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Foreword

Geology, often described as the "science of the Earth," is a captivating field that invites
us to explore the mysteries of our planet’s structure, processes, and history. For first-
year students venturing into this fascinating domain, this book, Introduction to Geology,
serves as a gateway to understanding the foundational principles that underpin the
study of Earth's dynamic nature. This work is designed specifically for students
embarking on their academic journey in the geosciences as part of their common core
curriculum. The chapters are meticulously crafted to build a strong foundational
knowledge while maintaining accessibility and engagement for newcomers to the
subject.

The book is organized into three comprehensive chapters:

¢ Introduction to Geology
The opening chapter lays the groundwork by defining geology and its
significance in understanding the Earth. It explores the scope of geology, its
interdisciplinary nature, and its pivotal role in addressing global challenges,
such as natural resource management, climate change, and disaster mitigation.

e External Geodynamics
This chapter delves into the processes that shape the Earth's surface. From
weathering and erosion to the dynamics of rivers, glaciers, and coastal systems,
students will gain insights into the forces that continuously remodel our planet’s
exterior. Understanding these processes is essential for interpreting landscapes
and assessing environmental changes.

e Internal Geodynamics
The concluding chapter takes readers beneath the Earth's surface to explore
the mechanisms driving tectonic activity, volcanism, and the formation of
mountains. It provides an overview of plate tectonics, seismic activity, and the
complex interplay of forces that shape our planet from within.

This book aspires to ignite curiosity and foster a profound appreciation for the Earth’s
intricate systems. Each chapter is enriched with diagrams, real-world examples, and
thought-provoking questions to encourage active learning and critical thinking. The
content reflects a balance of theoretical concepts and practical applications, ensuring
that students not only understand the principles but also their relevance to real-world
scenarios. As educators and researchers, our aim is to guide students on this
intellectual journey, inspiring them to pursue deeper inquiries into geology and related
sciences. We hope this book will serve as a stepping stone for budding geologists,
environmentalists, and earth scientists, laying a solid foundation for their academic and
professional endeavors.

To the readers of this book: May your journey into geology be as enriching and exciting
as the science itself. Let this book be the starting point of a lifelong exploration of our
remarkable planet.
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Chapter I : Intruduction to Geology

1. Introduction to Geology :

1.1 Whatis Geology: Geology is the study of this planet Earth, its origin, history, composition,
structure and dynamics of how it changes. The word geology is derived from Greek
word (geo- earth; logos- discourse). Geology is an event formed during geological time
which involves interpretation and also observation of the event that occurred and is still
occurring at present in our earth; Geological processes that takes place during the very
large span of geological time, left their record in the rocks. One of the unique features
of Earth is that the Earth is not a static body but is inconstant motion and changes

continually.

Geology is a multifaceted science that not only focuses on understanding the evolution
of life on Earth but also encompasses the study of the planet's dynamic systems and
processes. It involves the exploration and discovery of essential resources such as
water, metals, and energy, which are crucial for the sustenance and advancement of
human civilizations. Geologists work to unravel the history of Earth's formation and the
transformations it has undergone over billions of years. By studying rock formations,
fossil records, and mineral deposits, they piece together the intricate puzzle of Earth's

past environments and the life forms that once inhabited them.

Moreover, geology plays a pivotal role in addressing contemporary environmental
challenges. It is instrumental in recognizing the environmental implications of resource
extraction and usage, thereby aiding in the development of sustainable practices. This
includes the assessment and mitigation of pollution, soil degradation, and the impacts of
climate change. Geologists contribute to the design and implementation of strategies

that minimize environmental footprints and promote ecological balance.

In addition, geology is crucial in hazard assessment and risk management. By
understanding geological hazards such as earthquakes, volcanic eruptions, and slope
failures, geologists can predict potential disasters and help in formulating preparedness
plans. This knowledge is vital for safeguarding communities, infrastructure, and natural
landscapes from catastrophic events. Geologists also study land use and development
planning to mitigate the impacts of natural disasters, ensuring that human activities are

harmonized with the Earth's geodynamic processes.

In essence, geology integrates the study of Earth's history, resource management,
environmental stewardship, and disaster risk reduction, making it a vital field for the well-

being and future of humanity.

1.2 Why Study Earth? The simple answer to this question is that Earth is our home—our

only home for the foreseeable future—and in order to ensure that it continues to be a
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great place to live, we need to understand how it works. Another answer is that some of

us can’t help but study it because it’s fascinating. But there is more to it than that:

» We rely on Earth for valuable resources such as soil, water, metals, industrial minerals,
and energy, and we need to know how to find these resources and exploit them

sustainably.

* We can study rocks and the fossils they contain to understand the evolution of our

environment and the life within it.

» We can learn to minimize our risks from earthquakes, volcanoes, slope failures, and

damaging storms.

* We can learn how and why Earth’s climate has changed naturally in the past, and use

that knowledge to understand both natural and human-caused climate change.

* We can recognize how our activities have altered the environment in many ways and
the climate in increasingly serious ways, and how to avoid more severe changes in the

future.

» We can use our knowledge of Earth to understand other planets in our solar system,

as well as those around distant stars.

Studying Earth is essential for multiple reasons. Firstly, Earth is our only home for the
foreseeable future, and understanding its workings is crucial to maintaining its
habitability. Some of us are drawn to studying Earth because of its fascinating complexity.

Beyond this intrinsic interest, there are practical reasons for studying Earth:

We depend on Earth for crucial resources like soil, water, metals, industrial minerals, and
energy, and it is vital to learn how to locate and utilize these resources sustainably. By
examining rocks and fossils, we can trace the evolution of our environment and the life
it supports. Understanding geological processes helps us mitigate risks associated with

earthquakes, volcanic eruptions, slope failures, and severe storms.

Furthermore, studying Earth's past climate changes, both natural and human-induced,
provides insights into current climate dynamics and helps us predict future trends.
Recognizing the significant impact of human activities on the environment and climate
allows us to develop strategies to prevent further damage. Additionally, our knowledge
of Earth's geology aids in understanding other planets in our solar system and exoplanets

orbiting distant stars.
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In summary, studying Earth is not only about appreciating its natural beauty and
complexity but also about ensuring the sustainable use of its resources, protecting
against natural hazards, understanding climate change, and expanding our knowledge

of the universe.

An example of the importance of geological studies for minimizing risks to the public is

illustrated in Figure 1.

DOMINGOS/REUTERS

1.3 What Do Geologists Do?

Geologists are scientists and engineers who study the Earth's landscape and its physical,
chemical, and biological features through a combination of fieldwork and laboratory analysis.

Their work encompasses a wide range of activities and responsibilities:
1.3.1 Data Collection and Analysis

Geologists conduct geological surveys, fieldwork, and investigations to collect data and
samples from various geological formations, including rocks, minerals, soil, and groundwater.
They analyze geological data, maps, and aerial photographs to identify geological features,

formations, and potential resource deposits.
1.3.2 Interpretation and Communication

They interpret geological data to assess the composition, structure, and history of the Earth's

crust, including geological hazards and environmental risks. Geologists prepare geological
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Chapter I : Intruduction to Geology

maps, reports, and presentations to communicate findings, conclusions, and

recommendations to stakeholders, clients, and regulatory agencies.
1.3.3 Resource Exploration and Management

Geologists play a crucial role in identifying and assessing natural resources. They use various
techniques such as geological mapping, geophysical surveys, and geochemical analysis to
locate potential natural resource deposits. They also evaluate the size, quality, and economic
viability of these deposits and develop strategies for sustainable resource management
(Marshak, S. 2012).

1.3.4 Environmental and Hazard Assessment

Geologists participate in environmental impact assessments, site investigations, and
remediation projects to evaluate geological risks and ensure compliance with environmental
regulations1. They conduct hazard assessments to identify areas prone to natural disasters,

using techniques such as remote sensing, field surveys, and computer modeling.
1.3.5 Consulting and Expert Testimony

Many geologists work as consultants, providing expert advice on geological matters. This may
include advising mining companies on project feasibility, evaluating construction sites for
geological hazards, and providing expert testimony in legal proceedings related to geological

matters.
1.3.6 Mapping and Geospatial Analysis

Geologists create geologic maps, which are four-dimensional data systems that capture the
size, shape, depth, and physical and chemical contexts of earth materials3. These maps are
crucial for solving problems involving Earth resources, hazards, and environments, and are

essential for land-use planning, including the siting of buildings and transportation systems.

By integrating their expertise in these various areas, geologists contribute significantly to our
understanding of the Earth's processes and play a vital role in addressing societal challenges

related to natural resources, environmental protection, and natural hazard mitigation.
2. A Brief History of Earth
2.1 Planet Earth

Earth, our cosmic home, is the third planet from the Sun and a unique celestial body in our
solar system. It is the only known planet to harbor life, making it an extraordinary oasis in the

vast expanse of space. Earth is the fifth-largest planet in the solar system, surpassing the other
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terrestrial planets (Mercury, Venus, and Mars) in size but smaller than the gas giants (Jupiter,

Saturn, Uranus, and Neptune).

With a diameter of approximately 12,742 kilometers (7,918 miles), Earth is nearly spherical in
shape. However, due to its rotation, it experiences a slight bulge at the equator and flattening
at the poles, resulting in an oblate spheroid shape. This phenomenon, known as the equatorial
bulge, causes the equatorial diameter to be about 43 kilometers (27 miles) larger than the polar

diameter.

Fig. 2: Planet earth

Earth's most distinguishing features are its abundance of liquid water and oxygen-rich
atmosphere. Oceans cover roughly 71% of the planet's surface, playing a crucial role in climate
regulation and supporting a diverse array of life forms. The atmosphere, composed of
approximately 78% nitrogen, 21% oxygen, and trace amounts of other gases, not only sustains

life but also protects the planet from harmful solar radiation.

The formation of Earth dates back to approximately 4.54 billion years ago, coinciding with the
birth of the solar system. According to the widely accepted nebular hypothesis, Earth
coalesced from the solar nebula, a rotating disk of gas and dust surrounding the young Sun.
As gravity caused this material to clump together, it formed planetesimals that eventually

collided and merged to create the early Earth.

Initially, Earth was a hot, inhospitable world. However, over millions of years, it cooled and
developed a stable crust. Recent studies of ancient zircon crystals suggest that liquid water
may have been present on Earth's surface as early as 4.4 billion years ago, much earlier than
previously thought. This early presence of water has significant implications for the potential

emergence of life on our planet.
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The planet's internal heat, generated by radioactive decay and residual heat from its formation,
drove geological processes that shaped its surface and atmosphere. Volcanic activity released
gases that formed the early atmosphere, while the cooling of the planet allowed water vapor
to condense and form the oceans. The emergence of plate tectonics, a process unique to Earth
among the terrestrial planets, further sculpted the planet's surface and played a crucial role in

the development of life.

Earth's crust and oceans are believed to have formed relatively quickly in geological terms,
with evidence suggesting their establishment within the first 200 million years of the planet's

existence. This rapid development set the stage for the long and complex evolution of life on

Earth, ultimately leading to the diverse biosphere we observe today.

Makemake

Comets

-

Fig. 3: The Solar System. Credit: spaceplace.nasa.gov

2.2 Solar system

The solar system is a vast and complex assemblage of celestial bodies orbiting our Sun, a G-
type main-sequence star located in the Milky Way galaxy. Formed approximately 4.6 billion
years ago from the collapse of a giant molecular cloud, the solar system consists of the Sun,
eight planets, at least five dwarf planets, numerous moons, asteroids, comets, and other small
bodies. The Sun, containing 99.86% of the system's known mass, dominates the solar system
gravitationally and is orbited by the planets in nearly circular, coplanar orbits. The inner solar
system comprises the terrestrial planets Mercury, Venus, Earth, and Mars, while the outer solar
system includes the gas giants Jupiter and Saturn, and the ice giants Uranus and Neptune.
Beyond Neptune lies the Kuiper belt, home to dwarf planets like Pluto and numerous icy

bodies, and even further out is the hypothesized Oort cloud, believed to be the source of long-
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period comets. The solar system's formation and structure are explained by the nebular
hypothesis, which posits that the system evolved from a rotating disk of gas and dust. This
model accounts for the planets' prograde orbits, their similar orbital planes, and the
concentration of heavier elements in the inner planets. The solar system extends to the
heliopause, where the Sun's influence gives way to interstellar space, at approximately 120
astronomical units from the Sun. Our understanding of the solar system continues to evolve

as we explore its outer reaches and discover new objects within its boundaries.

The solar system consists of eight planets orbiting the Sun, each with unique characteristics

and compositions. Here's a detailed overview of each planet:
a) Mercury
Mercury is the smallest planet and closest to the Sun. Its key features include:

o Diameter: Approximately 4,879 km

e Composition: Primarily rocky with a large iron core

o Atmosphere: Extremely thin, composed mainly of oxygen, sodium, hydrogen, helium,
and potassium

e Surface: Heavily cratered, resembling Earth's Moon

o Temperature: Extreme variations, ranging from -180°C to 430°C due to lack of
substantial atmosphere

o Orbital period: 88 Earth days

e Rotation period: 59 Earth days

Mercury's thin atmosphere and proximity to the Sun result in a harsh, barren landscape with

NO MoonNs or rings.

b) Venus
e Often called Earth's twin due to its similar size, Venus is the second planet from the
Sun:

e Diameter: About 12,104 km
e Composition: Rocky planet with a thick atmosphere

e Atmosphere: 96.5% carbon dioxide, creating an extreme greenhouse effect
e Surface temperature: Average of 462°C, making it the hottest planet

e Pressure: 92 times Earth's surface pressure

o Orbital period: 225 Earth days

e Rotation: Retrograde, with a Venusian day longer than its year

Venus's thick atmosphere and retrograde rotation make it a unique and inhospitable world.
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c) Earth

Our home planet is the third from the Sun and the only known world to harbor life:

o Diameter: Approximately 12,742 km

o Composition: Rocky planet with a liquid water ocean covering 71% of its surface
o Atmosphere: Primarily nitrogen and oxygen, supporting life

o Temperature: Average of 15°C, ranging from -89°C to 57°C

e Orbital period: 365.25 days

o Rotation period: 24 hours

Natural satellite: One moon

Earth's diverse ecosystems and liquid water make it unique in the solar system
d) Mars

The fourth planet, Mars, is often called the Red Planet:

e Diameter: About 6,779 km

e Composition: Rocky planet with a thin atmosphere

o Atmosphere: Primarily carbon dioxide with traces of nitrogen and argon5
o Surface: Features the largest volcano and canyon in the solar system

o Temperature: Average of -63°C, ranging from -140°C to 20°C

e Orbital period: 687 Earth days

e Rotation period: 24.6 hours

e Natural satellites: Two small moons, Phobos and Deimos

Mars has been a prime target for exploration due to its potential for past or present microbial

life.
e) Jupiter
The largest planet in the solar system, Jupiter is the first of the gas giants:

e Diameter: 139,820 km

e Composition: Primarily hydrogen and helium

e Atmosphere: Complex system of cloud bands and storms, including the Great Red
Spot

o Temperature: Average of -110°C (cloud tops)

e Orbital period: 11.9 Earth years

¢ Rotation period: 9.9 hours

¢ Natural satellites: At least 79 moons, including the four large Galilean moons
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Jupiter's rapid rotation creates strong atmospheric jets and a powerful magnetic field
f) Saturn
Known for its spectacular ring system, Saturn is the second-largest planet:

e Diameter: 116,460 km

¢ Composition: Primarily hydrogen and helium

o Atmosphere: Similar to Jupiter's, with visible bands and occasional storms
o Temperature: Average of -140°C (cloud tops)

o Orbital period: 29.5 Earth years

¢ Rotation period: 10.7 hours

o Natural satellites: 82 known moons, including the largest moon Titan

¢ Rings: Extensive system of ice and rock particles
Saturn's low density means it could theoretically float in water
g) Uranus
The third-largest planet, Uranus is an ice giant:

e Diameter: 50,724 km

o Composition: Primarily water, ammonia, and methane ices

o Atmosphere: Mostly hydrogen and helium with methane giving it a blue-green color
e Temperature: Average of -195°C

e Orbital period: 84 Earth years

o Rotation period: 17.2 hours (retrograde)

o Natural satellites: 27 known moons

e Rings: Faint ring system

Uranus's extreme axial tilt of 98 degrees gives it unusual seasonal variations.
h) Neptune

The outermost planet, Neptune, is another ice giant:

e Diameter: 49,244 km

e Composition: Similar to Uranus, with water, ammonia, and methane ices

e Atmosphere: Primarily hydrogen and helium with methane giving it a deep blue color
o Temperature: Average of -200°C

e Orbital period: 165 Earth years

o Rotation period: 16.1 hours

o Natural satellites: 14 known moons
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¢ Rings: Faint, narrow ring system
Neptune features the strongest winds in the solar system, reaching speeds of 2,100 km/h.

his diverse array of worlds showcases the complexity and variety within our solar system,

from the scorching surface of Venus to the icy depths of Neptune.
2.3 What makes our planet uniquely suitable to host life?

The Earth is a unique planet because of so many reasons. Earth is the only planet in our solar
system which has all the favorable conditions for the existence of life. The climate of the earth
is neither too hot nor too cold. Our Earth consists of water and air. These two components i.e.
water and air are the most essential for our survival. The existence of water is one of the most
attractive attributes of the earth. Our Earth is the only planet which contains liquid water in our
solar system. The distance of earth from the sun has made it possible because a planet which
is very near to the sun, would receive too much heat from the sun and a planet which is very
far from the sun, would be freezing cold. If water would not be presented in our earth, this
planet would be undoubtedly geologically dead. Earth is the only known planet of the solar
system which supports life. Earth has oxygen, water and temperature. Air water and

temperature are in balanced proportions in our planet and support life.

All these conditions which are supporting life, like presence of water and air in a good
proportion, presence of life supporting gas and balanced temperature make earth a unique

planet.

3.Earth structure:

Earth, our home planet, is a complex and dynamic celestial body with a layered internal
structure. This structure plays a crucial role in shaping the planet's geology, climate, and
ability to support life. The Earth's interior is divided into several distinct layers, each with

unique properties and compositions (Fig. 4):
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The four main layers of the Earth are the crust,
mantle, outer core, and inner core.

continental crust
oceanic crust

upper mant
asthenosphere

lithosphere
\ mantle
\ 2900 km /ﬂ\\ 2900 km

_ /
Crust (very tﬂz/ 7 outer core (liquid)
Mantle \s190 ™ 5100 km

f -
OuterCore — T _» /xinner core (solid)
™ 6378 km

Inner Core / (center of Earth)

sciencenotes.org

Fig. 4 The layers of the Earth

3.1 Crust and Lithosphere

Earth’s outer surface is its crust, a cold, thin, and brittle outer shell composed of rock. Despite
its rigidity, the crust is remarkably thin when compared to the radius of the planet, representing
only a fraction of Earth's overall structure. This outer layer acts as a protective shield and
habitat for life, playing a crucial role in geological and biological processes. There are two
distinct types of crust, each with unique physical and chemical properties: the continental crust

and the oceanic crust.

