence, soil develops ‘layers’ that have different vertical physical and chemical
zonations, similar to the layers within the earth’s interior. The profile showing the different
soil layers is known as soil profile. This will be discussed in detail in the subsequent chapters.
Sedimentary rocks are transported by wind and/or water and they often exhibit a wave
imprint that shows the direction of their transport. Wind transported eolian sand, seen in
Jaisalmer, Rajasthan, India, exhibits a ‘dune’ structure (Fig. 2.10) showing the imprint of the
effect of wind in the form of waves. The direction of flow of water can also be seen as a
‘current’ bedding imprinted in sandstones. Such sandstones can be seen in Jabalpur, Talcher,
and other areas in India and across the world (Fig. 2.11).
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Fig. 2.10 Wind transported eolian sand in Jaisalmer.

Fig. 2.11 The direction of flow of water is evident in the formation of the
sandstones in Arizona.

From the above discussion, it is clear that all other rocks originate from igneous rocks. While
sedimentary rocks do not undergo significant pressure and temperature changes during their
formation, it is not so for metamorphic rocks; the temperature in sedimentary processes is
less than 70°C and in metamorphic processes it is greater than 150°C to 200°C, with
pressures of about 1500 bars.
The following section discusses the chemistry of various rocks and minerals mentioned
above.

2.4.2 Chemistry of Minerals
All minerals can be grouped, for convenience, into few well-defined compounds — silicates
(some minerals are called alumino-silicates), oxides, hydroxides, sulphides and sulphates,
sulphosalts, carbonates, and halides.
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Fig. 2.12 Bowen’s Reaction Series in igneous rock formation.

Source: Data condensed and modified from treatise on Geochemistry (2004).

Minerals at the top of the series are usually rich in Fe and Mg but not SiO2. They produce
dark-coloured minerals such as olivine, pyroxene (Fig. 2.13a), amphibole (Fig. 2.13b), and
Ca-plagioclase. Minerals from the bottom of the series are usually rich in K, Na, and SiO2.
They produce light-coloured minerals, such as orthoclase, Na-plagioclase (Fig. 2.14a), and
quartz (Fig. 2.14b). All these minerals act as temperature indicators since they are formed
from magma at a specific temperature and pressure. In a way, these rocks are all natural
thermometers.

Fig. 2.13a Pyroxene.

Fig. 2.13b Amphibole.
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Dark-coloured minerals are generally rich in Fe and Mg.

Fig. 2.14a Sodium plagioclase.

Fig. 2.14b Calcium plagioclase.

Light coloured minerals are rich in quartz and feldspar.
Since rock is an association of minerals, any combination in the above minerals is
possible for both the continuous and discontinuous series. For example, granite may contain
quartz, potash feldspar, and a small amount of mica. The mineralogy of basalt is characterized
by a preponderance of calcic plagioclase, feldspar and pyroxene. Olivine can also be a
significant constituent. Accessory minerals present in relatively small amounts include Feoxides and Fe-Ti oxides, such as magnetite, ulvospinel, and ilmenite.
Many types of igneous rocks are used as building stone (for making tabletops and cutting
boards) and decorative material (for making carved figures.). Polished granite and basalt are
some of the rocks used in the building industry. In addition to their use as building materials,
many igneous rocks also contain economically valuable minerals and elements. For example,
diamond comes from an igneous rock known as kimberlite, which is formed at great temperatures
and pressures. Similarly, pegmatite, which is similar to granite, often contains important
metals such as lithium (Li), tantalum (Ta), niobium (Nb), and tin (Sn).

Fig. 2.15 Kimberlite.
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Fig. 2.16g Serpentine.

Fig. 2.16i Aragonite.

Fig. 2.16k Magnetite.

Fig. 2.16h Calcite.

Fig. 2.16j Dolomite.

Fig. 2.16l Ilmenite.
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Minerals in sedimentary rocks
There are three major types of sedimentary rocks based on the type of particles found in
them.
1. Siliclastic sedimentary rocks: These are rocks formed by the accumulation of silicate
mineral fragments. Siliclastic sedimentary rocks are physically weathered from the parent
rock without any chemical reactions. These include sandstones, mudrocks, conglomerates,
and breccias (Figs. 2.17a-d).

