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Geotectonics: Introduction 

1- Definition of the term geotectonics: What is geotectonics?? 

The word geotectonics is derived from two Greek words geo-earth, and tectonicon-to build.  

Geotectonics is the study of the geological structural forms of the earth crust and the tectonic 

movements creating them. In other words: it is the study of the mechanical processes in the 

Earth's crust and their results. Geotectonics is concerned with structures of deep-seated 

origin.  

Geotectonics can be divided into: 

1- Structural geotectonics: 

• Studying the morphology of structural forms. 

• Studying the mechanism of the development of structural forms. 

2- Regional geotectonics: 

• Studying the spatial distribution and history of structural forms, which is done 

by the methods and techniques of regional geological investigations. 

3- General geotectonics: 

• Studying the geotectonic cycles or stages: the cycles or stages of the 

development of the tectonic movements. 

• Explaining the causes of the tectonic processes. 

2-Historical background and the Continental Drift theory: 

On the old times, scientists observed many criteria about the earth that needed to be 

explained: 

1- Jigsaw-puzzle fit of the continental edges. 

2- Fossil plants and animals are extraordinarily similar across the globe 

3- Sequences of rock formations in distant continents are also strikingly alike. 

4- Paleoclimate change 

5- Earthquakes and volcanoes are concentrated into specific locations. 

6- How mountains are formed 

 

At the turn of the 20th century, Austrian geologist Eduard Suess proposed the theory of 

Gondwanaland to account for these similarities: that a giant supercontinent (Gondwanaland) 
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had once covered much or all of Earth's surface before breaking apart to form continents and 

ocean basins. A few years later, German meteorologist Alfred Wegener suggested an 

alternative explanation: continental drift. Wegener realized that paleoclimate change could 

be explained if continents had migrated across climate zones and the reconfiguration of land 

masses altered Earth's climate patterns. Bringing together a large mass of geologic and 

paleontological data, Wegener postulated that: 

1. Throughout most of geologic time there was only one supercontinent called Pangea 

(All-Earth in Greek) and one ocean called Panthalassa (All-Sea).  

2. Late in the Jurassic, Pangea fragmented, and the parts began to move away from one 

another, forming two large continents; Laurasia in the north and Gondwana in the 

south.  

3. Two oceans were also formed, the Panthalassic ocean to the west and the Tethys 

Ocean to the East.  

4. Drifting and fragmenting continued. The westward drift of the Americas opened the 

Atlantic Ocean, and the Indian block drifted across the Equator to merge with Asia. 

The northward drifting of Africa closed the Tethys Ocean forming the Tethys Sea and 

opened the Indian ocean.  

5. This continued until formed the modern-day continents and oceans. The 

Mediterranean Sea is the remain of the Tethys Sea. 

 

Figure 1: Schematic diagram of the continental drift theory. 

In the beginning, Wegner’s theory was rejected due to the following reasons: 

• The theory didn’t explain the powers that moved the continents and how they moved.  
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• The theory didn’t account for Pratt’s hypothesis of Isostacy adopted by the 

Americans. Isostasy or isostatic equilibrium is the state of gravitational equilibrium 

between Earth's crust (or lithosphere) and mantle such that the crust "floats" at an 

elevation that depends on its thickness and density. There are two theories were made 

to explain the isostacy: Pratt’s and Airy’s theories (Figure 2). In Pratt's theory, there 

are lateral changes in rock density across the lithosphere. Assuming that the mantle 

below is uniformly dense, the less dense crustal blocks float higher to become 

mountains, whereas the denser blocks form basins and lowlands (high density 

compensate for low topography and vise versa). On the other hand, Airy's theory 

assumes that across the lithosphere, the rock density is approximately the same, but 

the crustal blocks have different thicknesses. Therefore, higher mountains also extend 

deeper roots into the denser material below and oceans have anti-roots. So, if 

continental drift were true, then the large compressive forces involved would squeeze 

the crust to generate thickness differences, ultimately ending up with the Airy version 

of isostasy.  

 

Figure 2: An illustration of Pratt and Airy's theories of isostacy. 

• The concept of uniformitarianism. Uniformitarianism was the principle, articulated 

most famously by British geologist Sir Charles Lyell (1797-1875), that the best way 

to understand the geological record was by reference to presently observable 

processes (The present is the key to the past). According to drift theory, however, 

continents in tropical latitudes did not necessarily have tropical faunas, because the 

reconfiguration of continents and oceans might change matters altogether. Wegener's 

theory raised the specter that the present was not the key to the past. 