3.1.1 Continental Crust : The portion of Earth's surface that constitutes the landmasses is
known as the continental crust. This crust is notably thicker than its oceanic counterpart, with
a variable thickness ranging from approximately 25 to 70 kilometers. Comprised predominantly
of granitic rocks, the continental crust is characterized by its relatively low density and buoyant
nature, which allows it to form the continents. This crustal layer is ancient and geologically
complex, having formed and been modified over billions of years through processes such as
plate tectonics, volcanic activity, and mountain-building events (orogeny). The continental crust
is rich in diverse minerals and rock types, making it a repository of valuable natural resources.
Furthermore, it plays a crucial role in Earth's geological and ecological systems, influencing

climate patterns, supporting ecosystems, and housing most of the planet's terrestrial life forms.
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Oceanic crust

©Geologyln.com

Fig. 5. Continental and oceanic crust

3.1.2 Oceanic Crust : As its name suggests, the oceanic crust forms the seafloor of the world's
oceans. This type of crust is significantly thinner than the continental crust, generally ranging
from about 7 to 10 kilometers in thickness. Composed mainly of basalt, a dense volcanic rock,
the oceanic crust is formed at mid-ocean ridges where tectonic plates are diverging. Here,
magma rises from the mantle, cools, and solidifies to create new oceanic crust. Over time, this
crust moves away from the ridges, cools further, and becomes denser. Unlike the more stable
and older continental crust, oceanic crust is relatively young, constantly being recycled back
into the mantle at subduction zones where it is forced beneath continental plates. This
continuous process of creation and destruction contributes to the dynamic nature of Earth's
surface, driving plate tectonics and influencing oceanic and atmospheric circulation patterns.
The oceanic crust also supports a diverse range of marine ecosystems, particularly along the

mid-ocean ridges and hydrothermal vent systems.

Fig. 6 Crust and Lithosphere (geologyin.com)
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The lithosphere is the outermost mechanical layer of Earth, behaving as a brittle, rigid solid. It
extends to a depth of about 100 kilometers and includes both the crust and the uppermost part
of the mantle. The classification of the lithosphere is based on the mechanical behavior of earth
materials, which are brittle and rigid in this layer. When tectonic stresses act upon the
lithosphere, it can fracture and break, resulting in the seismic activity we know as earthquakes.
This layer is crucial in understanding plate tectonics, as it consists of tectonic plates that move
and interact at their boundaries, leading to various geological phenomena such as the creation
of mountains, volcanic activity, and the occurrence of earthquakes. The interplay between
these rigid plates shapes much of Earth's surface and affects many aspects of our planet's

geological dynamics.

3.2 Mantle

The mantle (Fig. 8) is Earth's largest layer, accounting for approximately 84% of the planet's
volume and 67% of its mass. It spans from the base of the crust, known as the Mohorovici¢
discontinuity (or Moho), to a depth of around 2,900 kilometers, where it interfaces with the
outer core. The mantle is primarily composed of silicate rocks enriched with iron and
magnesium, exhibiting a density that varies between 3.2 and 5.7 g/cm?. This vast layer plays
a crucial role in Earth's geodynamics, as it is the source of magma that fuels volcanic activity
and drives plate tectonics. The movement within the mantle, driven by convective currents, is
responsible for the gradual drift of tectonic plates, the formation of mountains, and the
occurrence of earthquakes. The study of the mantle, therefore, provides essential insights into

the processes that shape our planet's surface and its geological history.

Earth’s Size

Continental crust
10-75 km

Ocean Crust

5-7 km [
N 6370 km
Mohorovicic
discontinuity:
The boundary
between the crust 2900 km

and the mantle

Gutenberg discontinuity:
The boundary between the

mantle and core. 2250 km

220 km
(not to scal

Source : https:/?education.nationalgeographic.org/

Fig. 7 Mantle
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This layer is divided into several distinct regions:

3.2.1 Upper mantle : The upper mantle, extending from about 35 to 670 kilometers beneath
the Earth's surface, includes the asthenosphere. At a depth of around 100 kilometers,
temperatures range between 450 and 900°C. In this extreme environment, the heat is so
intense that everything would appear white-hot, and the pressure is extraordinarily high. The
upper mantle has a density of approximately 3.9 g/cm?®. Together, the upper mantle and the
crust form the lithosphere, the rigid outermost layer of the Earth. This mechanical layer is
critical in the dynamics of plate tectonics and the movement of lithospheric plates, influencing
volcanic activity, mountain-building processes, and earthquakes. The asthenosphere, found
just beneath the lithosphere, is a semi-molten, ductile region that allows for the lithospheric
plates to move over it, driven by convective currents within the mantle. This movement is

fundamental to the geological processes that shape our planet's surface.

3.2.2 Transition Zone

From about 410 kilometers (255 miles) to 660 kilometers (410 miles) beneath Earth’s surface,
rocks undergo radical transformations. This is the mantle’s transition zone. In the transition
zone, rocks do not melt or disintegrate. Instead, their crystalline structure changes in important
ways. Rocks become much, much more dense. The transition zone prevents large exchanges
of material between the upper and lower mantle. Some geologists think the increased density
of rocks in the transition zone prevents subducted slabs from the lithosphere from falling further
into the mantle. These huge pieces of tectonic plates stall in the transition zone for millions of
years before mixing with other mantle rock and eventually returning to the upper mantle as
part of the asthenosphere, erupting as lava, becoming part of the lithosphere, or emerging as
new oceanic crust at sites of seafloor spreading. Some geologists and rheologists, however,

think subducted slabs can slip beneath the transition zone to the lower mantle. Other evidence

Ringwoodite

The fascinating, mysterious transition zone lies
about 410 kilometers (255 miles) to 660
kilometers (410 miles) beneath Earth’s surface.
Perhaps the most unusual aspect of the
transition zone is the fact that it holds as much
water as all the oceans on Earth'’s surface.
Minerals such as ringwoodite trap a form of
water known as hydroxide in their crystal
lattices (inset).

PHOTOGRAPH BY JOSEPH SMYTH,

COURTESY OF WIKIMEDIA (CC-BY-3.0)

Fig. 8 Ringwoodite for study transition zone
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suggests that the transition layer is permeable, and the upper and lower mantle exchange

some amount of material.
3.2.3 Lower mantle:

The lower mantle extends from approximately 670 to 2,900 kilometers beneath the Earth's
surface and constitutes a significant portion of the planet's volume. It accounts for about 56%
of Earth's total volume, encompassing the transition zone and reaching down to the upper
boundary of the core. The density of the lower mantle is markedly higher than that of the upper
mantle, reflecting its composition and the intense pressure at these depths. The materials in
the lower mantle are primarily composed of silicate minerals rich in iron and magnesium,
existing in a highly pressurized and solid state. The increased density and pressure conditions
contribute to the distinct physical properties of this layer, which plays a crucial role in the Earth's
internal dynamics. The lower mantle is vital for the convection currents that drive plate
tectonics, influencing the movement of the lithospheric plates and contributing to geological
processes such as volcanism and earthquakes. Understanding the lower mantle helps
geologists and geophysicists gain insights into the intricate workings of Earth's interior and the

forces that shape our planet's surface.

e crust____f____i_ .

g upper ast, -
—— mantle b"”osmere .

670 km
lower
mantle

Fig. 8 Lower and upper mantle

3.2.4 D Double-Prime (D”)

At the base of the lower mantle lies a complex and enigmatic region known as D" (pronounced
"dee double-prime"). This thin layer, typically 200-300 kilometers thick, marks the transition
between the mantle and the outer core, exhibiting highly variable properties across different

areas:

¢ In some regions, D" forms an extremely thin boundary with the outer core.
e Other areas feature thick accumulations of iron and silicates.

e Certain locations within D" contain vast reservoirs of partially molten material.

The D" layer's behavior is influenced by both the lower mantle above and the outer core below,
resulting in complex dynamics:
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e Iron from the outer core can form diapirs, dome-shaped intrusions that push into the
overlying mantle material.

e These iron diapirs release heat and may generate large pulses of material or energy,
similar to the action of a lava lamp.

e Such energy pulses can propagate upward, transferring heat to the lower mantle and

transition zone, potentially manifesting as mantle plumes.

The core-mantle boundary (CMB), also known as the Gutenberg discontinuity, marks the lower
limit of the mantle at approximately 2,900 kilometers below Earth's surface. This boundary
represents a significant change in composition and physical properties, transitioning from the

solid silicate rocks of the mantle to the liquid iron-nickel alloy of the outer core.

The D" layer and CMB play crucial roles in Earth's internal dynamics, influencing heat transfer,
mantle convection, and potentially contributing to the generation of deep-seated mantle

plumes that may manifest as hotspots at the surface.

3.2.5 Mantle convection :

Mantle convection is a fundamental process that drives the transfer of heat from Earth's core
to its surface. This phenomenon involves the movement of the mantle as it transports thermal
energy from the intensely hot core to the rigid lithosphere. The process is driven by
temperature differentials: heating from below by the core, cooling from above at the surface,

and a gradual overall temperature decrease over geological time scales.

These convection currents play a crucial role in plate tectonics by transporting hot, buoyant
magma to the lithosphere at plate boundaries and hotspots. Simultaneously, they facilitate the

return of cooler, denser crustal material to the Earth's interior through subduction processes.

Mantle convection dominates Earth's heat budget, which quantifies the flow of thermal energy
from the core to the atmosphere. While this internal heat drives most geological processes, it's
important to note that its energy output is significantly less than the solar radiation received at

Earth's surface.
The scientific community debates two main models of mantle convection:

+ Whole-mantle convection: This model proposes a single, extensive recycling process
involving all layers of the mantle, from the upper mantle to the D" layer. In this scenario,
subducted lithospheric slabs may gradually descend through the mantle layers over
millions of years, while hot material from D" may rise back through the mantle,
potentially resurfacing through volcanic activity or seafloor spreading.

+ Layered-mantle convection: This model suggests two distinct convection processes. In

the lower mantle, superheated plumes may rise and heat the transition zone before
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sinking back. The upper mantle experiences separate convection currents influenced
by heat transfer from below and driven by subduction and seafloor spreading. In this
model, mantle plumes originating in the upper mantle may penetrate the lithosphere,

manifesting as hotspots at the surface.

Both models aim to explain the complex dynamics of heat transfer within Earth's interior and

its effects on surface geological processes.

3.2.6 Mantle Plumes

Mantle plumes are hypothesized upwellings of anomalously hot rock originating from deep
within the Earth's mantle. These thermal structures are proposed as the primary mechanism
behind intraplate volcanism, commonly referred to as "hot spots," which occur in regions not
associated with plate boundaries. As a mantle plume ascends and approaches the upper
mantle, it undergoes partial melting, forming a diapir. This molten material subsequently
elevates temperatures in the asthenosphere and lithosphere, potentially triggering volcanic
activity. While these eruptions contribute to the dissipation of heat from Earth's interior, it is
important to note that the majority of planetary heat loss occurs through tectonic processes at

plate boundaries.

The Hawaiian hot spot, situated in the central North Pacific, is often cited as a classic example
of a mantle plume-induced volcanic chain. The relatively stationary nature of the hot spot,
juxtaposed with the northwestward motion of the Pacific plate, has resulted in a time-
progressive series of volcanoes. This sequence extends from the 85 Ma Meiji Seamount near
the Kamchatka Peninsula to the nascent Loihi Seamount southeast of Hawaii's Big Island,
which, at approximately 400,000 years old, represents the embryonic stage of the next

Hawaiian island.

Recent seismological studies have identified two large-scale heterogeneities in the lowermost
mantle, termed "superplumes" or large low shear velocity provinces (LLSVPs). These
structures, believed to originate in the D" layer, exert significant influence on regional geology.
The Pacific LLSVP affects much of the southern Pacific Ocean, including the Hawaiian hot
spot, while the African LLSVP impacts geological processes across southern and western
Africa.

The characteristics and behavior of mantle plumes remain subjects of ongoing research and
debate within the geoscientific community. Various models propose different plume dynamics,
including pulsating plumes, continuously heated plumes, single-stem plumes, and multi-stem
plumes. The spatial relationship between plumes and tectonic features is also diverse, with
some plumes emerging within plate interiors and others potentially being "captured" by seafloor

spreading centers.
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The mantle plume hypothesis has led to the identification of numerous potential plume
locations, with some researchers proposing over a thousand such structures. However, the
existence and nature of mantle plumes remain contentious topics in Earth sciences. The limited
direct observational data from the deep mantle continues to fuel this debate, and a definitive
resolution awaits further technological advancements in deep Earth imaging and sampling

techniques.

3.2.7 Exploring the Mantle

The mantle, Earth's largest layer, remains one of the most enigmatic and challenging regions
to study directly. Despite significant technological advancements, even the most sophisticated
drilling equipment has yet to penetrate beyond the Earth's crust. This limitation has led
geologists to employ innovative indirect methods to investigate the mantle's composition and

properties.
Xenoliths: Windows into the Deep Earth

One of the most valuable tools in mantle research is the study of xenoliths. These are
fragments of foreign rock enclosed within a larger body of igneous rock, providing crucial

insights into the mantle's composition and conditions.
Diamond Xenoliths

Diamonds, in particular, serve as exceptional vehicles for transporting mantle material to the

surface:

+ Formation conditions: Diamonds crystallize at depths of at least 150 kilometers (93
miles) in the upper mantle, under extreme pressure and temperature conditions.

+ Transport mechanism: Rapid, explosive volcanic eruptions bring diamonds to the
surface through "diamond pipes," forming kimberlites and lamprolites.

+ Depth range: Diamond xenoliths have provided glimpses into the mantle as deep as

700 kilometers (435 miles), reaching into the lower mantle.

Significance of Diamond Inclusions

The true value of diamonds to geologists lies not in the gems themselves, but in the

microscopic inclusions they contain:

e Mantle minerals: Trapped within the diamond's crystal structure, these inclusions
provide direct samples of mantle material.

e Age and composition: Studies have revealed that some rocks in the deep mantle likely
originated as subducted seafloor, dating back approximately three billion years.

e Unexpected findings: Inclusions have been found to contain water, ocean sediments,

and carbon, challenging previous assumptions about the mantle's composition.
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Advanced Analytical Techniques
Modern research employs a range of sophisticated methods to study these mantle samples:

e High-resolution microscopy
e Spectroscopic analysis
e |sotope geochemistry

o Experimental petrology

These techniques allow scientists to reconstruct the pressure, temperature, and chemical
conditions under which the xenoliths formed, providing a more comprehensive understanding

of mantle processes.

Kimberlite

Many geologists study the mantle by analyzing
xenoliths. Xenoliths are a type of intrusion—a
rock trapped inside another rock. The xenoliths
that provide the most information about the
mantle are diamonds. The diamonds
themselves are of less interest to geologists
than the xenoliths some contain. These
intrusions are minerals from the mantle, trapped
inside the rock-hard diamond. This gorgeous
cross-section of a kimberlite diamond (inset)
shows green olivine xenocrysts from the mantle.

PHOTOGRAPH BY FEI, COURTESY OF
WIKIMEDIA (CC-BY-SA-3.0). INSET
PHOTOGRAPH BY PARENT GERY,
COURTESY OF WIKIMEDIA. PUBLIC

DOMAIN.

Fig. 9 Mantle study by Xenoliths
3.3 Earth’s iron core

If you dig beneath the mantle, you get a mix of liquid and solid in the core of Earth. The core
is shaped like a ball with a radius of about 1,220 km. The pressure is remarkably intense with

temperatures up to 5500°C.

Each portion of the Earth’s core has varying characteristics but each work together in forming
the central unit of planet Earth. Both portions of the core are made of mainly iron — an outer
liquid layer and an inner solid layer. Earth's core, the innermost layer of our planet, is a complex
and dynamic region that plays a crucial role in shaping Earth's magnetic field and overall
structure. The core is divided into two distinct layers: the outer core and the inner core.

3.3.1 Outer core

The outer core is a liquid layer that extends to about 2,260 kilometers in thickness, lying
between 2,889 kilometers and 5,150 kilometers beneath Earth's surface. Here are its key

characteristics:

o Composition: The outer core is primarily composed of iron and nickel, but it also

contains small amounts of lighter elements such as oxygen, sulfur, and silicon.
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o State: Due to the extremely high temperatures, the outer core remains in a liquid state,
as the pressure at this depth is not sufficient to solidify the molten material.

o Temperature: Temperatures in the outer core range from approximately 3,000 to 4,500
Kelvin at its outer boundary and can reach up to 4,000 to 8,000 Kelvin near the inner
core boundary.

o Density: The density of the outer core varies between 9.9 and 12.2 grams per cubic
centimeter.

e Dynamics: The outer core is characterized by turbulent convection currents. These
convective movements are essential in generating and sustaining Earth's magnetic

field through the geodynamo process.

Understanding the properties and dynamics of the outer core is crucial for comprehending the
geophysical processes that influence our planet's magnetic field and, by extension, the many

phenomena that are driven by this field.

3.3.2 Inner core

The inner core is a solid sphere at the center of Earth, with the following properties:

e Radius: Approximately 1,220 km (about 20% of Earth's radius or 70% of the Moon's
radius)1

e Composition: Primarily an iron-nickel alloy, with some lighter elements

o State: Solid, due to extreme pressure despite high temperatures

o Temperature: Estimated at about 5,700 K (5,430°C) at its surface

e Density: Highest in Earth at about 12.9-13 g/cm?

e Structure: Believed to have a hexagonal close-packed (HCP) crystalline structure

The Earth’s core is believed to produce the planets magnetic field due to the rapid rotation of
the core inside Earth. As Earth is rotating around the sun the core is also rotating within the
Earth at a much faster rate. The speed of rotation plus the nickel-iron combination — the
elements that compose the core — of the outer liquid layer and the solid inner layer are all

scientifically responsible for the magnetic field.
3.3.3 Earth’s Magnetic Field Generation

The Earth's magnetic field is generated through a process known as the geodynamo, which

occurs primarily in the outer core:

e Convection Currents: In the liquid outer core, convection currents arise due to
temperature differences and compositional variations. These currents drive the

movement of molten iron and other elements, creating electrical currents as a result.
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e Generation of Magnetic Field: These electrical currents, when combined with the
rotational motion of the Earth, give rise to the planet's magnetic field. This dynamic
process ensures the continuous generation and maintenance of the magnetic field,
which protects Earth from solar and cosmic radiation.

¢ Role of the Inner Core: The inner core, although solid, plays a crucial role in stabilizing
the magnetic field. It influences the behavior of the magnetic field through its

interactions with the outer core, adding complexity to the overall geodynamo process.