Fig. 2.17a Red sandstone.

Fig. 2.17c Conglomerate.

Fig. 2.17b Layered silified mudrock.

Fig. 2.17d Breccia.

2. Biochemical sedimentary rocks: These are rocks formed from the sediment derived by
biological processes. These rocks are typically found in oceans, where once living marine
plant or animal settle to the ocean floor as biochemical sediment and then become
compacted and cemented together into solid rock. Typically, only the hard, skeletal parts
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of the organism are preserved as sediment. Limestone (Fig. 2.9) and chert are examples
of biochemical sedimentary rocks.
3. Chemical sedimentary rocks: These are rocks that are formed by direct chemical precipitation
of elements present in water. Chemical sedimentary rocks are also formed when organisms
extract nutrients from water and soil. Evaporite deposits consisting of halite and gypsum
are common examples (Figs. 2.19a and b).

Fig. 2.18 Chert.

Fig. 2.19a Halite.

Fig. 2.19b Gypsum.

Physical sediments such as sand constitute the bulk, whereas chemical sediments such as
limestone constitute only a small portion of the sedimentary rock group. Practically any
mineral may be present in sedimentary rocks, depending on the source rock that was recycled.
Quartz is the most common mineral found in sedimentary rocks since it is resistant to
weathering and transportation. The feldspar group, one of the primary rock-forming mineral
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group, is generally present in variable amounts in all types of sedimentary rocks, along with
quartz and carbonates. Clay is generally present in many sedimentary rocks and is formed
by the chemical and physical weathering of large mineral crystals in the parent rock. Shale
is a sedimentary rock with a very large amount of clay minerals.
Isomorphism and polymorphism also play a key role in the structure and other physical
properties of rocks. The following section discusses these two phenomena in rocks.
Isomorphism and polymorphism in minerals
Many minerals existing in different types of rocks are primarily governed by their phase
equilibria at varying temperature and pressure conditions. Chemical compositional changes in
a mineral (such as pressure and temperature changes) result in the formation of a new
mineral or the same mineral in a different crystalline form or a mineral with similar chemical
properties as the parent mineral but of different composition in the original crystalline form.
Isomorphism in minerals implies similar structure and, therefore, similar physical properties
but different chemical properties. Many minerals exhibit this phenomenon, including those of
the feldspar and olivine groups. Magnesium can replace a certain amount of calcium from
calcite (CaCO3) and still retain the original structure of the mineral. This is an example of
isomorphic substitution of calcium by magnesium. In isomorphic substitution, an individual
element, group or ligand can fully or partially replace another element, group or ligand within
the original rock structure.
Unlike isomorphism, polymorphism in minerals implies similar chemical properties but
different physical properties. In such cases, the chemistry of the mineral remains the same
but change in structure may take place due to continuous change in pressure and temperature.
For example, the chemistry of both diamond and graphite is same but the structure is
different.
Hence, the nature of various rocks as discussed above is very complicated and, overall,
lithospheric materials have a complex existence, both chemically and physically.
Rocks and minerals are basically the source and ultimate sink for many elements that
exist on earth. Generally, the chemical cycling of elements starts with rock (i.e., chemical
cycling starts at the lithosphere), goes through interfaces such as water, air, soil, and biota,
and comes full circle and re-enters the lithosphere.

2.5 GEOCHEMICAL CYCLES
An element can neither be created nor destroyed; it exists in different forms and its distribution
varies with time. Therefore, the chemical constituents on the earth have essentially remained
the same ever since they were formed at different geological eras. All these elements in the
environment move in a cyclic fashion, keeping their amount on the earth in perfect balance.
There are many types of environmental cycles, including the energy cycle, rock cycle, water
cycle, geochemical cycle, and biogeochemical cycle. Unlike other cycles, a geochemical
cycle is element specific, whereas a biogeochemical cycle is specific to those elements that
are key participants in biotic processes.
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Fig. 2.20 The oxygen cycle.