To solve the problem of the forces that causes the continents to drift, the British geologist 

Arthur Holmes (1890-1965) suggested that the substrate was partially molten (plastic). If it 
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was plastic, then continents could move within it by convection currents in the mantle 

(Figure 3). 

 

Figure 3: Holmes' model of the convection currents in the mantle. 

3- The role of geophysics in supporting the continental drift and the origin of 

the plate tectonic theory: 

A- Gravity anomalies: 

Earlier gravity measurements demonstrated an association between negative gravity 

anomalies (lower gravity values than the surroundings) and regions where the ocean was 

particularly deep (trenches). These negative gravity anomalies indicated some form of crustal 

disturbance or deformation, and thus are interpreted to mean that the segments of the 

lithosphere that underlie trenches are being forced down against buoyant isostatic forces 

(Figure 4). Apparently, the ocean basins were not static, but actively deforming, at least in 

certain zones. This was interpreted as that convection currents might be dragging the crust 

downward into the denser mantle below.  

B- Seismology: 

This interpretation of gravity data is substantiated by seismological studies. All trenches are 

associated with zones of earthquake foci. It was found that earthquakes occur close to the 

trenches, at shallower depths of 55 km or less. With increased distance away from the 

trenches, earthquakes occur at greater and greater depths—500 km or more. Seismic foci thus 

define tabular zones approximately 20 km thick that dip landward at about 45° beneath the 

continents (Figure 5). Analyses of these seismic zones and of individual earthquakes suggest 

that the seismicity results from the slippage of a lithospheric plate with its associated crust 

into the asthenosphere. 
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Figure 4: The negative gravity anomalies measured above oceanic trenches. 

 

Figure 5: The distribution of earthquake foci along the subducted slab. 

C- Paleomagnetism and heat flow studies: 

The history of variations in the magnetic field might be recorded in rock by the property of 

remanent magnetism—the rock keeps the properties of the magnetic field even after the 

removal of the magnetic field. In the early 20th century, Pierre Curie had discovered that rocks 

cooled in a magnetic field take on the polarity of that field (the temperature at which this 

occurs eventually became known as the Curie point). Therefore, if the magnetic field varied, 

these variations might be recorded in rocks, particularly volcanic rocks at the time of their 

formation. So, remanent magnetism held a record of the variations in the earth's magnetic 

field, and that these variations showed that rocks had not remained stationary relative to 

Earth's magnetic field over the course of geological history. This assumption suggests that 
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the land masses had moved relative to the poles (continental drift). The paleomagnetic data 

were considered as evidence for continental drift.  

In addition, magnetic field reversal also supported the idea and become a key factor in 

proving the continental drift through paleomagnetic studies. Earth's magnetic field 

periodically reversed its polarity. A distinctive pattern of normal and reversely magnetized 

rocks represented anomalies formed a series of stripes, roughly parallel to the shoreline. 

Published in black and white, they looked a bit like zebra stripes. Magnetic reversals plus sea 

floor spreading added up to a testable hypothesis; if the sea floor spreads while Earth's 

magnetic field reverses, then the basalts forming the ocean floor will record these events in 

the form of a series of parallel "stripes" of normal and reversely magnetized rocks. This 

anomaly pattern is called magnetic zebra pattern (Figure 6).  

 

 

D- Bathymetric studies: 

Other studies focused on bathymetric data—measurements of the depth of the sea floor. 

These measurements were used to create a physiographic map, a map of what the sea floor 

would look like drained of water, based on quantitative measurements. This map revealed the 

most important feature: a mountain chain running down the middle of the ocean floor, 

crosscut by an enormous series of east-west fractures that dislocated the ridge all along its 

length. A fracture zone also ran down the middle of the mid-ocean ridge, and the geologists 

noted that the shape of this central fracture zone suggested it was a rift, a place where the 

ocean floor was being pulled apart (Figure 7). Accordingly, the sea floor was split down the 

middle, the two sides were moving apart, and the rocks on either side preserved a symmetrical 

pattern of the periodic reversals of Earth's magnetic field (Figure 8). 