MANTLE

Source : https://science.nasa.gov/

Fig. 10 lllustration of the dynamo mechanism that creates Earth's magnetic field

4. The Lithosphere:

The lithosphere, Earth's rigid outer shell, plays a crucial role in our planet's structure and
dynamics. This complex layer encompasses more than just the crust we walk on, extending

deep into the Earth's interior.
4.1.Composition and Structure
The lithosphere consists of two main components:

e The entire crust (both oceanic and continental)

e The uppermost part of the mantle, known as the lithospheric mantle

This solid layer ranges in thickness from about 40 km to 280 km, depending on its age and
location. The lithosphere is bounded by the atmosphere above and the asthenosphere below,
with the lithosphere-asthenosphere boundary (LAB) marking a significant change in the Earth's

mechanical properties.
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4.2 Physical Properties

The lithosphere is characterized by its rigidity and elastic behavior. Unlike the underlying
asthenosphere, which behaves in a more fluid-like manner, the lithosphere responds to stress
by deforming elastically or fracturing. This difference in ductility—a material's ability to deform

under stress—is a key distinguishing factor between these two layers.
4.3 Types of Lithosphere
There are two primary types of lithosphere:

e Oceanic Lithosphere: Associated with oceanic crust, it is typically younger, thinner,
and denser than its continental counterpart.
o Continental Lithosphere: Linked to continental crust, it is generally older, thicker, and

less dense.
4.4 Tectonic Implications

The lithosphere's rigid nature allows it to be broken into tectonic plates. These plates move
over the more ductile asthenosphere, driving processes such as continental drift, seafloor
spreading, and the formation of mountain ranges. This mobility is fundamental to the theory

of plate tectonics, which explains many of Earth's geological features and phenomena.
4.5 How the Lithosphere Interacts with Other Spheres

The cool, brittle lithosphere is just one of the five major "spheres" that shape Earth's
environment. The other spheres include the biosphere (which encompasses all living
organisms), the cryosphere (consisting of Earth's frozen regions, such as ice and permafrost),
the hydrosphere (covering all of Earth's liquid water), and the atmosphere (the layer of gases
enveloping our planet). These spheres interact to affect various elements, such as ocean

salinity, biodiversity, and the landscape.

The pedosphere, a part of the lithosphere, consists of soil and dirt. It is formed through the
interaction of the lithosphere, atmosphere, cryosphere, hydrosphere, and biosphere. For
example, massive rocks in the lithosphere can be pulverized by the immense force of a moving
glacier (part of the cryosphere). Additionally, weathering and erosion by wind (atmosphere) or
rain (hydrosphere) further break down these rocks. Organic matter from the biosphere, such
as plant and animal remains, mixes with these weathered materials to form fertile soil, known

as the pedosphere.

Furthermore, the lithosphere interacts with the atmosphere, hydrosphere, and cryosphere to
influence temperature variations on Earth. For instance, high mountain ranges typically have

significantly lower temperatures than valleys or hills. This is due to the lithosphere's interaction
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with the lower air pressure in the atmosphere and the snowy precipitation from the
hydrosphere, creating a cooler or even icy climate zone. In turn, the climate zone of a region

affects the adaptations required for the organisms in its biosphere.
5. The Asthenosphere:

The asthenosphere is a crucial layer of Earth's interior that plays a vital role in our planet's
geological processes. Located beneath the lithosphere, this semi-fluid layer of the upper

mantle exhibits unique properties that distinguish it from the more rigid layers above it.
5.1 Characteristics and Composition
The asthenosphere is characterized by its:

e Location: It lies between approximately 80 and 200 km (50 and 120 mi) below Earth's
surface and extends to depths of about 700 km (430 mi).

e Composition: Primarily composed of peridotite, a rock containing mostly olivine and
pyroxene minerals.

o Physical state: Aimost solid, with a small amount of partial melting (less than 0.1% of
the rock).

o Temperature: Ranges from 1,300°C to 1,500°C (2,372°F to 2,732°F), which is close
to the melting point of the mantle rocks.

o Density: Approximately 3.3 g/cm?, slightly denser than the crust above it.
5.2 Mechanical Properties

The asthenosphere's most defining feature is its mechanical weakness compared to the

overlying lithosphere. This weakness is due to:

¢ Ductility: The layer behaves in a ductile manner, allowing it to flow slowly over
geological time scales.

e Viscosity: It has a much lower viscosity than the lithosphere, with estimates
suggesting a difference of 8 to 10 orders of magnitude.

e Seismic characteristics: Known as the Low-Velocity Zone (LVZ) due to the slower

passage of seismic waves through it compared to the lithosphere
5.3 Role in Plate Tectonics
The asthenosphere is fundamental to the theory of plate tectonics:

o Plate movement: It acts as a lubricating layer, allowing the rigid lithospheric plates to

move and slide over it.
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e Convection currents: The asthenosphere's ability to flow enables convection currents,
which are believed to be a driving force behind plate tectonics.
¢ Magma generation: Decompression melting in upwelling regions of the asthenosphere

is the primary source of mid-ocean ridge basalt (MORB) and some other magmas

Each of these layers has unique physical properties, including temperature, pressure, density,
and composition. The crust and uppermost mantle (lithosphere) are cool and rigid, while the
asthenosphere is partially molten and plastic. Deeper in the Earth, temperatures and pressures
rise dramatically. The core, for example, has temperatures similar to the Sun’s surface and

pressures more than 3 million times atmospheric pressure.

The Earth’s density also increases with depth, from around 2.2 g/cm? in the crust to over 13
g/cm? in the core. This density gradient is due to both increasing pressure and changes in
composition. In terms of composition, the crust is mostly silicate rocks and oxygen, while the
core is largely iron and nickel. The mantle, which comprises the majority of Earth’s volume, is

predominantly composed of silicate minerals rich in iron and magnesium.

(Rigid)

Ocean

(Rigid) 100 km ©0
(Plastic) mj) } Lithosphere

Y } Asthenosphere

Crust
(granitic
and
basaltic
rocks)

(Rigid)

Mantle
(silicate

materials) Mesosphere

2885 km (1800 mj)

Earth's Layers
Classified by
Physical Properties

Earth's Layers
Classified by
Chemical Composition

(Liquid)

Outer core

Core
(iron with
nickel

and sulfur)

Inner core

6,371 km (3,960 mi)
Copyright © 2008 Pearson Prentice Hall, Inc.

Fig. 11 Earh layer classification

Page |25



CHAPTER 11

External geodynamics



Chapter II :External Geodynamics

1. Introduction:

The landscape of our planet is sculpted through the interplay of internal and external geological
processes, each driven by distinct energy sources and mechanisms. These processes
collectively shape the Earth's surface, creating diverse and dynamic landforms that define the

physical environment we inhabit.

Internal geological processes are powered by the internal energy of the Earth, primarily
originating from radioactive decay and residual heat from the planet's formation (Turcotte &
Schubert, 2014). These processes are responsible for building the land relief, including the
formation of mountain ranges, plateaus, and volcanic islands. Key internal processes include
earthquakes and volcanic activity. Earthquakes result from the sudden release of energy along
faults and tectonic plate boundaries, causing the ground to shake and sometimes uplift (Stein
& Wysession, 2003). Volcanic activity involves the eruption of magma from beneath the Earth's
crust, leading to the creation of volcanic mountains and islands as the lava cools and solidifies
(Sigurdsson et al., 2015).

In contrast, external geological processes are driven by external energy sources, primarily the
Sun and gravity. These processes shape the landscape through the continuous modification
and redistribution of materials at the Earth's surface. Key external processes include
weathering, erosion, transport, and deposition (Goudie, 2013). Weathering involves the
physical breakdown and chemical alteration of rocks and minerals due to exposure to
atmospheric conditions, such as temperature fluctuations, water, and biological activity.
Erosion is the removal and transport of weathered materials by agents such as water, wind,
ice, and gravity. These materials are eventually deposited in new locations, leading to the

formation of various landforms, including river valleys, deltas, and sand dunes.

The interplay between internal and external geological processes results in a dynamic and
ever-changing landscape. For example, mountain ranges formed by tectonic activity are
gradually worn down by weathering and erosion, while sediments transported by rivers can
create fertile floodplains and deltas (Montgomery, 2007). Understanding these processes is
crucial for comprehending the complex interactions that shape our environment and influence

the distribution of natural resources.

By studying both internal and external geological processes, geologists can better predict
natural hazards, manage resources, and mitigate the impacts of human activities on the
landscape. This holistic understanding underscores the interconnectedness of Earth's systems

and the continuous evolution of its surface.
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2. External Geological Processes

External geological processes are natural phenomena that shape and modify the Earth's
surface over time. These processes are driven by energy from the sun and the force of gravity,
and they play a crucial role in transforming landscapes and creating the diverse topography
we see around us. The external geological processes are: weathering, erosion, transport and

deposition (sedimentation).

2.1 Weathering:
is a fundamental geological process that involves the breakdown and alteration of rocks and
minerals at or near Earth's surface due to physical, chemical, and biological agents. This
process plays a critical role in shaping the landscape and contributes to soil formation, nutrient
cycling, and the regulation of Earth’s climate. There are three primary types of weathering:

physical (mechanical) weathering, chemical weathering, and biological weathering.

2.1.1Mechanical weathering: \When the main agent responsible for the breaking of a rock is
the temperature. Mechanical or physical weathering is the breaking down of rock into smaller
pieces without any chemical changes in the rock itself. This type of action can occur in a
number of ways, one example being frost or ice wedging — water seeps into cracks and pores
in a rock and freezes, expands, exerts pressure within the crack or pore and causes pieces of

the rock to break off.
Types of Mechanical Weathering
2.1.1.1Thermal Expansion and Contraction

One of the primary mechanisms of mechanical weathering is thermal expansion and
contraction. As rocks are heated during the day and cooled at night, they expand and contract.
This repeated process can cause stress within the rock, leading to cracks and eventual

fragmentation
2.1.1.2 Frost Wedging

Frost wedging, also known as ice wedging or cryofracturing, is a powerful form of mechanical

weathering. This process occurs when:

e Water seeps into cracks and crevices in rocks

o The water freezes, expanding by about 9%

o The expansion exerts pressure on the surrounding rock
e Repeated freeze-thaw cycles widen the cracks

e Eventually, pieces of the rock break off
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Frost wedging is particularly common in areas with frequent freeze-thaw cycles, such as

mountainous regions or areas with cold winters and mild days.
2.1.1.3 Other Mechanical Weathering Processes

While temperature-related processes are significant, mechanical weathering also includes:

Exfoliation: The peeling away of rock layers due to changes in pressure as overlying rock is
removed.

Abrasion: The wearing down of rock surfaces by particles carried by wind, water, or ice.

Salt Weathering: The growth of salt crystals in rock pores, exerting pressure and causing
fragmentation.

Biological Weathering: Physical breakdown caused by plant roots or burrowing animals.

SN I

Water seeps into cracks and  When the water freezes,  With repeated freeze/thaw
fractures in rock. it expands about 9% in cycles, rock breaks into pieces
volume, which wedges
apart the rock.

Fig. 12 : Mechanical weathering (Wikimedia.org)

2.1.2 Chemical weathering: In chemical weathering, chemical changes take place in the
rock, forming new products that can be carried away more easily than the original rock. Areas
where water is present or the air is humid are subject to chemical weathering. The main agents
responsible for the alteration of rocks are the CO2, water vapour and oxygen, found in the
atmosphere. Chemical weathering is a complex and significant process that alters the
composition of rocks and minerals through chemical reactions. This form of weathering plays
a crucial role in shaping landscapes, forming soils, and contributing to the Earth's geochemical

cycles.
Mechanisms of Chemical Weathering
2.1.2.1 Dissolution and Carbonation

When carbon dioxide (CO2) dissolves in water, it forms carbonic acid (H2CO3), which can
react with minerals in rocks. This process, known as carbonation, is particularly effective in

dissolving limestone and other carbonate rocks. For example:

CaCO3+H20+C02->Ca(HCO3)2
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This reaction leads to the formation of caves and sinkholes in limestone-rich areas
2.1.2.2 Hydrolysis

Hydrolysis occurs when water molecules interact with minerals, breaking chemical bonds and
forming new compounds. This process is especially important in the weathering of silicate

minerals, such as feldspar, which can be transformed into clay minerals.
2.1.2.3 Oxidation

Oxygen in the atmosphere or dissolved in water reacts with minerals, particularly those
containing iron. This process is responsible for the rusty appearance of many weathered rocks

and soils.
2.1.2.4 Factors Influencing Chemical Weathering
The rate and intensity of chemical weathering are influenced by several factors:

e Climate: Warm and humid environments accelerate chemical reactions, making
tropical regions particularly susceptible to intense chemical weathering.

¢ Rock composition: Different minerals weather at varying rates. For instance, quartz is
highly resistant, while calcite dissolves relatively easily.

e Surface area: Increased exposure of rock surfaces to weathering agents enhances
the rate of chemical reactions.

o Presence of organic material: Plants and microorganisms can produce organic acids

that further contribute to chemical weathering
2.1.2.5 Chemical weathering has far-reaching environmental implications:

e Soil formation: It is a primary process in the creation of fertile soils, essential for
agriculture and ecosystems.

e Carbon cycle: Silicate weathering consumes atmospheric CO2, acting as a long-term
climate regulator.

e Water chemistry: Dissolved minerals from chemical weathering influence the

composition of groundwater and surface water bodies
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Fig.13 : Chemically-weathered
limestone

2.1.3 Biological weathering: It is a mixture of mechanical and chemical weathering carried
out by living beings. Some plants can easily break rocks. The roots grow through existing
cracks in the rocks. The growth causes the root to expand, forcing the crack to expand, forcing

the crack to widen. This force can eventually split the rock apart
Mechanisms of Biological Weathering
Biological weathering occurs through several interconnected processes:
a) Root Action
Plant roots are powerful agents of both mechanical and chemical weathering:

b) Mechanical action: As roots grow and expand, they exert pressure on rocks and soil
particles. This pressure can widen existing cracks and create new ones, eventually
leading to rock fragmentation.

c) Chemical action: Roots release organic acids and other compounds that can dissolve
minerals and accelerate chemical weathering processes.

d) Microbial Activity

Microorganisms, including bacteria, fungi, and lichens, contribute significantly to biological

weathering:

e) Biofilm formation: Microbes can form biofilms on rock surfaces, creating

microenvironments that enhance chemical weathering.
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f) Acid production: Many microorganisms produce organic acids as metabolic
byproducts, which can dissolve minerals and weaken rock structures.

d) Animal Activity
Various animals contribute to biological weathering through:

- Burrowing: Animals like earthworms, ants, and rodents create tunnels and cavities in soil

and rock, increasing surface area exposed to weathering agents.

- Biochemical alterations: Animal excretions and decomposition can change soil chemistry,

affecting mineral stability.
2.1.4 Interaction with Other Weathering Types
Biological weathering often acts synergistically with mechanical and chemical weathering:

It can initiate or accelerate other weathering processes by creating entry points for water and
air. Organic compounds produced by organisms can enhance the effectiveness of chemical

weathering agents.
2.1.5 Environmental Implications
Understanding biological weathering is crucial for:

o Ecosystem restoration: Knowledge of biological weathering processes can inform
strategies for rehabilitating degraded landscapes.

e Agriculture: The role of plants and microorganisms in soil formation and nutrient
release is fundamental to sustainable agricultural practices.

¢ Climate change studies: Biological weathering influences carbon sequestration in

soils and its potential role in mitigating climate change.

Growing roots put
pressure on the
rock, causing it to
become larger.

The rock breaks
away from the cliff
face.

Roots enter a
small crack in the
bedrock.

Fig.14 : Biological weathering
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2.2- What is erosion ? :

Erosion is the process by which the surface of the Earth is worn away by the action of natural
forces, such as water, wind, ice, and gravity. As these forces act on the surface of the Earth,
they can cause soil, rock, and other materials to be moved and transported from one place to
another. This can lead to changes in the landscape, such as the formation of canyons, valleys,
and other features. There are many different types of erosion, including water erosion, wind

erosion, and glacial erosion (Montgomery, 2007).

Types of Erosion
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Fig. 15 : Erosion process

2.2.1 Agents of Erosion

Two main natural agents of erosion can be recognized (water and wind). The wind and the
water are dynamic agents, which are driven by the energy that comes from the Sun. Living
beings; animals, plants and microorganisms, are also dynamic agents that change the
earth’s surface. Gravity is a static agent which is always present in all the processes carried

on by the dynamic agents.
2.2.1.1 Water erosion :

Moving water is the most important natural erosional agent and erodes most commonly as
running water in streams. However, water in all its forms is erosional. Raindrops (especially in
dry environments) create splash erosion that moves tiny particles of soil. Water collecting on
the surface of the soil collects as it moves towards tiny rivulets and streams and creates sheet

erosion.

a) Raindrop splash : Splash erosion, also known as raindrop impact, is the initial stage
of the soil erosion process. It occurs when raindrops strike exposed or bare soil
surfaces with considerable force, resembling tiny bombs. Each raindrop, upon impact,
dislodges soil particles and disrupts the soil structure. This process leads to the
formation of micro-craters and the displacement of soil particles, which can be

transported by subsequent surface runoff (Morgan, 2005).
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Raindrop splash plays a critical role in the overall process of soil erosion by breaking
down soil aggregates and reducing soil cohesion. The kinetic energy of falling raindrops
is transferred to the soil particles, causing them to become suspended in water and
more susceptible to transport by runoff. This initial dislodgment of soil particles sets the
stage for more extensive erosion processes, such as sheet erosion, rill erosion, and
gully erosion, as the dislodged particles are carried away by flowing water (Meyer &
Wischmeier, 1969). Understanding the mechanics of splash erosion is vital for
developing effective soil conservation strategies. Measures such as maintaining
vegetation cover, using mulches, and employing erosion control practices can
significantly reduce the impact of raindrop splash and help preserve soil structure and
fertility (Lal, 1990).
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Fig. 16 : Splash erosion

Splash erosion:

b)

Is the first stage in the erosion process

Results from the bombardment of the soil surface by raindrops

Is the primary cause of soil detachment and soil disintegration

Means that resettled sediment blocks soil pores resulting in surface crusting and lower

infiltration.

Stream erosion :

In streams, water is a very powerful erosional agent. The faster water moves in streams the

larger objects it can pick up and transport. This is known as critical erosion velocity. Fine sand

can be moved by streams flowing as slowly as three-quarters of a mile per hour.

Stream erosion is a complex and dynamic process that plays a crucial role in shaping

landscapes and transporting sediments. This form of erosion is one of the most significant

geomorphological processes on Earth, continuously sculpting river valleys, canyons, and

floodplains.
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2.2.2 Mechanics of Stream Erosion
The erosive power of streams is primarily determined by two factors:

e Stream velocity: The speed at which water flows directly affects its erosive capacity.
e Sediment load: The amount and size of particles carried by the stream influence its

erosive potential.

The concept of critical erosion velocity is fundamental to understanding stream erosion: It
represents the minimum flow speed required to initiate movement of particles of a given size.
As stream velocity increases, larger particles can be transported. Fine sand can be mobilized

by streams flowing at speeds as low as 0.75 miles per hour (1.2 km/h).