to the release of atmospheric CO2 gas. Simultaneously, minerals in rocks subjected to weathering
by wind and water (H2O) fix some amount of carbon in the form of dissolved bicarbonates
(HCO3–) in H2O as well as precipitation of some carbonate minerals such as calcite from H2O.
Thus, carbon takes both organic and inorganic form and moves about by reacting with
practically everything along the way. This makes it a key environmental variable known to
man.
Left to itself, this natural process is in perfect balance. But human activities can disturb
the cycle and increase the amount of CO2 gas in the atmosphere. This could cause problems
in the future because CO2 gas is vital for controlling the world’s climate.
The various phenomena and events through which carbon is released into the atmosphere are
listed in Box 2.1.
Box 2.1 Release of carbon into the atmosphere.

Listed below are the various ways in which carbon is released into the atmosphere.
• Through the respiration of plants and animals: This is an exothermic reaction and
involves the breaking down of glucose and other organic molecules into CO2 and H2O.
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Fig. 2.21 Carbon cycle.

Carbon in the biosphere
Although carbon is a building-block element essential for life processes, it is not present in
large amounts in the biosphere. In fact, only a small part (about 10 Gt) of all carbon is stored
in the biosphere.
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The bulk of carbon is immobilized in the rock formation of coal deposits. As was discussed
earlier, photosynthesis is a key process by which autotrophic organisms fix carbon in the
presence of solar energy. Some organisms also fix carbon by chemical processes called
chemosynthesis. A general photosynthesis reaction (unbalanced reaction) is given below
(Eq. 2.1).
CO2 + H2O Æ CxHyOz + O2

(2.1)

where x, y, and z are variables. The nature of organic compound produced (CxHyOz) varies.
In a food chain, bacteria transfer carbon to more complicated organisms, and plants and
animals finally return this carbon back to soil or atmosphere when they die and decompose.
In addition, burning of biomass and other aerobic processes can transfer substantial amounts
of carbon in the form of CO2 gas into the atmosphere (Eq. 2.2).
CxHyOz + O2 Æ CO2 + H2O

(2.2)

On a geological timescale, the biologically fixed carbon turns into coal through many reactions
under anaerobic conditions. Carbon may also be circulated within the biosphere when dead
organic matter (such as peat) gets incorporated in the geosphere. Animal shells of CaCO3,
in particular, eventually turn into limestone through the process of sedimentation.
Three gaseous forms of carbon — CO2, CO, and CH4 — can be formed or used in
suitable biological environments such as stagnated water bodies, high productive zones, and
landfill sites. In agriculture, crops produce variable amounts of these trace greenhouse gases.
Carbon storage in the biosphere is influenced by a number of processes on different time
scales. While net primary productivity follows diurnal and seasonal cycles, carbon can be
stored up to several hundreds of years in trees and soils. Changes in these long-term carbon
pools through deforestation, afforestation, and other temperature-related changes in soil respiration
may thus affect global climate change.
Carbon in the hydrosphere
The oceans contain around 36 000 gigatonnes (Gt) of carbon, mostly in the form of bicarbonate
ion (HCO3–) (over 90%). One of the reasons for this is that extreme storms bury a lot of
carbon as they wash it away, along with sediment. A report in 2008 in the journal Geology
stated that a single typhoon in Taiwan buries carbon in the ocean (in the form of sediment)
equivalent to that buried by the entire annual rainfall in the country.
Inorganic carbon (carbon compounds with no C-C or C-H bonds) plays an important role
in the environment through its reactions within water. Carbon exchange is important in
controlling the pH of the oceans, which in turn affects the ability of the oceans to act as a
source or sink for carbon. Rapid and ready exchange of carbon takes place between the
atmosphere and oceans. In regions of oceanic upwelling, carbon is released into the atmosphere.
Conversely, in regions of downwelling, carbon (in the form of CO2 gas) is transferred from
the atmosphere to oceans. When CO2 gas enters the oceans, it first gets dissolved (Eq. 2.3).
The extent of dissolution depends on the temperature of the water. The dissolved CO2 gas
then participates in a series of reactions, which are locally in equilibrium (Eqs. 2.4-2.6).
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Fig. 2.22 Schematic representation of the flow of nitrogen through the environment.

Atmospheric nitrogen gets into soil in different ways. Atmospheric nitrogen dissolves in water
molecules of rain and snow under high energy associated with lightning. This leads to the
formation of HNO3 which is then flushed into the soil during precipitation. Certain bacterial
activity can also directly use N2 gas by fixing it into the soil. Other bacteria present in the
soil convert this nitrogen into nitrate through a process called nitrification. This form of
nitrogen is very reactive and mobile. It is taken up by plants and converted into more complex
nitrogen compounds.
Bacteria decompose the remains of dead animals and plants to produce ammonia (NH3),
and thus return the fixed and converted nitrogen to the air. Nitrifying bacteria convert NH3
into nitrates, while denitrifying bacteria convert some of the nitrates back into N2 gas, which
is then released into the atmosphere. All these different steps form a massive cycle. Thus,
over time, the amount of nitrogen consumed by nitrifying bacteria is returned to the air by
denitrifying bacteria in the soil. Thus, the nitrogen content of the earth and its atmosphere
is in equilibrium.
While all these natural processes have kept the global nitrogen content in balance,
certain anthropogenic activities have interfered with this smooth movement. For example,
farmers tend to be liberal in applying nitrogen fertilizers, such as DAP (diammonium
phosphate). Plants absorb only as much amount of nitrogen needed for its metabolism and
excess nitrogen is washed off from soil to water, groundwater, and water bodies. This
excess nitrogen accumulates in large quantities in stagnant or poorly circulating waterbodies such as a lake. This leads to the rapid growth of algae, thus choking the free
movement of O2 gas (eutrophication). When the levels of O2 gas fall, other forms of life
in the water also die off.
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Fig. 2.23 Nitrogen cycle.

2.5.4 Silica Cycle
Silicate inorganic compounds are one of the dominating substances in lithosphere. However,
in the water bodies, silica may not play a key role except for organisms that survive on it,
such as diatoms. Thus, the silica cycle, involving the most abundant element on the earth,
is relatively simple (Fig. 2.24) and is associated mostly with ocean diatoms. It also involves
some silicate mineral deposition in the oceans in the form of chert or poorly crystalline
quartz.
Planktonic diatoms are present in freshwater and marine environments in a ‘bloom and
bust’ (or ‘bloom and bust’) form. These diatoms have a competitive edge over other species,
so when conditions in the upper levels (nutrients and light) become favourable, these quickly
dominate the phytoplankton community.
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Fig. 2.24 Schematic representation of the flow of silica through the environment.
* Bracketed

numbers are based on various models while the open numbers are those observed.
values are in trillion (24 × 10 12 g of silica per year).
Source: Modified from (Heinze, 2006).

** All

Figure 2.24 clearly indicates the limited role played by silica in the global environmental cycle,
but the changes in the cycle, although slow, affect a whole range of linked processes.
Thus, the chemistry of lithosphere involves the understanding of rocks, minerals, their
mode of formation, and conditions under which they undergo physical and chemical changes.