Hydraulic action, abrasion, and solution are the three main ways that streams erode the
earth's surface:

2.2.2.1 Hydraulic Action :

Hydraulic action refers to the ability of flowing water to dislodge and transport rock particles
or sediment:

o ltinvolves the force of water impacting rock surfaces and exploiting weaknesses.
e Air trapped in cracks can be compressed by water, causing expansion and fracturing

of the rock.
e This process is particularly effective in areas of turbulent flow, such as waterfalls and

rapids.

2.2.2.2 Abrasion:

Abrasion, also known as corrasion, is a mechanical weathering process: It occurs when
particles carried by the stream act as tools, scouring and smoothing the stream bed and

banks. The effectiveness of abrasion depends on:

e The hardness of the transported particles
e The velocity of the stream

e The resistance of the bedrock

Over time, abrasion can create distinctive features such as potholes and smooth, polished

surfaces in the stream bed.

2.2.2.3 Solution

Solution, or chemical erosion, involves the dissolution of rock materials by slightly acidic
stream water, which contains dissolved carbon dioxide forming carbonic acid. This process is

especially effective on carbonate rocks like limestone and those cemented with calcite,
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leading to the creation of karst landscapes characterized by caves, sinkholes, and

underground drainage systems.
2.3 Factors Influencing Stream Erosion
Several factors affect the rate and extent of stream erosion:

» Discharge: Higher water volume generally increases erosive power.

» Gradient: Steeper slopes lead to faster water flow and greater erosion.

» Channel characteristics: Channel shape, size, and roughness influence flow
patterns and erosion rates.

» Bedrock lithology: The type and structure of underlying rock affect its
resistance to erosion.

» Climate: Precipitation patterns and temperature influence stream discharge

and weathering rates.
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Fig. 17 : Stream erosion process

3. Wind Erosion:

Wind erosion predominantly occurs in arid and semi-arid regions, where strong winds interact
with various landforms, detaching and transporting soil particles. This process results in
features such as sand dunes and mushroom rocks, commonly seen in desert landscapes
(Goudie, 2013). For wind to cause erosion, it must reach a certain velocity to visibly move
particles at the soil surface. Winds with speeds below 12-19 km/hr generally lack the energy
to dislodge and mobilize sand-sized particles. However, significant soil drifting typically begins
when wind speeds reach 25-30 km/hr (Bagnold, 1941). Wind erosion is most prevalent in areas
with low rainfall, where soil moisture is at or below the wilting point, but all drought-affected

soils are susceptible to this process (Shao, 2008).
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3.1 Process of Wind Erosion:

The process of wind erosion comprises of three basic stages namely saltation, suspension
and surface creep Fig. 18

Suspension

Saltation

Saltation

Fig. 18 : process of wind erosion

e Saltation: Fine particles, typically less than 0.1 mm in size, are lifted into the air by
wind. These particles can remain airborne for extended periods and be transported
over vast distances. These suspended particles can travel hundreds or even thousands
of miles before eventually settling back to the surface. This process contributes to the
redistribution of soil and dust across different regions, affecting air quality and
influencing both local and global environmental conditions.

e Suspension: This process involves particles ranging from 0.1 to 0.5 mm in size, which
are lifted off the ground by wind and travel in short, hopping motions across the surface.
Saltation is responsible for 50-90% of the total soil movement caused by wind and
generally occurs within the first 30 centimeters above the ground. These bouncing
particles contribute significantly to the overall transport of soil and dust, playing a crucial
role in the erosion and redistribution of surface materials.

o Surface Creep: This process involves larger soil particles, typically ranging from 0.5 to
1 mm in size, which roll and slide along the ground surface. These particles' movement
is often facilitated by the impact of saltating particles that knock them into motion. Soil
creep contributes to approximately 5-25% of the total wind erosion. Although the
movement of these particles is relatively slow and gradual compared to other erosion
processes, it plays a significant role in the overall redistribution of soil and can lead to

the gradual smoothing of the landscape over time.

3.2 Transport and sedimentation

Sediment transport and sedimentation, or deposition, are fundamental processes in

geomorphology and hydrology. These processes are essential for shaping landscapes,
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forming various landforms, and impacting ecosystems. Understanding the transport and
sedimentation of sediments helps predict changes in riverine and coastal environments and
informs effective management practices for soil conservation, flood control, and habitat
restoration (Church, 2006).

3.3 Mechanisms of Sediment Transport

Sediment transport occurs through three primary mechanisms: bedload, suspended load,
and dissolved load (Goudie, 2013).

o Bedload: Involves larger particles that roll, slide, or hop along the riverbed or ground
surface. These particles move intermittently and are often influenced by streamflow
velocity and turbulence.

o Suspended Load: Consists of finer particles that are carried within the water column.
These particles remain in suspension due to the turbulence of the flowing water.

e Dissolved Load: Comprises soluble materials that are transported as ions in solution.
This load is influenced by chemical weathering processes and the solubility of the

transported materials.
3.4 Factors Influencing Sediment Transport
Several factors influence sediment transport, including:

o Streamflow Velocity: The speed of the water flow determines the capacity to transport
different sizes of sediment particles.

e Channel Morphology: The shape and gradient of the river or stream channel affect
sediment movement.

e Sediment Characteristics: The size, shape, and density of sediment particles play

crucial roles in determining how and where sediments are transported.

Zone of sediment
production

Zone of sediment
transportation

Zone of sediment
deposition

Geologyin.com

Fig. 19 : Transport and sedimentation process
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e Vegetation and Land Use: Plant cover and human activities significantly impact erosion

rates and sediment supply (Montgomery, 2007).

4. Sedimentation process :

Sedimentation, or deposition, is a geological process where sediments settle out of a
transporting medium (like water, wind, or ice) due to a decrease in its transport capacity. This
process gives rise to diverse landforms: Deltas form at river mouths as reduced flow velocity
allows sediment accumulation. Floodplains are created by periodic flooding, which deposits
fine sediments across broad areas. Alluvial fans, found at the base of mountains, result from

the deposition of sediments by streams that lose velocity.

Natural process of sedimentation

VectorStock VectorStock.com/3510256

Fig. 20 : Sedimentation process

4.1 Modeling Sediment Transport and Deposition

Numerical models are vital tools for understanding and predicting sediment transport and
deposition. These models simulate the interaction between flow dynamics and sediment
movement, providing insights into sediment budgets, erosion rates, and landscape evolution.
Commonly used models include the HEC-RAS (Hydrologic Engineering Center's River
Analysis System) and SWAT (Soil and Water Assessment Tool) (Neitsch et al., 2011).
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The interconnected processes of weathering, erosion, transport, and deposition
(sedimentation) are fundamental to the dynamic nature of Earth's surface. Weathering refers
to the breakdown and alteration of rocks and minerals at or near the Earth's surface due to
physical, chemical, and biological agents (Goudie, 2013). This initial stage prepares materials

for subsequent stages by fragmenting rocks and altering their chemical composition.

Erosion involves the removal of these weathered materials by natural forces such as water,
wind, ice, and gravity. Erosion is a crucial step in the geomorphological cycle, as it mobilizes
weathered fragments, transporting them away from their source. Transport mechanisms vary
depending on the medium: rivers and streams carry sediments through fluvial processes, wind
transports particles through aeolian processes, glaciers move debris through glacial
processes, and gravity-driven landslides and slumps further contribute to the movement of

materials (Montgomery, 2007).

Eventually, these transported materials are deposited in new locations through the process of
deposition or sedimentation. Deposition occurs when the transporting medium loses its energy,
allowing sediments to settle out. This process leads to the formation of various landforms such
as deltas, sand dunes, and alluvial fans. Over time, these sediments can be compacted and
cemented to form sedimentary rocks, completing the cycle of rock formation and

transformation (Boggs, 2011).

The continuous cycle of weathering, erosion, transport, and deposition not only shapes the
landscape but also plays a crucial role in soil formation, nutrient cycling, and the distribution of
natural resources. Understanding these processes is essential for comprehending the dynamic

and evolving nature of Earth's surface and its impact on the environment.

5- Stratigraphy
5.1 Definition:

Stratigraphy is a fundamental geological method with the purpose of describing, classifying
and analysing geological layers (rocks) composition, age and relation in order to establish an
interpretation and mapping of the Earths geological development. Stratigraphy is a branch of
Geology and the Earth Sciences that deals with the arrangement and succession of strata, or

layers, as well as the origin, composition and distribution of these geological strata.

Stratigraphy originates from Latin — stratum (layer) and —grafi (describe) and is the oldest and
most fundamental element of the geological science. The first stratigraphic principle was
established by the Danish Niels Stensen (Nicolas Steno; 1638 — 1686), who defined the
principle of superposition, stating that in undisturbed rock successions the lowermost layers

are older than the overlaying layers.
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5.2 Dimensions of Study

Stratigraphic analysis operates along two primary axes:

Temporal Dimension: The vertical arrangement of strata represents the passage of
time, with older layers typically found at the bottom and younger ones at the top.
Spatial Dimension: The horizontal distribution of layers reflects spatial variations in

stratigraphy, providing insights into lateral changes in geological conditions.

5.3 Significance and Applications

Stratigraphy's importance extends beyond pure geology, finding applications in various Earth

sciences and archaeology. By meticulously examining the arrangement and characteristics of

rock layers, researchers can:

Reconstruct past environments and climates
Determine the relative and absolute ages of rocks
Identify and correlate geological events across different regions

Locate and assess natural resources such as fossil fuels and minerals

5.4 Stratigraphic disciplines

There are four principal stratigraphic disciplines including their stratigraphic units:

Lithostratigraphic units, Lithostratigraphy, the most traditional approach, focuses on the
physical characteristics of rock units, including their composition, texture, and visible
layering. This discipline forms the foundation of stratigraphic analysis, allowing
geologists to identify and correlate rock units based on their lithological properties.
Biostratigraphy, on the other hand, utilizes fossil content within rock layers to establish
relative ages and correlations between strata. By examining the evolution and
distribution of fossil assemblages, biostratigraphers can define biozones and track
changes in ancient ecosystems over time.

Chronostratigraphic units, aims to assign absolute ages to rock units, often employing
radiometric dating techniques to create a temporal framework for geological events.
This discipline is crucial for establishing a global geological timescale and
understanding the rates of geological processes. Complementing chronostratigraphy
is magnetostratigraphy, which analyzes the Earth's magnetic field reversals recorded
in rocks to date sedimentary and volcanic sequences

Sequence stratigraphy has emerged as a powerful tool for understanding basin-scale
depositional patterns and sea-level changes13. This discipline examines the

relationships between sedimentary layers and their architectural characteristics,
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providing insights into past environmental conditions and tectonic events.
Chemostratigraphy, a more recent addition to the stratigraphic toolkit, analyzes
chemical variations within sedimentary sequences to identify and correlate layers4.
This approach is particularly useful for reconstructing past climatic conditions and
atmospheric compositions.

e Cyclostratigraphy focuses on identifying and interpreting cyclic patterns in sedimentary
successions, often linked to orbital forcing and climate change5. This discipline has
proven valuable in understanding long-term environmental fluctuations and improving
the resolution of geological timescales. Pedostratigraphy, while less commonly
mentioned, examines soil horizons within sedimentary sequences, providing insights

into past land surfaces and environmental conditions
5.5 Fundamental Principles of Stratigraphy
The science of stratigraphy includes the following principles that govern geologic processes:

» Law of Superposition: The Law of Superposition, first articulated by the Danish scientist

Nicolas Steno in the 17th century, is a foundational principle in stratigraphy and geology. It

asserts that in any sequence of undisturbed sedimentary rock layers, the oldest layers are

The Principle of Superposition
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Fig.21 : Principles of superposition

situated at the bottom, with successively younger layers positioned above them. This law is
crucial for understanding the relative ages of rock formations and has been instrumental in

the development of geological timescales.
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Steno's principle provided a systematic method for deciphering Earth's geological history. By
examining rock strata and identifying their sequence, geologists can construct a relative
chronology of events that occurred over millions of years. This understanding allows scientists
to piece together the history of Earth's surface, the formation of various geological features,
and the evolution of life. The Law of Superposition is a key concept in the field of stratigraphy,
enabling geologists to interpret the temporal sequence of rock formations and the fossils
contained within them. As such, it has been foundational in advancing our knowledge of Earth's

dynamic history and the processes that have shaped its surface over geological time.

e  Principle of Original Horizontality: The Principle of Original Horizontality posits that

sedimentary layers are initially deposited horizontally or nearly horizontally due to the

Principle of Original Horizontality
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Fig.22 : Principle of Original Horizontality

influence of gravity. This concept, first proposed by Nicolas Steno in the 17th century,
suggests that layers of sediment settle out of water or air and accumulate in flat,
horizontal beds. Any significant tilting, folding, or disruption of these strata indicates
that subsequent geological events, such as tectonic activity or other disturbances, have
occurred after the initial deposition. By analyzing the orientation and deformation of
sedimentary layers, geologists can reconstruct past landscapes and identify areas of
geological deformation. This principle is fundamental for interpreting Earth's geological
history, as it provides a reference framework for understanding the sequence of
geological events and the forces that have shaped the planet's surface over time
(Boggs, 2010)

* Principle of Lateral Continuity: a fundamental concept in geology, posits that sedimentary

rock layers initially extend laterally in all directions, forming continuous sheets. This means that

similar rock layers, even if separated by valleys or other erosional features, were once
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interconnected. This principle is invaluable for understanding the geological history of an area

and correlating rock formations across different locations.

When sediment is deposited, it spreads out laterally until it encounters a barrier, such as a
coastline or the edge of a basin. As a result, sedimentary layers often exhibit a consistent
thickness over vast distances. However, the thickness can vary due to factors like changes in

sediment supply or the slope of the depositional surface.

The principle of lateral continuity is essential for several geological applications:

Principle of Lateral Continuity

EROSION AREA

Fig. 23 : Principle of lateral continuity

Correlation of Rock Layers: By recognizing similar rock layers across different outcrops,

geologists can correlate them and establish their relative ages.

e Reconstruction of Past Environments: The lateral extent of a sedimentary layer can
provide insights into the size and shape of ancient depositional basins and the
conditions under which sediments were deposited.

o Resource Exploration: Understanding the lateral continuity of mineral-rich or
hydrocarbon-bearing rock layers aids in exploration and resource extraction.

¢ Geological Mapping: This principle helps geologists create accurate geological maps

by tracing the lateral extent of rock units.

* Principle of Cross-Cutting Relationships: This principle states that any geological feature

that cuts across strata must be younger than the strata it cuts26. This applies to various
geological phenomena such as faults, igneous intrusions, and erosional surfaces. It's a key

tool in establishing relative chronologies of geological events.
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a) Faults: Afault is a fracture in the Earth's crust along which rocks on either side have
moved relative to each other. If a fault cuts through a layer of rock, it means the fault
formed after the rock layer was deposited.

b) Igneous Intrusions: Igneous intrusions are bodies of igneous rock that have intruded
into pre-existing rock layers. The intrusion must be younger than the rocks it cuts
through.

¢) Erosional Surfaces: Erosional surfaces, such as unconformities, represent periods
of erosion or non-deposition. If an erosional surface cuts across a layer of rock, it

means the erosion occurred after the rock layer was deposited.
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6. Paleontology

6.1 Definition :

Paleontology, the study of life that existed prior to the start of the Holocene epoch (roughly
11,700 years before present), is a multidisciplinary science that utilizes the analysis of fossils
to investigate the history of life on Earth. It encompasses the study of extinct organisms, their
classification, evolutionary relationships, interactions with their environments, and the

reconstruction of past ecosystems.

Fossils are the remains of plants, animals, fungi, bacteria, and single-celled living things that
have been replaced by rock material or impressions of organisms preserved in rock.

Paleontology is the study of the history of life on Earth as based on fossils.
6.2 Why do we study fossils?

Studying fossils is like peeking through a time window into Earth's distant past. Fossils, the
preserved remains or traces of ancient organisms, provide invaluable insights into the history
of life, evolutionary processes, and past environments. Here are several reasons why the study

of fossils is so crucial:

Understanding Evolution: Fossils offer evidence for the evolutionary history of life on Earth. By
examining fossil records, scientists can trace the lineage of organisms, understand how

species have changed over time, and uncover the mechanisms of evolution (Benton, 2015).

Reconstructing Past Environments: Fossils help reconstruct ancient ecosystems and climates.
For example, plant fossils can indicate past atmospheric conditions, while marine fossils can

reveal information about ancient ocean temperatures and sea levels (Prothero, 2013).

Dating Rock Layers: Fossils are key in biostratigraphy, a method used to date and correlate
rock layers. Certain fossils, known as index fossils, are characteristic of specific geological
time periods, allowing geologists to establish the relative ages of rock formations (Gradstein
et al., 2012).

Understanding Extinctions: The fossil record provides evidence of mass extinctions and the
recovery of life afterward. Studying these events helps scientists understand the causes and

consequences of biodiversity loss and the resilience of life (Erwin, 2006).

Insights into Biodiversity: Fossils reveal the diversity of past life forms, many of which have no
modern counterparts. This information enriches our understanding of biological diversity and

the complexity of past ecosystems (Valentine, 2004).
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Educational and Cultural Significance: Fossils inspire curiosity and wonder about the natural
world. They are often displayed in museums, contributing to public education and fostering a

connection to Earth's history.

Informing Conservation: Understanding past climate changes and extinction events can inform
current conservation efforts. Fossil studies provide context for how modern species and
ecosystems might respond to ongoing environmental changes (Jackson & Erwin, 2006). Key

6.3 Aspects of Paleontology:
6.3.1 Fossils:

Fossils are the preserved remnants or traces of ancient life forms that provide a window into
Earth's past. These remarkable records of prehistoric organisms are typically found in
sedimentary rocks and offer invaluable insights into the history and evolution of life on our
planet. Fossils are formed when the remains of plants, animals, or other organisms are buried
in sediments such as sand, mud, or silt, often in ancient aquatic environments like seas, lakes,
and rivers3. The process of fossilization usually occurs over thousands of years, with most

fossils being at least 10,000 years old.
6.3.2 Preservation Methods
There are several ways in which fossils can form:

e Permineralization: This is the most common method of fossilization. Mineral-rich water
seeps into the buried remains, depositing minerals in empty spaces and creating a
rock-like fossil.

e Molds and Casts: When an organism decays completely, it can leave behind a hollow
impression called a mold. If this space is later filled with minerals, it creates a cast
fossil.

o Preserved Remains: In rare cases, entire organisms can be preserved, such as insects
in amber or animals frozen in ice.

e Carbonization: This process occurs when the organic material of an organism is
reduced to a thin film of carbon, creating a two-dimensional imprint5.

e Trace Fossils: These are not the remains of the organisms themselves, but rather

evidence of their activity, such as footprints, burrows, or coprolites (fossilized feces).
6.3.3Branches of paleontology:

6.3.3.1 Vertebrate Paleontology: This branch studies the fossils of vertebrates, or animals
with backbones. It includes the study of fish, amphibians, reptiles, birds, and mammals.
Researchers in this field often focus on the evolution and development of these animals over

geological time.
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6.3.3.2 Invertebrate Paleontology: This branch focuses on the fossils of invertebrates, or
animals without backbones. This includes a wide variety of organisms, such as mollusks,
arthropods, echinoderms, and brachiopods. Invertebrate paleontologists study the diversity,

ecology, and evolutionary history of these organisms.

6.3.3.3 Micropaleontology: This branch deals with the study of microscopic fossils. These
fossils, such as foraminifera, diatoms, and pollen grains, require special techniques and
equipment to be studied. Micropaleontology is crucial for understanding ancient

environments and climate changes.

6.3.3.4 Paleobotany: This branch focuses on the study of plant fossils, including leaves,
seeds, wood, and pollen. Paleobotanists investigate the evolution and diversity of ancient

plants and their interactions with the environment.

6.3.3.5 Palynology: A subfield of paleobotany, palynology is the study of pollen and spores,
both fossilized and modern. This branch helps scientists understand past climates,

vegetation patterns, and plant evolution.

6.3.3.6 Ichnology: This branch studies trace fossils, such as footprints, burrows, and other
marks left by ancient organisms. Ichnologists analyze these traces to infer the behavior,

movement, and interactions of extinct species.

6.3.3.7 Taphonomy: This branch examines the processes of fossilization, including how
organisms decay, are buried, and become preserved in the geological record. Taphonomists
study the factors that influence the preservation of fossils and help reconstruct ancient

environments.

Credit : Shutterstock
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Fig.27 Velociraptor

S

Fig. 28 Tyrannosaurus Rex

Each of these branches contributes to our understanding of Earth's history, providing insights
into the evolution of life, past climates, and the geological processes that have shaped our
planet. Paleontologists often collaborate across these branches to piece together

comprehensive pictures of ancient ecosystems and the history of life on Earth.
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1. Introduction

Internal geodynamics, a specialized branch of geophysics, delves into the intricate
processes governing the Earth's internal dynamics, with a particular emphasis on the
movement and interactions within the mantle and lithosphere. This field aims to unravel
the mechanisms driving these movements, which in turn give rise to a wide array of
surface geological phenomena. Central to its scope are processes such as mantle
convection, plate tectonics, and the formation of mantle plumes, all of which play
pivotal roles in shaping the Earth's ever-changing surface. These dynamic processes
not only dictate the distribution and evolution of continents and oceans but also
underpin the occurrence of significant geological hazards, including earthquakes and
volcanic eruptions. By understanding these fundamental mechanisms, internal
geodynamics provides critical insights into the forces that continuously sculpt and

influence our planet's landscape and its geophysical behavior.

2. Seismology definition

Seismology, derived from the Ancient Greek word oe€iopdg (seismos) meaning
"earthquake" and -Aoyia (-logia) meaning "study of," is the scientific discipline focused
on the study of earthquakes and the propagation of elastic waves through the Earth
and other planetary bodies. Beyond earthquakes, seismology encompasses the
investigation of a variety of seismic sources, including volcanic activity, tectonic
movements, glacial dynamics, fluvial and oceanic processes, atmospheric
disturbances, and even human-induced phenomena such as explosions. It also
examines earthquake-induced environmental effects, such as tsunamis, which can
have significant geological and societal impacts. A closely related field,
paleoseismology, uses geological evidence to reconstruct the history of past
earthquakes, providing insights into seismic hazards over geological timescales. The
data used in seismology often come from seismograms, which record Earth’s motions
over time. Researchers specializing in this field, known as seismologists, play a critical
role in advancing our understanding of Earth’s dynamic processes and mitigating the

risks associated with seismic events.
3. Who are Seismologists?

The seismologists, as Earth scientists, are specialized in geophysics and they are
devoted to analyze the genesis and propagation of seismic waves in geological

materials.
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Some of them study the relation between faults, stress and seismicity, others interpret
the mechanisms of rupture from seismic wave data, others integrate geoscientific
information in order to define zones of seismicity, and finally others collaborate with

engineers trying to minimize the damage caused to construction.

4. Why study seismology
Studying seismology is essential for understanding the dynamic processes of the Earth
and their impact on both natural and human environments. Here are several key

reasons why seismology is a crucial field of study:
4.1 Earthquake Hazard Assessment and Mitigation

Seismology helps identify areas at risk of earthquakes, enabling the development of
strategies to reduce damage and save lives. Understanding seismic activity informs

building codes, urban planning, and disaster preparedness programs.
4.2 Tsunami Prediction and Risk Management

By studying seismic events, particularly those occurring under oceans, seismologists
can predict tsunamis and issue early warnings, which are vital for protecting coastal

communities.

4.3 Understanding Earth's Interior

Seismic waves provide a natural way to probe the Earth's interior. By analyzing how
these waves travel through different layers, seismology reveals critical information
about the Earth's structure, composition, and processes, such as mantle convection

and plate tectonics.

4.4 Volcanic Monitoring and Eruption Prediction

Seismology is integral to monitoring volcanic activity. Detecting seismic signals
associated with magma movement helps predict eruptions, reducing the risks to

nearby populations.
4.5 Energy Resource Exploration

Seismological methods are widely used in the exploration of natural resources, such
as oil, gas, and geothermal energy. Controlled seismic studies help locate reservoirs

and assess their viability.
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4.6 Studying Climate-Driven Phenomena

Seismology also explores seismic signals generated by glaciers, oceans, and other
environmental factors, providing insights into the effects of climate change on Earth's

dynamics.

4.7 Planetary Science Applications

By studying seismic activity on other celestial bodies, such as the Moon or Mars,

seismology extends our understanding of planetary formation and evolution.

4.8 Advancing Scientific Knowledge

Seismology contributes to fundamental scientific questions about the Earth's history,
its ongoing changes, and its future dynamics, fostering a deeper understanding of our

planet.

Seismology is not just a scientific pursuit but also a critical tool for ensuring safety,
sustainability, and resilience in the face of Earth's dynamic and sometimes

unpredictable nature.

5. Earthquakes Definition

One of the most alarming and destructive natural events is a severe earthquake and
its devastating aftermath. An earthquake results from the sudden release of energy
accumulated over an extended period due to tectonic strain. This strain builds as the
Earth's tectonic plates—massive segments of the Earth's lithosphere—move slowly
over, under, or past each other, driven by the forces of plate tectonics (USGS, 2021).
While these movements are often gradual, they can also become locked due to friction,
causing stress to accumulate. When this stress surpasses the threshold that the rocks
can withstand, the plates abruptly shift, releasing energy as seismic waves (Lay &
Wallace, 1995). In densely populated regions, such events can lead to significant loss

of life, widespread injuries, and extensive damage to infrastructure (Bilham, 2010).

Fig. 29 : Earthquakes damage
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5.1 Causes of Earthquakes:

Earthquakes occur due to the behavior of rocks under stress, which can be likened to
how rubber bands respond to tension. When stress is applied to a rock, it begins to
bend or stretch, undergoing a process called deformation. However, rocks have a limit
to the amount of stress they can withstand. Once this limit is exceeded, the rock
breaks, releasing the accumulated energy (Scholz, 2019). The location where this
break happens is known as a fault. The sudden release of energy at the fault generates
vibrations that propagate through the surrounding rock, causing the ground to shake.
These vibrations are what we experience as an earthquake.

This process can be better understood through the concept of elastic rebound theory,
proposed by H. F. Reid after the 1906 San Francisco earthquake. According to this
theory, rocks on either side of a fault accumulate elastic strain energy as tectonic forces
slowly deform the rock. When the stress exceeds the strength of rocks, they rupture,
and the accumulated energy is released as seismic waves, resulting in an earthquake
(Bolt, 2003).

5.2 Factors involve in Rock breakage:
Compression - refers to a force that pushes and squeezes rock layers together,
causing them to deform. This stress can result in the folding or fracturing of rocks, often

leading to the formation of mountain ranges, faults, or other geological structures.

Before stress
Compression
Compression pushes
rock together.

Fig. 30 : Compression
Tension - is a force that pulls rock layers apart, causing them to stretch and thin. This

stress can lead to the formation of features such as fractures, faults, and rift valleys,

as the rocks are pulled away from each other.

Tension
Tension stretches rock.

Fig. 31 : Tension
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Shear - is a force that causes rock layers to move parallel to each other in opposite
directions, leading to a sliding motion. This stress can result in the deformation of rocks,
the formation of strike-slip faults, and the displacement of geological features along

fault lines.

Shearing
Shearing can ¢
masses of rock to slip.

Before stress

Fig. 32 : Shearing

Each one of these forces will cause a different fault (breakage of rock). When rock
breaks, energy is released as a seismic wave. The resulting waves of seismic energy
propagate through the ground and over its surface, causing the shaking we perceive

as earthquakes. This is the general mechanism behind an earthquake.
5.3 Classification of Earthquake

There are four types of earthquakes

Plate Tectonics: Plate tectonics is a fundamental geological process that explains the
movement of Earth's lithospheric plates. Tectonic earthquakes, the most commonly
observed type of earthquake worldwide, occur due to the sliding of rocks along a fault
plane. This movement is driven by the accumulated energy within plate boundary
zones. As tectonic plates interact, they build up stress over time. When this stress
exceeds the strength of rocks, it is released suddenly, causing the rocks to slip and

generate an earthquake.

These tectonic earthquakes are generally larger and more powerful than those caused
by volcanic activity. The movement of tectonic plates can result in various types of
boundaries, including divergent, convergent, and transform boundaries, each
associated with specific earthquake characteristics. For instance, at transform
boundaries like the San Andreas Fault in California, plates slide past each other
horizontally, generating significant earthquakes. Tectonic earthquakes not only
reshape the landscape but also provide crucial insights into the dynamics of Earth's
interior. They highlight the immense forces at work within the planet and underscore

the importance of understanding geological processes for predicting and mitigating the
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impacts of natural hazards. This comprehensive understanding of plate tectonics and
tectonic earthquakes is essential for developing effective strategies for earthquake

preparedness and resilience.

Volcanic Earthquakes: Volcanic earthquakes are a specialized class of tectonic
earthquakes, distinct due to their association with volcanic activity. These earthquakes
are confined to areas surrounding active volcanoes and exhibit unique characteristics
compared to typical tectonic earthquakes. Volcanic earthquakes arise from various
mechanisms, including the abrupt opening of channels in crustal rocks, the excessive
accumulation of gas pressure within the crust, rapid changes in the motion of magma,
and the collapse of the roofs of subterranean magma chambers that have been
emptied (Lahr et al., 1994; McNutt, 2005).

Unlike tectonic earthquakes, volcanic earthquakes are often less devastating but can
persist at a detectable level for extended periods—sometimes weeks or months—
before an eruption. This prolonged activity is a result of the complex interactions

between volcanic and tectonic forces beneath the Earth's surface (Zobin, 2012).

The depth and nature of these seismic events often differ from those of typical tectonic
earthquakes, as they are directly influenced by magmatic and volcanic processes
rather than merely the movement along fault lines. Due to these differences, volcanic
earthquakes can provide valuable insights into the behavior of volcanoes and are
closely monitored as part of volcanic hazard assessment and eruption prediction
(Chouet, 1996).

Collapse Earthquakes: Collapse earthquakes occur in regions of intense mining
activity where the roofs of underground mines sometimes give way, leading to minor
tremors. These earthquakes are referred to as collapse earthquakes. They are typically
small-scale seismic events that happen within underground caverns and mines,
caused by the seismic waves generated from the sudden collapse of rock structures.
The collapse often results from the over-extraction of minerals, which weakens the
structural integrity of the mine. When the rock overhead can no longer support the
weight, it collapses, creating seismic waves that propagate through the surrounding
rock. Although generally minor in magnitude compared to tectonic earthquakes,
collapse earthquakes can still pose significant risks to miners and mining operations

due to the potential for sudden and unexpected ground movement. Understanding and
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monitoring these events are crucial for ensuring the safety and stability of mining

environments (McGarr et al., 2002).

Explosion Earthquakes

Ground shaking can also result from the detonation of chemical or nuclear devices,
leading to what are known as explosion earthquakes. These artificial seismic events
are caused by the immense energy released during explosions. Since the 1950s,
several underground nuclear tests have generated significant earthquakes. When a
nuclear device is detonated underground, typically within a borehole, it releases a vast
amount of energy almost instantaneously. This energy causes a rapid expansion of
gases and a tremendous release of heat, which produces shock waves that travel

through the Earth's crust, resulting in ground shaking.

These explosion earthquakes differ from natural tectonic earthquakes in their seismic
signatures. They often produce a more abrupt and high-frequency signal, whereas
natural earthquakes tend to generate lower-frequency waves that emanate from fault
movements over a longer period (Stevens & Day, 1985). Understanding and
distinguishing explosion earthquakes from natural seismic activity is crucial for
monitoring compliance with international treaties, such as the Comprehensive Nuclear-

Test-Ban Treaty (CTBT), and for ensuring global security (Ringdal, 1997)..

-~
Types of Earthquake
Tectonic COIIGPS:‘
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Fig. 33 : Type of earthquakes
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6. Earthquake Parameters

Earthquake Parameters are essential measurements and characteristics that help
seismologists, geologists, and engineers understand, analyze, and describe seismic
events. These parameters provide crucial information about the nature, intensity, and

effects of earthquakes.

6.1 Focal depth and Epicenter

When locating an earthquake, we use two key terms to describe its position; Focal

depth and Epicenter.

6.1.1The Focal depth is the depth from the Earth's surface to the region where an
earthquake's energy originates (the focus). Earthquakes with focal depths from the
surface to about 70 kilometers (43.5 miles) are classified as shallow. Earthquakes with
focal depths from 70 to 300 kilometers (43.5 to 186 miles) are classified as
intermediate. The focus of deep earthquakes may reach depths of more than 700
kilometers (435 miles). The focuses of most earthquakes are concentrated in the crust

and upper mantle. Earthquakes are categorized based on their focal depths:
a) Shallow Earthquakes

Shallow earthquakes occur at depths less than 70 kilometers (43.5 miles) below the
Earth's surface. These are the most common type, accounting for approximately 75%

of all seismic activity. Shallow earthquakes are typically associated with:

e Mid-ocean ridges
e Transform boundaries
e Continental mountain ranges in Europe and Asia

e Areas surrounding the Pacific Ocean

Despite their frequency, shallow earthquakes pose the greatest threat to surface
structures due to their proximity to the Earth's surface, resulting in stronger ground

shaking.
b) Intermediate Earthquakes

Earthquakes with focal depths between 70 and 300 kilometers (43.5 to 186 miles) are
classified as intermediate. These account for about 20% of all earthquakes.
Intermediate earthquakes are often associated with:
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e Convergent plate boundaries

e Subduction zones

While less destructive than shallow earthquakes, intermediate-focus events can still

cause significant damage, especially in populated areas.
c) Deep Earthquakes

Deep earthquakes occur at depths greater than 300 kilometers (186 miles), with some
reaching depths of up to 700 kilometers (435 miles)12. These are the least common,
comprising only about 5% of all earthquakes1. Deep earthquakes are primarily

associated with:

e Subduction zones
e Areas surrounding the Pacific Ocean, such as the coast of South America and

Japan

The mechanism for deep-focus earthquakes is not fully understood, as the extreme

pressure and temperature at such depths should theoretically prevent brittle failure.

It's important to note that while deeper earthquakes generally cause less surface
damage due to energy dissipation as seismic waves travel through the Earth, the depth

is just one factor influencing an earthquake's impact.

6.1.2 The Epicenter is the point on the Earth's surface directly above the focus. The
location of an earthquake is commonly described by the geographic position of its

epicenter and by its focal depth. The epicenter is significant because:

e |tis often the area that experiences the most intense shaking and damage

e |t serves as a reference point for measuring the earthquake's effects on
surrounding areas

e |t helps in determining the fault line or tectonic plate boundary responsible for

the ea rthquake Fault scarp

Wave fronts

60| Page Fig. 34 : Focal depth and Epicenter



Chapter IIT Part I : Internal geodynamics ( Seismology, Farthquake study, Origine and repartition)
Ductile and brittle tectonic (folds and faults)

6.2 Methods for Determining Epicenter and Focal Depth :

Seismologists use various techniques to determine an earthquake's epicenter and
focal depth:

e Triangulation: Using arrival times of seismic waves at different seismograph
stations

e Waveform analysis: Studying the characteristics of seismic waves recorded at
multiple stations

e Advanced algorithms: Employing computer models that consider Earth's

structure and wave propagation

6.3 Types of seismic waves

When an earthquake occurs, it releases energy waves, known as Seismic waves. It
is like the ripples created in water if you throw a stone in it. Seismic waves are like
ripples that can travel through the inside of the earth and on the surface. There are
three basic types of seismic waves — P-waves, S-waves and surface waves. P-waves

and S-waves are sometimes collectively called body waves.
6.3.1 Body Waves

Traveling through the interior of the earth, body waves arrive before the surface waves

emitted by an earthquake. These waves are of a higher frequency than surface waves.

P Waves : The first kind of body wave is the P wave or primary wave. This is the fastest
kind of seismic wave, and, consequently, the first to 'arrive' at a seismic station. The P
wave can move through solid rock and fluids, like water or the liquid layers of the earth.
It pushes and pulls the rock it moves through just like sound waves push and pull the
air. Sometimes animals can hear the P waves of an earthquake. Dogs, for instance,
commonly begin barking hysterically just before an earthquake ‘hit’ (or more
specifically, before the surface waves arrive). Usually, people can only feel the bump
and rattle of these waves. P waves are also known as compressional waves, because
of the pushing and pulling they do. Subjected to a P wave, particles move in the same
direction that the wave is moving in, which is the direction that the energy is traveling

in, and is sometimes called the 'direction of wave propagation.
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Fig. 35: P wave

The second type of body wave is the S wave or secondary wave, which is

S Waves

the second wave you feel in an earthquake. An S wave is slower than a P wave and

not through any liquid medium. It is this property of

can only move through solid rock,

S waves that led seismologists to conclude that the Earth's outer core is a liquid. S

-side perpendicular to the direction

-to

or side

waves move rock particles up and down

that the wave is traveling in (the direction of wave propagation).
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Fig.36 : S wave

6.3.2 Surface Waves

Travelling only through the crust, surface waves are of a lower frequency than body
waves, and are easily distinguished on a seismogram as a result. Though they arrive
after body waves, it is surface waves that are almost entirely responsible for the
damage and destruction associated with earthquakes. This damage and the strength

of the surface waves are reduced in deeper earthquakes.

Love Waves : The first kind of surface wave is called a Love wave, named after A.E.H.
Love, a British mathematician who worked out the mathematical model for this kind of
wave in 1911. It's the fastest surface wave and moves the ground from side-to-side.

Confined to the surface of the crust, Love waves produce entirely horizontal motion.