2.5.5 Sulphur Cycle
Similar to carbon, sulphur is an essential nutrient in biotic processes. So its cycle is largely
governed by the level and type of biological processes. Sulphur has multiple valencies and
can, therefore, form many types of inorganic and organic compounds, making the sulphur
cycle (Fig. 2.25) one of the most active cycles.
Most of the sulphur on the earth is associated with rocks or buried deep in oceanic
sediments. However, sulphur can also be found in the atmosphere, through which it enters the
soil by natural (such as bacterial processes, decaying organisms, and volcanic eruptions) or
artificial means (industrial processes where SO2 and H2S gases are emitted on a wide scale).
Sulphur dissolved in water is taken up by plants. Animals consume these plants in order
to maintain their health. Due to strong microbial activity of many sulphur consuming bacteria,
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2.5.6 Phosphorus Cycle
Phosphorus is an essential nutrient for plants and animals. It usually exists in anionic forms
(such as PO4–3) and only in a limited number of inorganic compounds (such as Ca2[PO4]2
and Fe3[PO4]2). Bones, teeth, nucleic acids (DNA and RNA), lipids, proteins, and enzymes
contain phosphorus. Thus, phosphorus plays an important role in maintaining the general
health of the body, especially bones and teeth.
In the environment, phosphorus is usually found mostly in rocks, soil minerals, and fossilized
bones. Phosphorus is gradually released as phosphate ions during the weathering of rocks,
which is eventually washed into water bodies through leaching. This phosphate, essential for
the growth of plants, is utilized by water plants and algae as nutrient. Once taken up by the
plants, this phosphorus is available for herbivorous as well as omnivorous animals. Bacteria
decompose the bodies of dead plants and animals, a process that releases some of the phosphorus
back into the soil. The phosphorus in soil and rocks is carried hundreds and thousands of miles
away from where they were released by flowing streams and rivers. Therefore, the water cycle
plays a key role of moving phosphorus from ecosystem to ecosystem.
Most of the phosphate in water is precipitated as iron phosphate (FePO4), which is insoluble.
If the phosphate is in shallow sediments, it may be readily recycled back into the water body
for further use. Phosphorus is present in deeper sediments in water, where it is a part of a
general uplifting of rock formations, and it is from here that the cycle repeats itself.
Fluorine often interacts with phosphorus in hard parts of an organism to produce CaFphosphate complex. In addition, bulk phosphorus is used up in biotic systems so that many
biological processes such as productivity in lakes could be phosphorus limiting. These limiting
factors make the phosphorus cycle (Fig. 2.26) less active than that of sulphur.
The cyclic process of some elements, such as chlorine, transpires mainly in the atmosphere.
For others, such as carbon, all components of the environment — atmosphere, hydrosphere,
and lithosphere — are involved. The chemistry of rocks and minerals clearly shows that
individual elements are actually linked to others in their chemical cycles and may not be
viewed in a simple fashion as shown for some elements above.
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Fig. 2.26 The phosphorus cycle in terrestrial and aquatic environments.

2.6 DRIVING FORCES BEHIND CHEMICAL CYCLES
For all elements, their rate of transfer and mobility in the cycle largely depends on their
reactiveness. Some elements are active for a short period of time, whereas others are slow
to move around and appear to be inactive. For example, the radioactive isotope of hydrogen,
tritium is active for about a decade, while chlorine is active for about a billion years. Below
are the various natural and man-made (anthropogenic) drivers of some of the chemical
processes in our environment.
The driving force for all elemental cycles varies due to differing reactivity of individual
elements. Some elements, such as mercury, are very sensitive and easily form organic
complexes, such as CH3Hg. Thus, the mercury cycle gets altered from a simple inorganic
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•

All elements in the environment move in a cyclic fashion, keeping their amount on the
earth in perfect balance. There are many types of environmental cycles including the
energy cycle, rock cycle, water cycle, geochemical cycle, and biogeochemical cycle. A
geochemical cycle is element specific, whereas a biogeochemical cycle is specific to
those elements that are key participants in biotic processes.

•

For all elements, their rate of transfer and mobility in the cycle largely depends on their
reactiveness. Some elements are active for a short period of time, whereas others are
slow to move around and appear to be inactive.

QUESTIONS
1. Does geochemistry explain many environmental processes? Give a few examples.
2. Briefly describe the layering phenomenon inside the earth.
3. Compare the important physical properties of the crust, mantle, and outer and inner
core.
4. Compare the important chemical properties of the crust, mantle, and outer and inner
core.
5. Does the crust below the land and oceans differ? Explain.
6. What are rocks and minerals? How do they differ?
7. Briefly describe the type of rocks and their properties. Give examples.
8. What is the Bowen’s Reaction Series? How does it explain the formation of minerals?
9. List the major mineral groups with examples.
10. What are chemical sedimentary rocks?
11. How does soil differ from sedimentary rocks?
12. What is a geochemical cycle? Give examples.
13. Critically evaluate the pathways of carbon in the natural environment.
14. Compare and contrast phosphorus, nitrogen, and sulphur cycles. Highlight the points
that make them move together or separately in our environment.
15. Why is silica cycle important in the environment?