Rayleigh Waves: The other kind of surface wave is the Rayleigh wave, named for
John William Strutt, Lord Rayleigh, who mathematically predicted the existence of this
kind of wave in 1885. A Rayleigh wave rolls along the ground just like a wave rolls
across a lake or an ocean. Because it rolls, it moves the ground up and down and side-
to-side in the same direction that the wave is moving. Most of the shaking felt from an
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earthquake is due to the Rayleigh wave, which can be much larger than the other

waves.
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6.4 Measuring earthquake magnitude and intensity

The vibrations produced by earthquakes are detected, recorded, and measured by
instruments call seismographs. The zig-zag line made by a seismograph, called a
"seismogram," reflects the changing intensity of the vibrations by responding to the
motion of the ground surface beneath the instrument. From the data expressed in
seismograms, scientists can determine the time, the epicenter, the focal depth, and the

type of faulting of an earthquake and can estimate how much energy was released.

Seismograph

weight

rotating drum
vibrations

Fig.39 : Seismograph
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6.4.1 Magnitude : The magnitude of an earthquake is a quantitative measure of the
energy released during the seismic event. This value is determined from the logarithm
of the amplitude of seismic waves recorded by seismographs. Several scales have
been defined to quantify earthquake magnitude, but the most commonly used is the
Richter scale, developed by Charles F. Richter in 1935. The Richter scale expresses
magnitude in whole numbers and decimal fractions, allowing for precise classification

of earthquake sizes.

On the Richter scale, a magnitude is derived from the logarithmic basis of recorded
wave amplitudes. This means that each whole number increase in magnitude
represents a tenfold increase in measured amplitude and approximately 31.6 times
more energy release. For example, an earthquake with a magnitude of 5.3 is
considered moderate, while a magnitude of 6.3 denotes a strong earthquake. Thus,
even small increases in magnitude numbers correspond to significant increases in

energy and potential damage (Richter, 1958).

Apart from the Richter scale, the moment magnitude scale (Mw) is also widely used,
especially for larger earthquakes. The moment magnitude scale considers the seismic
moment, which accounts for the fault area, average slip on the fault, and the rigidity of
the rocks involved. This scale provides a more accurate measure of an earthquake's
overall size and energy release, especially for very large seismic events (Hanks &
Kanamori, 1979).By understanding and measuring earthquake magnitude,
seismologists can better assess the potential impact of seismic events, inform public

safety measures, and improve the design of structures to withstand seismic forces.

6.4.2 Intensity: Earthquake intensity measures the severity of shaking and its effects
at specific locations, providing a subjective assessment of the earthquake's impact on
people, structures, and the natural environment. Unlike magnitude, which is a single
value representing the energy released by an earthquake, intensity varies based on
the observer's location relative to the earthquake's epicenter.

The Modified Mercalli Intensity (MMI) Scale is the most commonly used intensity scale,
consisting of increasing levels of intensity ranging from light shaking to catastrophic
destruction. Each level on the MMI Scale is denoted by Roman numerals, from | (not
felt) to XII (total destruction). The scale captures a range of observable effects and
experiences, making it a valuable tool for understanding the local impact of an

earthquake.
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Key responses included in the MMI Scale are:

e |- 1I: Not felt except by a few people under favorable conditions.

e |lI: Feltindoors by many, some outdoors. Vibrations like the passing of a truck.

e |V: Feltindoors by most, with some windows, dishes, doors rattling.

e V: Felt by nearly everyone. Many people are awakened. Some dishes, windows
broken. Unstable objects overturned.

e VI: Felt by all, many frightened. Some heavy furniture moved. A few instances
of fallen plaster. Damage slight.

e VII: Everyone runs outdoors. Damage negligible in buildings of good design and
construction; slight to moderate in well-built ordinary structures; considerable
damage in poorly built or badly designed structures.

e VIII: Damage slight in specially designed structures; considerable in ordinary
substantial buildings with partial collapse. Damage great in poorly built
structures. Fall of chimneys, factory stacks, columns, monuments, walls.

e |X: Damage considerable in specially designed structures; well-designed frame
structures thrown out of plumb. Damage great in substantial buildings, with
partial collapse. Buildings shifted off foundations.

e X: Some well-built wooden structures destroyed; most masonry and frame
structures destroyed with foundations. Rails bent.

o Xl: Few, if any (masonry) structures remain standing. Bridges destroyed. Rails
bent greatly.

e XII: Total destruction. Lines of sight and level are distorted. Objects thrown into

the air.

These descriptions highlight the diverse impacts of earthquake shaking, from minor
disturbances to total destruction. By categorizing and quantifying these effects, the
MMI Scale helps emergency responders, engineers, and planners assess damage,

prioritize resources, and implement mitigation strategies effectively.

7. Where do earthquakes occur?

If we look at the global distribution of earthquakes, it becomes evident that most
seismic activity is concentrated in specific regions known as earthquake belts. These
belts include areas such as the edges of the Pacific Ocean and the middle of the

Atlantic Ocean.
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7.1 Pacific Ring of Fire

Over 80% of large earthquakes occur around the edges of the Pacific Ocean, an area
famously known as the Ring of Fire. This zone is characterized by intense seismic and
volcanic activity due to the subduction of the Pacific Plate beneath surrounding tectonic
plates. The Ring of Fire is the most seismically and volcanically active zone in the

world, with frequent earthquakes and numerous active volcanoes.
7.2Mid-Atlantic Ridge

Another significant earthquake zone is the Mid-Atlantic Ridge, a divergent boundary
where tectonic plates are moving apart, causing seismic activity. This area extends
through the middle of the Atlantic Ocean, contributing to the formation of new oceanic

crust and frequent, though generally less intense, earthquakes.
7.3Fault Lines

The Earth under our feet contains numerous faults, remnants of our turbulent
geological past. Faults are fractures in the Earth's crust where blocks of rock have
moved relative to each other. These faults can be observed at the surface and mapped
by geologists, while others remain hidden deep beneath the surface. Earthquakes
occur along these fault lines when accumulated stress exceeds the strength of rocks,

causing sudden slips and releasing seismic energy.

7.4 0Other Significant Zones
¢ Himalayan Region: Earthquakes also occur in regions such as the Himalayas,
where the Indian Plate is colliding with the Eurasian Plate, resulting in significant
seismic activity.
e San Andreas Fault: The San Andreas Fault in California is a well-known
transform fault where the Pacific Plate slides past the North American Plate,

leading to frequent earthquakes.
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¢ Mediterranean-Asian Seismic Belt: This belt extends from the Mediterranean
region through the Middle East and into Asia, encompassing various fault
systems and earthquake-prone areas.

GLOBAL SEISMOGRAPHIC MAP

@ PACIFICBELT @ AFROASIAN BELT EURASIAN BELT
TECTONIC PLATES BOUNDRIES

Fig. 40 : Global distribution of earthquakes (www.worldatlas.com)

8. Ductile and brittle tectonic (folds and faults)

Folding and faulting are fundamental geological processes that shape the Earth's crust
and influence the formation of landscapes. Folding refers to the bending or curving of
rock layers due to compressional forces, resulting in structures such as anticlines,
synclines, and domes (Press & Siever, 2001). These structures often occur over vast

time scales and can lead to the creation of mountain ranges or undulating terrains.

Faulting, in contrast, involves the fracturing and displacement of rock layers along fault
planes, driven by tectonic stresses. Faults can be classified into different types,
including normal, reverse, and strike-slip faults, each associated with specific stress
regimes and movement patterns (Fossen, 2016). These processes are instrumental in

creating features like rift valleys, fault-block mountains, and earthquake zones.

Together, folding and faulting contribute to the dynamic nature of the Earth's crust,
playing a key role in the evolution of continents and shaping the planet's surface over
geological time (Marshak, 2019).. Here is a visual representation of these two tectonic

processes.
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Axial Plane

A. Fault B. Fold

Fig. 41 : Folds and faults (testbook.com)

8.1 Folds

Folds in geology are the undulating and curved structures that
form when sedimentary rocks or sections of the Earth's crust o \ 5
are subjected to compressional forces. These forces cause the
rock layers to bend, twist, and deform into various shapes and
structures such as hills, mountains, or even extensive
mountain ranges. This process of folding occurs primarily in

areas where tectonic plates converge and collide, generating

significant compressional pressure that forces the rock layers
to buckle and fold.

8.1.1 Parts of a Fold:
- The two sides of a fold are the limbs.
- Axial Plane: an imaginary surface that divides a fold as

symmetrically as possible.

- Fold Axis: The line made by the length-wise intersection of
the axial plane with the beds (also defined as the direction

around which the fold is curved).

- Plunging Fold: Fold with a non-horizontal fold axis.

- The Hinge is the most sharply curved part of the fold.

Fig. 42 : Parts of a Fold

69 |Page



Chapter IIT Part I : Internal geodynamics ( Seismology, Farthquake study, Origine and repartition)
Ductile and brittle tectonic (folds and faults)

8.1.2 Different Types of Folds
The Type of Folds formed depends on various factors such as the nature of the rock,
the intensity of the compressional force, etc. Different folds have been recognized

based on structure, appearance, and geometry. They are as follows:

Youngest rock

Anticline Syncline Oldest rock
(&) Symmerrical folde (b) Asymmetrical folds (c) Overturned folds
Axial
plalne ;
= - ! i ,’, -7
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Axial plane is vertical

Fig. 43 : Types of Folds (uh.edu)

Anticline: An anticline is a type of fold that is convex-upward, resembling an arch-like
shape. The core of an anticline contains the stratigraphically older rocks, which means
that the oldest layers are located at the center of the fold, with progressively younger
rocks found on the outer flanks. This folding results from compressional stress that
causes the rock layers to buckle and fold upwards. Anticlines are significant geological
structures often associated with the accumulation of hydrocarbons, making them

important targets for oil and gas exploration.

Syncline: A syncline is a type of fold that is concave-upward, resembling a trough-like
shape. In a syncline, the core contains the stratigraphically younger rocks, meaning
that the youngest layers are located at the center of the fold, with progressively older
rocks found on the outer flanks. This folding results from compressional stress that
causes the rock layers to bend downwards. Synclines are often associated with valleys

and can be found in conjunction with anticlines in folded mountain ranges.
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Symmetrical Folds : Symmetrical folds are types of geological folds characterized by
having a vertical axial plane. This means that the fold is mirror-imaged on either side
of the axial plane, resulting in equal and opposite dip angles on both limbs of the fold.
Symmetrical folds typically form under uniform compressional stress, leading to a
balanced and harmonious structure. These folds are often seen in regions subjected
to consistent tectonic forces, creating evenly spaced layers that arch and trough

symmetrically.

Asymmetrical Folds : Asymmetrical folds are geological structures where the beds
in one limb dip more steeply than those in the opposite limb. This results in an uneven,
lopsided appearance where one side of the fold is more inclined than the other.
Asymmetrical folds typically form under non-uniform compressional forces, where the
stress is not applied evenly across the rock layers. This differential stress causes one

limb of the fold to bend more sharply than the other, creating the asymmetry.

Overturned Folds: Overturned folds are unique geological structures where both
limbs of the fold dip in the same direction, but one limb has been tilted beyond the
vertical. This results in an overturned, or flipped, appearance where the layers on one
side of the fold are inverted relative to the other. Overturned folds form under intense
compressional forces that cause the rock layers to bend and twist so severely that one

limb is pushed past the vertical, essentially creating an "overturn."

These folds are often associated with high-stress environments such as orogenic belts,
where tectonic plates collide and create significant deformation. Overturned folds can
provide valuable insights into the magnitude and direction of tectonic forces, as well as

the geological history and structural evolution of a region.

8.2 Faults

Faults are planar or gently curved fractures or fracture zones in the Earth's crust where
two blocks of rock have experienced relative displacement parallel to the fracture. This
displacement results from the buildup of stress within the Earth's crust due to tectonic
forces. When the stress exceeds the strength of the rocks, it causes them to break and
slip along the fault plane. Faults are categorized based on the direction of the relative

movement of the rock blocks.
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8.2.1 Fault types:
8.2.1.1Dip Slip Faults: Dip-slip faults involve the relative movement of geological
formations up or down the dip (slope) of the fault plane. These movements can be

categorized based on the direction of displacement:

a) Normal Faults (Extensional): Normal faults occur when the rocks above the fault
plane (hanging wall) move downward relative to the rocks below the fault plane
(footwall). This type of faulting is typically associated with extensional forces
that pull the Earth's crust apart. Normal faults are common in regions

experiencing crustal extension, such as rift valleys and mid-ocean ridges.

-y Dip-slip fault (reverse)

‘ * ‘ A S8

(a) Dip-slip fault (normal)

‘m Shortening\

Fig.44 : Dip-slip faults (Normal, Reverse)
(www.geologyin.com)

b) Reverse Faults (Compressional) Reverse faults occur when the rocks above
the fault plane (hanging wall) move upward relative to the rocks below the fault
plane (footwall). This type of faulting results from compressional forces that
push the Earth's crust together. Reverse faults are commonly found in regions
subjected to significant compression, such as mountain ranges formed by the

collision of tectonic plates.

8.2.1.2 Strike-Slip Faults : Strike-slip faults involve the relative horizontal movement
of rock formations along the strike of the fault plane, primarily caused by shearing
forces. These faults can be further classified based on the direction of the lateral

movement:

a) Right-Lateral (Dextral) Strike-Slip Faults : In a right-lateral strike-slip fault, the
block of rock on the opposite side of the fault moves to the right relative to the
observer. This means that if you stand on one side of the fault and look across

it, the geological features on the other side will appear shifted to the right.
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b) Left-Lateral (Sinistral) Strike-Slip Faults : Conversely, in a left-lateral strike-slip
fault, the block of rock on the opposite side of the fault moves to the left relative
to the observer. In this case, standing on one side of the fault and looking across

it, the geological features on the other side will appear shifted to the left.

Strike-slip faults are commonly found in regions where tectonic plates slide past
each other horizontally. A well-known example of a strike-slip fault is the San
Andreas Fault in California, which is a right-lateral strike-slip fault. These faults can
generate significant earthquakes due to the build-up and release of shear stress

along the fault plane.

Strike-slip faults

Left-lateral Right-lateral

Fig. 45 : Strike-Slip Faults
(www.geologyin.com)

8.2.1.3 Oblique-slip fault: Oblique-slip faults are geological structures that exhibit
both strike-slip and dip-slip movements. This means that the displacement along these
faults involves a combination of horizontal (strike-slip) and vertical (dip-slip)
movements, causing the sliding to occur diagonally along the fault plane. There are

two primary types of oblique-slip faults:

Oblique-slip fault: Arrows represent relative movement

Fig.46 : Oblique-slip faults (wikipedia.org)
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8.2.1.4 Normal Oblique-Slip Faults: In these faults, the dip-slip component is normal,
meaning that the hanging wall moves downward relative to the footwall. This type of
faulting occurs in extensional tectonic settings where the crust is being pulled apart.
The combination of normal faulting and horizontal shearing results in diagonal

displacement.

8.2.1.5 Reverse Oblique-Slip Faults: These faults have a reverse dip-slip
component, where the hanging wall moves upward relative to the footwall. Reverse
oblique-slip faults occur in compressional tectonic settings where the crust is being
pushed together. The combination of reverse faulting and horizontal shearing leads to

diagonal movement along the fault plane.

9. Types of Forces in Geology

In the context of geology, forces applied to rocks can result in different types of

deformation:

« Compressive Force: This force pushes rocks together, causing shortening and
squeezing. It's often responsible for the formation of folds and faults in the

Earth's crust.

« Tensional Force: This force pulls rocks apart, leading to stretching and thinning
of the crust. It plays a significant role in the creation of rift valleys and normal

faults.

o Shearing Force: This force tears a rock by pushing one portion in one direction
and the other portion in the opposite direction. Shearing forces are commonly

associated with strike-slip faults and transform boundaries.

10.Deformation Behaviors of Rocks

Rocks respond to these forces in two primary ways, depending on the conditions such

as temperature and pressure:

o Brittle Deformation: When rocks experience minor internal strains and
eventually break catastrophically. An example is bending glass at room

temperature, which will snap without significant prior deformation.
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e Ductile Deformation: When rocks undergo smooth, continuous plastic
deformation without fracturing. An example is slowly bending a copper wire,

which deforms plastically before it breaks.

COMPRESSIVE TENSIONAL SHEARING
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Fig. 47 : Types of different stress (Source: Unknown)

In conclusion, geological forces such as compressive, tensional, and shearing stresses
play crucial roles in shaping the Earth's crust. These forces lead to various types of
deformation and geological structures, including folds and faults. Compressive forces
push rocks together, resulting in folding and reverse faults, while tensional forces pull

rocks apart, causing normal faults. Shearing forces result in strike-slip faults.

Rocks can respond to these stresses either in a brittle manner, breaking
catastrophically, or in a ductile manner, deforming plastically. Understanding these
behaviors and the resulting geological features is essential for interpreting Earth's

dynamic processes and assessing geological hazards.
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Volcanology
1.Introduction

Volcanology, sometimes spelled vulcanology, involves the examination of volcanoes, lava,
magma, and associated geological, geophysical, and geochemical processes known as
volcanism. The word volcanology comes from the Latin term vulcan, named after Vulcan, the
ancient Roman deity of fire. A volcanologist is a type of geologist who investigates volcanic
activity and the development of volcanoes, along with their past and present eruptions. These
scientists often travel to volcanoes, particularly those that are active, to study eruptions
firsthand and gather materials such as tephra (like ash or pumice), rocks, and lava samples. A
key area of research in this field is the prediction of volcanic eruptions; although there is
currently no precise method for doing so, successful predictions could potentially save

numerous lives, similar to earthquake forecasting.
2. volcano and Volcanism

Volcanism, also known as vulcanism or volcanicity, refers to the process where molten rock,
or magma, erupts onto the surface of the Earth or other solid-surface planets and moons. This
occurs through openings in the surface called vents, releasing lava, pyroclastic materials, and
volcanic gases. It encompasses all activities that cause magma from within the crust or mantle
to ascend through the crust and create volcanic rocks on the surface. When magmas reach

the surface and solidify, they form extrusive landforms.

Volcanism can influence temperatures in different ways. Over millions of years, it can gradually
increase average temperatures by emitting greenhouse gases. In contrast, human activities
have raised Earth's average temperature significantly in just a few decades. Additionally,
volcanic eruptions can lead to short-term cooling by dispersing particles into the atmosphere

that reflect sunlight.

As previously noted, volcanism involves all processes related to the creation of volcanoes and
the emergence of magma through fractures in the Earth's crust. This results in volcanic
eruptions characterized by magma being expelled from beneath the Earth's surface. Magma
is central to volcanism; when it reaches the surface, it becomes lava. Due to various magma
activities, volcanism can manifest in different forms, including diverse eruption types, volcano

shapes, and associated events.

2.1 The Scope of Volcanology
Volcanologists explore various aspects of volcanic activity, including:

1. Magma Dynamics: Studying the formation, composition, and movement of magma

beneath the Earth's surface.
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Eruptive Processes: Analyzing different types of eruptions, from effusive lava flows to
explosive events.

Volcanic Hazards: Assessing risks associated with volcanic activity and developing
mitigation strategies.

Geothermal Energy: Investigating the potential for harnessing volcanic heat for

sustainable energy production.

2.2 What are signs of volcanism ?

Volcanism exhibits a variety of signs that can be observed both before and after volcanic

activity. These signs are crucial for predicting eruptions and understanding the impacts of

volcanic activity on the environment.

2.2.1 Pre-volcanism Signs

1.

Frequent Earthquakes: Increased seismic activity in areas adjacent to a mountain
indicates the movement of magma beneath the surface, suggesting an impending
eruption.

Dried-up Water Sources: Water sources near the volcano may dry up as magma
heats and diverts underground water pathways.

Temperature Increase Around the Crater: Rising temperatures around the volcanic
crater signal that magma is approaching the surface.

Rumbling Sounds: Deep rumbling noises from within the Earth or desert regions are
often due to magma movement and gas explosions beneath the surface.

Animal Movement: Unusual behavior in animals, such as moving from the top to the
base of the mountain, can be a natural response to changes in the environment

caused by volcanic activity.

2.2.2 Post-volcanism Signs

1.

Emergence of Hot Springs (Geysers): After an eruption, hot springs or geysers may
appear as heated groundwater reaches the surface, driven by residual volcanic heat.
Appearance of Gas Sources: Volcanic gases, such as sulfur dioxide, can emerge
from vents, fumaroles, or cracks in the ground, creating visible and sometimes odorous
emissions.

Emergence of Mineral-rich Water Sources: New water sources with high mineral

content, such as sulfur, can develop as water interacts with volcanic rocks and gases.

These signs help volcanologists monitor and understand volcanic activity, aiding in the

prediction of eruptions and the assessment of volcanic hazards. By observing these indicators,

scientists can provide early warnings and implement safety measures to protect communities

living near volcanoes.
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2.3 Volcanic eruptions (Gateways to the Earth's Fiery Depths)

A volcano represents one of Earth's most dramatic and powerful geological features—a
complex natural system that serves as a direct conduit between the planet's fiery interior and
its surface. These geological structures are far more than simple openings; they are intricate
pathways through which the molten heart of our planet communicates its immense internal

energy and transformative potential.

Volcanoes emerge from the intricate dance of tectonic plates, those massive, slowly moving
sections of the Earth's lithosphere that continuously reshape our planet's surface. Most
commonly, volcanoes form along plate boundaries, where these massive geological structures
converge or diverge, creating zones of intense geological activity. During convergent plate
movements, one plate may slide beneath another—a process called subduction—which
generates immense heat and pressure, ultimately leading to volcanic formation. Conversely,
at divergent boundaries, such as mid-ocean ridges, plates pulling apart create opportunities

for magma to rise and form new volcanic structures.

Fig.48 : A volcanic eruption

A volcanic eruption is when gas and/or lava are released from a volcano—sometimes
explosively. Volcanoes provide a number of environmental benefits, for example: fertile soils,
hydrothermal energy, and precious minerals. But they also pose several hazards: volcanic ash,
gases, lahars (mud flows), landslides, lava flows, and pyroclastic flows (fast-moving currents
of hot gas). Volcanic eruptions can be deadly and often cause population displacement and

food shortages.

3. Causes of Volcanic Eruptions

Volcanic eruptions are primarily caused by the movement of magma from beneath the Earth's
surface to the surface, a process influenced by several geological factors. Here are the main

causes of volcanic eruptions:
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3.1. Magma Formation:

Magma is generated when rocks in the Earth's mantle and crust melt due to high temperatures

and pressures. This melting can occur in several ways:

o Tectonic Plate Movement: When tectonic plates shift, they can create conditions that
lead to melting. For instance, at subduction zones, one plate is forced beneath another,
causing water trapped in the subducting plate to be released. This water lowers the

melting point of surrounding rocks, resulting in magma formation.

o Hotspots: Some volcanoes form over hotspots, where plumes of hot mantle material

rise and melt through the crust, creating magma.
3.2. Pressure Buildup

As magma rises toward the surface, it encounters lower pressure, which allows dissolved
gases (such as water vapor, carbon dioxide, and sulfur dioxide) to form bubbles. This increase

in gas volume contributes to pressure buildup within the magma chamber.

o If the magma is viscous (thick), gas bubbles cannot escape easily, leading to a

significant increase in pressure until it exceeds the strength of the surrounding rock.
3.3. Eruption Triggers

When the pressure from gas bubbles becomes too great for the rock above it to contain, it can
result in an explosive eruption. The nature of the eruption—whether explosive or effusive—

depends on several factors:

e Magma Composition: The chemical composition of magma affects its viscosity and
gas content. More viscous magmas tend to trap gases longer, leading to more

explosive eruptions.

o Structural Weaknesses: Fractures or weaknesses in the Earth's crust provide
pathways for magma to escape. When these pathways are breached, an eruption

occurs.
3.4. External Factors
Certain external factors can also influence volcanic activity:

o Hydrothermal Interactions: Water interacting with hot magma can create steam that

builds up pressure, potentially leading to an explosive eruption.

o Environmental Changes: Natural events such as heavy rainfall or rapid glacier
melting can reduce pressure on a magma chamber, allowing magma to rise more easily

and potentially trigger an eruption.
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Parts of a Volcano
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Fig. 49: Parts of a volcano
4. Types of Volcanoes

Based on the frequency of eruption, there are three types of volcanoes:

4.1. Active volcanoes : are the most volatile and engaging geological systems, characterized
by frequent and periodic eruptions. These dynamic structures maintain open vents, allowing
continuous interaction between the Earth's interior and surface. Mount Etna in Italy, one of the
world's most active volcanoes, exemplifies this category with its near-continuous volcanic
activity. Located in Sicily, Etna has been erupting for thousands of years, providing

volcanologists with invaluable research opportunities.

Cotopaxi in Ecuador represents another classic example of an active volcano. Situated in the
Andes mountain range, this perfectly conical stratovolcano has a history of frequent and
sometimes devastating eruptions. Its persistent activity serves as a constant reminder of the

powerful geological forces operating beneath the Earth's surface.

4.2. Dormant Volcanoes: Dormant volcanoes occupy a fascinating intermediate state
between active and extinct formations. These geological sleeping giants possess the potential
for future eruptions, even after extended periods of apparent inactivity. While they might not
have erupted recently, underlying magmatic systems remain potentially active, creating an
atmosphere of geological anticipation.

Mount Vesuvius in Italy epitomizes the dormant volcano's unpredictable nature. Its infamous
eruption in 79 AD buried the Roman cities of Pompeii and Herculaneum, serving as a stark
reminder of dormant volcanoes' potential for catastrophic destruction. Similarly, Mount
Fujiyama in Japan, a symbol of Japanese cultural landscape, represents a dormant volcano

that continues to captivate both scientists and the public imagination.
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4.3. Extinct Volcanoes: Extinct volcanoes represent the final stage of volcanic lifecycle,
having exhausted their internal energy reservoirs. These geological monuments stand as silent
testimonies to past geological processes. Their vents are permanently sealed with solidified

lava, often transforming into unique landscape features.

Mount Popa in Myanmar and Mount Kenya in eastern Africa exemplify extinct volcanic
formations. These mountains frequently become ecological havens, with their weathered
slopes covered in rich vegetation, showcasing nature's remarkable ability to reclaim and

repurpose geological structures.

On the basis of nature of eruption and form developed on the surface, they are classified

into following types:

4.4. Shield Volcanoes: Shield volcanoes are characterized by their distinctive broad, gently
sloping profile resembling a warrior's shield. Composed primarily of basaltic lava—an
extremely fluid volcanic rock—these volcanoes typically form through non-explosive,
continuous lava flows. The Hawaiian volcanic chain represents the quintessential example of

shield volcano formation.

Their unique composition makes them particularly interesting: while generally non-explosive,
they can become dramatically active when water interacts with their volcanic vents, creating

potential for sudden, explosive transformations.

4.5. Composite cone volcanoes: Stratovolcanoes represent the most recognizable and
potentially destructive volcanic type. Composed of alternating layers of lava, ash, and rock
debris, these cone-shaped mountains can produce highly explosive eruptions. Mount Vesuvius
and Mount St. Helens epitomize this category, demonstrating the complex and unpredictable

nature of composite volcanoes.

Their layered structure results from multiple eruption episodes, with each layer representing a
different geological event. This stratification creates both their distinctive shape and their

potential for dramatic, far-reaching eruptions.

4.6. Cinder Cone Volcano : Cinder cone volcanoes form through a relatively straightforward
process: magma is expelled to the surface, rapidly cooling into ash and cinders that settle
around the volcanic vent. While generally smaller and less dangerous than other volcanic

types, they represent important stages in understanding volcanic formation processes.

4.7. Lava Dome: Lava dome volcanoes present a unique volcanic formation characterized by
extremely viscous lava that cannot flow great distances. As lava slowly accumulates, the outer

surface cools and hardens while internal pressure continues to build. This creates a fascinating
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dynamic where eventual pressure can cause the outer surface to shatter, resulting in loose

fragment cascades down the volcano's sides.

These diverse volcanic types illustrate the remarkable complexity of geological systems,
demonstrating how Earth's internal dynamics continuously reshape our planet's surface

through these extraordinary natural phenomena.

Types of Volcanoes

SHIELD LAVA DOMES
VOLCANOES

Large broad slopes, Small with steep sides,
fluid lava flow oozes viscous lava

Mauna Loa, Hawaii Showa Shinjan, Japan

Fig. 50: Types of a volcanoes
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5. Magma and Lava : Earth's Primordial Fluid - A Geological Marvel

Magma represents one of the most fundamental and transformative substances in our planet's

geological ecosystem—a complex, dynamic fluid that serves as the primary mechanism for

Magma vs Lava

Magma

The main difference between

, . » Molten rock S o ) » Molten rock

magma and lava is location, but the surface - the surface

the two also vary in composition
Consists of molten \ / » Consists of
rock, suspended ' molten rock and
crystals, and gas suspended solids
bubbles

Fig.51: Magma and Lava * Temperature

Temperature varies varies (700°C to
(600°C to 1,300°C) 1,200°C)
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Earth's internal energy transfer and surface transformation. Existing deep beneath the Earth's
crust within magnetic chambers, magma is far more than a simple molten rock; it is a
sophisticated mixture of silicates, oxides, and volatile constituents that embody the planet's

fundamental chemical and thermal dynamics.

The composition of magma is a intricate symphony of geological elements. Primarily consisting
of silicates—complex mineral compounds containing silicon and oxygen—magma also
incorporates a diverse array of oxides and volatile compounds that contribute to its unique
physical and chemical properties. These volatile constituents play a crucial role in determining

magma's behavior, viscosity, and potential for eruption (McBirney, A. R. 2007).

Confined within magnetic chambers located deep below the Earth's crust, magma exists in a
state of dynamic potential. These subterranean reservoirs act as crucibles of geological
transformation, maintaining molten rock at extremely high temperatures and pressures. The
magnetic chamber is not a static environment but a complex, evolving system where chemical
compositions shift, gases accumulate, and thermal energies fluctuate (Cashman & Scheu,
2015).

When magma approaches the Earth's surface and erupts, it transitions into lava—a distinction
that scientists meticulously maintain to describe the substance's geographical state. This
transformation is more than a simple change of location; it represents a fundamental shift in

the material's physical and chemical characteristics.

Lava is a remarkable geological substance, a complex mixture that defies simplistic
description. Comprising crystals, volcanic glass, and gas bubbles, lava embodies the dynamic
nature of volcanic processes. As magma approaches the surface, it undergoes a fascinating
crystallization process. Minerals like olivine begin to form, and volcanic gases create intricate

bubble structures within the molten rock (Berlo and Blundy 2013).

The chemical composition of lava reads like a periodic table of geological complexity.
Dominated by elements such as silicon, oxygen, aluminum, iron, and magnesium, lava also
contains significant quantities of calcium, sodium, potassium, phosphorus, and titanium. These
elements combine in intricate ways, creating the diverse range of volcanic rocks and

formations we observe on the Earth's surface.

When lava erupts, it exists in a state volcanologists describe as a "slush"—a dynamic mixture
of solid crystals, liquid material, and gas bubbles. As the lava cools and solidifies, the liquid
components rapidly "freeze," forming volcanic glass. This process creates the diverse and

often spectacular volcanic formations we observe in volcanic landscapes around the world.

The journey from magma to lava represents one of the most dramatic geological

transformations on our planet. It is a process that has shaped continents, created new
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landmasses, and played a crucial role in the Earth's geological evolution. From the gentle,

flowing basaltic lavas of Hawaiian volcanoes to the explosive, viscous flows of stratovolcanoes,

each eruption tells a unique story of our planet's internal dynamics.

5.1 Types of lava

The Silicate lava is generally classified into three types :

5.1.1 Felsic Lava

Alternate Name: Silicic lava.

Silica Content: Felsic lava contains more than 60% silica, giving it a high degree of
polymerization.

Viscosity: It is extremely viscous, often resulting in slow-moving flows or explosive
eruptions.

Geological Features: The high viscosity often traps gases, leading to the formation of
pyroclastic deposits during eruptions. Such eruptions can be highly explosive and

destructive, commonly associated with stratovolcanoes.

5.1.2 Mafic Lava

Alternate Name: Basaltic lava.

Silica Content: Silica levels in mafic lava range between 45% and 53%.

Viscosity: Compared to felsic lava, mafic lava has significantly lower viscosity, enabling
it to flow more freely over large distances.

Geological Features: The low viscosity contributes to the formation of shield volcanoes,
such as those in Hawaii, and flood basalts, which are extensive lava flows that can

cover vast areas. Mafic lava is less explosive due to its fluidity and reduced gas

trapping.

5.1.3 Ultramafic Lava

Silica Content: Ultramafic lava has a silica content of less than 45%, making it the least
silica-rich type of lava.

Viscosity: This type of lava is characterized by extremely low viscosity, allowing for
rapid flow.

Geological Features: Examples include komatiite and boninite, both of which are rare
in modern volcanic activity and are primarily found in ancient geological formations.

Ultramafic lava is a key indicator of early Earth's hotter mantle conditions.
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Table 1: Several

types of lava, their molecular compositions, and relative viscosity

Lava type Composition Viscosity
Silica, aluminum, potassium, sodium, and calcium,

Felsic forming a polymerized liquid rich in feldspar and Highly viscous
quartz

Mafic Magqesmm and.l_ron, with a lower composition of Modarately visoolis
aluminum and silica

Ultramafic Extremely high in magnesium oxide, with almost no

polymerization Low viscosity, relative to that of water

6.Volcanic eruption prediction:

Volcanic eruption prediction is a complex and evolving field that combines various monitoring

techniques and scientific approaches to forecast when and how a volcano might erupt. Here

are the key aspects of volcanic eruption prediction

6.1 Monitoring Techniques

e Seismic Monitoring: Detecting earthquakes and tremors that often precede eruptions

e Ground Deformation: Measuring changes in the volcano's shape using GPS, InSAR,

and tiltmeters

e Gas Emissions: Analyzing changes in volcanic gas composition and volume

o Thermal Imaging: Identifying new hot spots using satellite and aircraft data

e Infrasound Detection: Using sub-audible sound to locate erupting volcanoes
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6.2 Prediction Approaches
Volcanologists use two main approaches for eruption forecasting:

o Deterministic Approach: Attempts to predict with certainty whether an eruption will
occur.

e Probabilistic Approach: Estimates the likelihood of an eruption, expressed as a
percentage.

e The probabilistic approach is generally preferred due to the complex, non-linear

behavior of many volcanic systems
6.3 Challenges and Limitations

¢ Volcanic systems are complex, making accurate predictions difficult.
e Only about 20% of eruptions are accurately forecasted.

e Patterns of volcanic unrest can change, introducing uncertainty.
6.4 Recent Advancements

o Development of new models combining satellite data with numerical simulations.
e Focus on identifying specific monitoring signals related to magma rise.

o Efforts to predict the location of future eruptive vents
7. Ilgneous rocks

Igneous rocks are a fundamental category of rocks formed through the cooling and
solidification of molten rock material, which is rock that has been liquefied by intense
heat and pressure within the Earth. This molten material, known as magma, originates
deep within the Earth's lower crust or upper mantle, where temperatures and pressures
are sufficiently high to induce melting. When magma cools and crystallizes, it

transitions into a solid state, creating igneous rocks.

The process of igneous rock formation can occur in two primary environments: either
at the surface of the Earth, typically through volcanic activity, or beneath the surface
within the Earth's crust. Magma that erupts onto the surface is referred to as lava, and
it cools rapidly due to exposure to the atmosphere or water, often leading to the
formation of fine-grained or glassy rocks. Conversely, when magma remains trapped
within the Earth's crust, it cools slowly over extended periods, allowing the

development of larger crystals, resulting in coarse-grained rocks.
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The composition of igneous rocks varies widely and is determined by the specific
characteristics of the magma from which they originate. Additionally, the appearance
and texture of these rocks are influenced significantly by the cooling rate. For instance,
magma with the same composition can produce vastly different rocks: rapid cooling on
the surface yields rhyolite, characterized by a fine-grained structure, while slow cooling
beneath the surface forms granite, known for its coarse-grained texture and visible

crystals.

This diversity in composition and texture makes igneous rocks an essential area of
study, as they provide critical insights into the geological processes occurring deep

within the Earth and the history of volcanic activity on its surface.

7.1 Classification of Igneous Rocks

7.1.1. Classification By Mineral Abundance

Igneous rocks can be divided into four categories based on their chemical composition:
felsic, intermediate, mafic, and ultramafic. The diagram of Bowen’s reaction series
(Figure below) shows that differences in chemical composition correspond to
differences in the types of minerals within an igneous rock. Igneous rocks are given

names based on the proportion of different minerals they contain.

Bowen’s Reaction Series

Ultramafic
(peridotite)
Plagioclase Mafic
(Gabbro/Basalt)

Intermediate
(Diorite/Andesite)

Potassium feldspar I

Felsic
(Granite/Rhyolite)

|
| Muscovite I
|

Quartz I

Fig.53 : Bowen's Reaction Series (Wikipedia.org)
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7.1.2 Classification By Grain Size

The classification of an igneous rock is influenced by its cooling location—either
beneath the Earth’s surface or on it. Rocks that cool slowly beneath the surface are
known as intrusive or plutonic igneous rocks, while those that cool quickly after erupting
onto the surface are called extrusive or volcanic igneous rocks. For instance, a felsic
rock formed intrusively is referred to as granite, whereas its extrusive counterpart is
known as rhyolite. Although granite and rhyolite share the same mineral composition,
their differing cooling rates result in distinct grain sizes, giving each rock a unique

appearance.

The primary distinction between intrusive and extrusive igneous rocks lies in their
crystal sizes, which depend on the cooling rate of the molten rock. Slow cooling allows
larger crystals to form, as is the case with magma insulated by surrounding rock
beneath the Earth's surface. In contrast, rapid cooling at the surface produces smaller
crystals, characteristic of extrusive rocks.

Table below summarizes the key differences between intrusive and extrusive igneous

rocks.
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Table 2 : Differences between intrusive and extrusive igneous rocks.

Comparison of Intrusive and Extrusive Igneous Rocks

Features of

Igneous Magma cools within Earth Lava cools on Earth’s surface
Rocks
Terminology | Intrusive/ plutonic Extrusive/ volcanic
. Slow: surrounding rocks insulate Rapid: heat is exchanged with the
Cooling rate
the magma chamber. atmosphere.

8. Continental Drift and Plate-Tectonics Theory

According to the theory of continental drift, the world was once composed of a single
supercontinent known as Pangaea, which existed through much of geologic time. Over millions
of years, this supercontinent gradually broke apart and drifted, forming the seven continents
we recognize today. The first comprehensive theory of continental drift was proposed by the
German meteorologist Alfred Wegener in 1912. Wegener's hypothesis asserted that the
continents are composed of lighter rocks that rest atop heavier crustal material, akin to

icebergs floating on water (Wegener, 1915).

Wegener contended that the relative positions of the continents are not fixed but are slowly
moving at a rate of approximately one yard (90 cm) per century. His hypothesis was initially

controversial but later gained acceptance with the advent of the plate tectonics theory.

The generally accepted plate tectonics theory builds upon Wegener's continental drift concept.
According to this theory, Earth's surface is fragmented into numerous shifting slabs or plates,
which average about 100 kilometers in thickness. These plates move relative to one another
atop a hotter, deeper, and more mobile layer known as the asthenosphere. The movements of
tectonic plates occur at average rates of several inches per year (Wilson, 1965; Le Pichon,
1968).

Most of the world's active volcanoes are located along or near the boundaries between shifting
tectonic plates and are referred to as plate-boundary volcanoes. These zones of intense
geological activity are where plates converge, diverge, or slide past one another, leading to the

formation of various volcanic landforms and triggering volcanic eruptions.
8.1 Continental Drift Theory

The Continental Drift Theory, proposed by Alfred Wegener in 1912, suggests that the
continents on Earth were once part of a single, massive supercontinent called PANGAEA,
which meant all earth. Mega-ocean was called PANTHALASSA, meaning all water; which
began to break apart and drift to their current positions over millions of years. According to this

theory, the Earth's continents are not fixed but are in constant motion, slowly moving across
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the surface of the planet. Wegener's idea challenged the prevailing belief of his time that the
continents and oceans were permanently fixed in place. He argued that the Earth's outer shell,
or lithosphere, is divided into plates that float on the more fluid asthenosphere below, causing
the continents to drift gradually. The theory emphasizes the dynamic nature of the Earth's
surface, where processes such as continental collision, subduction, and seafloor spreading
contribute to the continual reshaping of the planet's geography. This perspective marked a
significant shift in the understanding of Earth's geological processes, paving the way for further

developments in plate tectonics.

Pangaea broke to Laurasia/ Angaraland (forming Northern Continents) and Gondwanaland
(Southern Continents) with Tethys Sea between them. Subsequently, Laurasia and
Gondwanaland continued to break into various smaller continents that exist today. (Note —

India was part of Gondwanaland.)

Despite initial resistance due to the lack of a clear mechanism to explain the movement of
continents, Wegener's ideas laid the groundwork for modern geology and a deeper

comprehension of Earth's evolutionary history (Wegener, 1915).
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8.2 Evidence for Continental Drift Theory

a.Continental fit / Jig Saw Fit : The concept of continental fit, also known as the jig-saw fit, is

Continental Fit

Fig. 56 The concept of continental fit
an important piece of evidence supporting the theory of continental drift. This idea was first
proposed by Alfred Wegener in his 1915 book The Origin of Continents and Oceans, where he
suggested that the continents once formed a single supercontinent called Pangaea. Over
millions of years, this supercontinent broke apart and the pieces drifted to their current
positions. One of the most striking pieces of evidence for continental drift is the matching
coastlines of continents that are now separated by oceans. For example, the eastern coastline
of South America fits closely with the western coastline of Africa, much like pieces of a jigsaw

puzzle

b. Rocks of same age across oceans : The geological features and rock formations along
the coastlines of continents that now lie separated by oceans provide compelling evidence of
their past connection. One notable example is the remarkable geological similarity between
the Appalachian Mountains in North America and the Caledonian Mountains of Scotland and
Scandinavia. These mountain ranges share not only comparable rock types but also similar
ages and structural patterns, strongly suggesting that they were once part of a continuous

mountain belt before the continents drifted apart (Smith & Hallam, 1970).

Further supporting this idea is the alignment of the Appalachian Mountains with geological
structures in North Africa, particularly in regions of Morocco and Algeria. Studies indicate that
the southern extension of the Appalachian Mountain system correlates with formations found
in the Anti-Atlas range of Morocco and parts of Algeria, demonstrating a continuity that
predates the opening of the Atlantic Ocean. This alignment underscores the

interconnectedness of these landmasses during the supercontinent Pangaea's existence.
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Such geological correspondences, observed across widely separated regions, not only
highlight the shared history of these continents but also provide valuable insights into the

processes that have shaped the Earth's surface over geological time (Ziegler, 1989).

c. Fossils : When identical fossil specimens of extinct species appear in rocks of the same
age across different continents, it indicates these landmasses were once joined. For instance,
fossils of Glossopteris (an extinct seed fern) are found in South America, Africa, India,
Antarctica, and Australia, suggesting these continents were once united. These fossil patterns
help reconstruct ancient geography and validate the theory of continental drift. The discovery
of matching fossils across distant continents is particularly significant because many
prehistoric species had limited mobility or dispersal capabilities, making it impossible for them

to cross vast oceans.

o Fossils of the seed fern Glossopteris were too heavy to be carried so far by wind.
e Mesosaurus was a swimming reptile but could only swim in fresh water.

e Cynognathus and Lystrosaurus were land reptiles and were unable to swim.

/

AFRICA

Fig.57: Fossil patterns across continents
(Gondwanaland)

Image: From This Dynamic Earth: The Story of Plate Tectonics p8

d. Placer Deposits

The occurrence of abundant placer deposits of gold along the Ghanaian coast, despite the
lack of source rock in the region, provides a fascinating insight into geological history. The gold
deposits are thought to have originated from gold-bearing veins located in Brazil, indicating a
geological connection between the two regions. This connection can be traced back to a time

when the Ghana and Brazil plateaus were adjacent, reinforcing the theory of continental drift.
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The transport of gold from its Brazilian source to the Ghana coast likely occurred before the
separation of the continents, during a period when they were joined as part of the
supercontinent Pangaea. As Pangaea began to fragment approximately 200 million years ago
during the Mesozoic Era, the continents drifted to their current positions, dividing the shared

geological and mineral resources across newly formed oceanic boundaries.

This evidence not only supports the theory of continental drift but also highlights the profound
impact of plate tectonics on the distribution of mineral resources. It illustrates how the
movement and reconfiguration of Earth's lithospheric plates over geological time have shaped
both the physical landscape and the availability of natural resources in different parts of the

world.
e. Tillite

Tillite, a sedimentary rock formed from glacial deposits, offers a compelling record of Earth's
past climates and continental arrangements. These rocks are created when glaciers transport
and deposit sediments, which are later compacted and lithified into solid rock. The presence
of tillite in the Gondwana system of sediments in India serves as significant geological evidence

for the ancient supercontinent known as Gondwana.

The Gondwana system, found in India, has counterparts in six other landmasses across the
Southern Hemisphere, including Africa, South America, Antarctica, Australia, and Madagascar.
These regions share striking similarities in the composition and age of their glacial deposits,
suggesting that they were once part of a unified landmass situated near the South Pole. The
widespread distribution of tillite across these continents indicates extensive glaciation during
the late Paleozoic Era, around 300 to 250 million years ago, when Gondwana existed as a

single supercontinent.

This shared geological heritage underscores the connection between the continents before
their separation through the process of plate tectonics. The discovery of tillite across these
now-distant landmasses supports the theory of continental drift, providing direct evidence of a
shared glacial history that predates the breakup of Gondwana into the continents we recognize

today.
8.3 Plate Tectonic Theory

Tectonic plates, large slabs of rock that divide Earth’s crust, move constantly to reshape the
Earth’s landscape. The system of ideas behind plate tectonics theory suggests that Earth's
outer shell (lithosphere) is divided into several plates that glide over the Earth’s rocky inner
layer above the soft core (mantle). Plate tectonics represents a revolutionary framework that

explains Earth's dynamic nature through the movement of massive lithospheric plates. These
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plates, approximately 100 kilometers thick, float and move across the semi-fluid

asthenosphere

Plate tectonics has become the unifying theory of geology. It explains the earth’s surface
movement, current and past, which has created the tallest mountain ranges and the deepest

oceans.

Plate tectonics has become the unifying theory of geology, integrating various observations
and explaining the dynamic nature of Earth's surface. It provides a framework for
understanding the processes that have shaped the planet over geological time and continue

to influence its evolution.
8.4 Fundamental Principles :

Plate tectonic theory is built on several fundamental principles that explain the movement and

interaction of Earth's lithospheric plates. Here are the key concepts:

o Lithosphere and Asthenosphere: The lithosphere, comprising the crust and the
uppermost mantle, is divided into rigid plates. These plates float on the semi-fluid
asthenosphere, a more ductile layer within the upper mantle that allows for plate
movement.

o Tectonic Plates: The Earth's lithosphere is divided into major and minor tectonic
plates. Major plates include the Pacific Plate, North American Plate, Eurasian Plate,
African Plate, South American Plate, Indo-Australian Plate, and Antarctic Plate. These
plates vary in size, thickness, and composition, and they include both continental and
oceanic crust.

o Seafloor Spreading: At mid-ocean ridges, new oceanic crust is formed as magma
rises and solidifies. As new crust forms, older crust is pushed away, leading to the
widening of ocean basins. This process, known as seafloor spreading, supports the
idea of continental drift.

o Plate Motions: Plates move at varying rates, typically a few centimeters per year. Their
interactions shape the Earth's surface, leading to the formation of various geological

features such as mountains, volcanoes, and earthquakes.
8.5 The major plates : The major plates are

Antarctic and the surrounding oceanic plate
North American
South American

Pacific plate.

-+ + + ¥

India-Australia-New Zealand plate .
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*
*

Africa with the eastern Atlantic floor plate .

Eurasia and the adjacent oceanic plate.

Some important minor plates are

+

EFEFE

Cocos plate : Between Central America and Pacific plate .
Nazca plate :Between South America and Pacific plate .
Arabian plate : Mostly the Saudi Arabian landmass.
Philippine plate : Between the Asiatic and Pacific Plate .
Caroline plate : Between the Philippine and Indian plate (North of New Guinea) .
Fuji plate : North-east of Australia.
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Lithospheric plates move around the globe in different directions and come in many different

shapes and sizes. Their movement rate is millimeters to a few centimeters per year. The

tectonic plate meet at places called plate boundaries.

8.6 Plate Boundaries

Plate boundaries are important because they are often associated with earthquakes and
volcanoes. When Earth’s tectonic plates grind past one another, enormous amounts of energy

can be released in the form of earthquakes. Volcanoes are also often found near plate
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boundaries because molten rock from deep within Earth—called magma—can travel upward

at these intersections between plates.

According to Plate Tectonic theory there are three types of plate boundaries :

PLATE BOUNDARIES

DIVERGENT CONVERGENT TRANSFORM
PLATE BOUNDARY PLATE BOUNDARY PLATE BOUNDARY

Transform
Oceanic Ridge Oceanic Trench / Fault

Fig. 59The three types of tectonic plate boundaries

(worldatlas.com)

Ocean-Ocean Convergent

Continent-Continent Divergent

Ocean-Ocean Dvergem_
il l

Qcean-Continent Convergent

Continent-Continent Transform Continent-Continent Convergent

I Ocean Land
B Lithosphere [ Asthenosphere

Fig. 60 : These models show 6 main types of plate tectonic boundaries. Blue indicates ocean, green indicates

land, brown indicates the lithosphere, and orange is the asthenosphere. The bold arrows on the plates indicate their
relative motion. Also shown are gray volcanoes. Ocean-ocean transform boundaries (not shown) exist on a small
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scale associated with spreading at mid-ocean ridges, and continent-ocean transform and divergent boundaries are

rare (former) or don’t exist (latter). Image credit: Adapted from Wikimedia Commons user Domdomegg, CC BY

8.7.Subduction Zone (Convergent) : Subduction zones are a type of convergent boundary
where two tectonic plates move towards each other. This boundary is characterized by the
process in which one plate slides underneath the other, leading to significant geological activity

and the creation of various landforms.
8.7.1Key Processes in Subduction Zones :

a) Oceanic-Continental Convergence: When an oceanic plate converges with a
continental plate, the denser oceanic plate is forced beneath the lighter continental
plate in a process known as subduction. This results in the oceanic plate bending
downward and sinking into the mantle. The subducting plate gradually melts as it
descends, generating magma that can lead to volcanic activity on the overlying
continental plate.

b) Oceanic-Oceanic Convergence: In cases where two oceanic plates converge, the
older and denser of the two plates will subduct beneath the other. This process also
leads to the formation of deep ocean trenches and volcanic island arcs, such as the
Mariana Trench and the Aleutian Islands.

c) Continental-Continental Convergence: When two continental plates collide, neither
plate is easily subducted due to their buoyant nature. Instead, the collision leads to the
crumpling and uplifting of the crust, forming extensive mountain ranges. The

Himalayas, for example, were formed by the collision of the Indian and Eurasian plates.

8.8.Divergent Margin

A divergent margin, also known as a divergent boundary, occurs when two tectonic plates
move away from each other. This movement creates a gap between the plates, which is filled
by molten rock rising from the Earth's mantle. Divergent margins can be found both at mid-

ocean ridges and within continental rift zones.
8.8.1 Key Characteristics:

a) Mid-Ocean Ridges: At mid-ocean ridges, such as the Mid-Atlantic Ridge, oceanic
plates spread apart, creating new oceanic crust as magma rises and solidifies. This
process, known as seafloor spreading, continuously adds new material to the ocean
floor, pushing older crust away from the ridge.

b) Continental Rift Zones: On continents, divergent margins can form rift valleys where

the crust is being pulled apart. An example is the East African Rift, where the African
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continent is slowly splitting into two plates. In these regions, the rising magma can

create volcanoes and fault lines as the crust stretches and thins.

At divergent margins, the creation of new crust is a primary feature, as magma rises to the
surface, cools, and forms new rock, continuously renewing the Earth's surface. This process
often results in the formation of large valleys and basins in continental rift zones due to the
stretching and thinning of the crust. Additionally, the rising magma can lead to volcanic activity,

giving rise to volcanic islands and mountain ranges along the ridge or rift.
8.9 Transform Margin

Transform margins are geological boundaries where two tectonic plates slide past each other
horizontally. One of the most famous examples of a transform margin is California's San
Andreas Fault. This fault delineates the boundary where the North American Plate and the
Pacific Plate grind past each other in a lateral motion. Unlike convergent and divergent
boundaries, transform margins are characterized by horizontal movement rather than vertical

displacement.

The movement at transform margins is not smooth or continuous. Instead, the plates often
become locked due to friction, building up significant stress over time. When this accumulated
stress exceeds the frictional forces holding the plates in place, it is released suddenly in the
form of an earthquake. The San Andreas Fault, for instance, has produced several notable

earthquakes due to this process of stress accumulation and release.

9. Mechanisms for Plate Motion

The mechanisms driving plate motion are indeed complex and still subject to some debate
among geologists. While your description provides a good foundation, we can expand on this

topic to provide a more comprehensive understanding of the forces at play.
9.1 Heat Sources and Mantle Convection
The primary source of heat driving plate tectonics comes from two main origins:

¢ Radioactive decay of elements such as uranium, thorium, and potassium in the Earth's
interior.
e Residual heat from the Earth's formation, including gravitational energy converted to

heat during the planet's early stages.

This heat generates convection currents in the mantle, as you correctly stated. However, the

role of these currents in directly moving plates is now questioned by some scientists.

9.2 Ridge Push and Slab Pull

Current models suggest that plate motion is primarily driven by two forces:
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e Ridge Push: As new oceanic crust forms at mid-ocean ridges, it cools and becomes
denser, sliding down the sides of the ridge and pushing the plate away.

e Slab Pull: This is considered the strongest force driving plate motion. As oceanic plates
become cooler and denser with age, they sink into the mantle at subduction zones,

pulling the rest of the plate along.

The ridge push/slab pull model is now favored by many geologists over the simple mantle
convection model.

9.3 Evidence Supporting Ridge Push/Slab Pull
Several observations support this model:

¢ Plates attached to subducting slabs (e.g., Pacific, Australian, and Nazca Plates) move
faster than those without.

¢ Plate velocity is not related to plate area, which would be expected if convection traction
were the primary driver.

¢ Modern imaging techniques have not identified mantle convection cells large enough

to drive plate movement directly

9.4 Role of Mantle Convection

Mantle convection, although not the primary driver, still plays a crucial role by bringing hot,
buoyant rock to the surface and creating ridges, and may contribute to plate motion through
secondary mechanisms like basal traction. Other forces influencing plate motion include tidal
forces from the Moon and Sun, Earth's rotation, and mantle plumes and hot spots. Thus, while
heat from Earth's interior remains the ultimate energy source for plate tectonics, the specific

mechanisms driving plate motion are more complex than simple mantle convection, involving
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an interplay between ridge push, slab pull, and various other forces, making this an active area

of research in geophysics.

Convection Currents

Scientists believe that tectonic plates move because of convection currents that flow up from the

core of the Earth and circulate under the asthenosphere.

Ridge Push
The intrusion of magma into an oceanic
ridge pushes the plates away.
Oceanic ridge Plates float on the convection
currents of the asthenosphere.

Slab Pull

The cooling slab of denser
oceanic slab sinks into the
subduction zone.

Fig. 61 : mantle convection

Check out this animation of mantle convection and watch this video:
https://youtu.be/p0dWF 3PYh4

LESSON SUMMARY

+

= = & ¥

s

Plates of lithosphere move because of convection currents in the mantle. One type of
motion is produced by seafloor spreading.

Plate boundaries can be located by outlining earthquake epicenters.

Plates interact at three types of plate boundaries: divergent, convergent and transform.
Most of the Earth’s geologic activity takes place at plate boundaries.

At a divergent boundary, volcanic activity produces a mid ocean ridge and small
earthquakes.

At a convergent boundary with at least one oceanic plate, an ocean trench, a chain of
volcanoes develops and many earthquakes occur.

At a convergent boundary where both plates are continental, mountain ranges grow
and earthquakes are common.

At a transform boundary, there is a transform fault and massive earthquakes occur but
there are no volcanoes.

Processes acting over long periods of time create Earth’s geographic features.
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