Figure 6: Map of magnetic anomalies in 

the ocean just south of Iceland. Positive 

anomalies, where the magnetic field is 

stronger than average, are marked black 

while negative anomalies, where the 

field is weaker, are white. The axis of the 

mid-Atlantic ridge, here known as the 

Reykjanes Ridge, is marked in red. Note 

that the striped pattern is roughly 

symmetrical about the ridge. 
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Figure 7: The physiographic map showing the mid-oceanic ridges at the Atlantic Ocean floor. 

 

Figure 8: Ocean floor spreading and the production of the magnetic reversals. 

A global picture now emerged. Oceans split apart at their centers, where new ocean floor is 

created by submarine volcanic eruptions. The crust then moves laterally across the ocean 

basins. Ultimately, it collides with continents along their margins (edges), where the ocean 

crust sinks underneath, back into Earth's mantle. As it does, it compresses the continental 

margins, generating folded mountain belts and magmas that rise to the surface as volcanoes, 

and deep earthquakes as the cold, dense ocean slab sinks farther and farther back into the 

earth (Figure 9). A map of the world divided into plates was constructed (Figure 10). The 

result became known as plate tectonic theory, and it was now the unifying theory of the 

earth sciences. 
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Figure 9: A generalized diagram showing the lithospheric situation associated with the formation 

of convergent, divergent, and transform plate boundaries (By: USGS).  

 

Figure 10: A generalized map of Earth's major tectonic plates. (By: USGS). 

3- The Plate tectonic theory: 

Plate tectonics is the theory that Earth's outer shell is divided into several plates that glide 

over the mantle. The plates act like a hard and rigid shell compared to Earth's mantle. This 

strong outer layer is called the lithosphere. The lithosphere includes the crust and outer part 

of the mantle. Below the lithosphere is the asthenosphere, which is ductile or partially 

ductile, allowing the lithosphere to move around. There are 12 major plates on Earth, each of 

which slide around at a rate of centimeters per year, pulling away from, scraping against or 

crashing into each other. Each type of interaction between the plates produces a characteristic 

“tectonic feature”, like mountain ranges, volcanoes and (or) rift valleys. 
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A- What are the tectonic plates? 

The outermost two layers of the Earth, the lithosphere and asthenosphere, are directly 

involved in plate tectonics. A tectonic plate (also called lithospheric plate) is a massive, 

irregularly shaped slab of solid rock, generally composed of both continental and oceanic 

lithosphere. Plate size can vary greatly, from a few hundred to thousands of kilometers across; 

the Pacific and Antarctic Plates are among the largest. Plate thickness also varies greatly, 

ranging from less than 15 km for young oceanic lithosphere to about 200 km or more for 

ancient continental lithosphere (for example, the interior parts of North and South America). 

The lithosphere (Greek shell of rock) ranges in thickness from 70 to 150 km or more, thicker 

below the continents, thinner below the oceans. It consists of two components – the crust 

(oceanic or continental), and the lithospheric part of the mantle. The lithospheric mantle 

behaves in brittle fashion and contrasts in this regard from the underlying “plastic-like” 

asthenosphere (Greek weak shell). The asthenosphere behaves in ductile fashion and locally 

contains pockets of molten rock. Beneath the asthenosphere is the rest of the mantle, which 

is completely solid – but can also flow (on geological time scales) because of the intense 

temperatures and pressures involved.  

Earth’s crust, which forms the uppermost 5–60 % of the plates, is generally divided into two 

types, continental and oceanic.  

The continental crust is characterized by: 

– an average thickness of 30–40 km but ranges up to 70 km under mountain ranges.  

– Older in age. 

– consists of relatively light (less dense) material that consists of acidic (SiO2 > 65% 

weight), granitic and metamorphic rocks (granites, granodiorites, gneisses, schists); 

hence the expression that continental crust is granitic. 

– Primary mineral components include K- and Na-feldspar, quartz, and mica, especially 

in the upper portions of the crust. In deeper parts of continental crust, the amount of 

basic (poorer in SiO2) minerals such as hornblende and amphibole increase, and rock 

types include diorite and gabbro.  

– The average density of the continental crust is 2.7–2.8 g/cm3 

Oceanic crust is characterized by: 

– markedly thinner with typical thicknesses of 5–8 km and forms the ocean floor.  

– The top of oceanic crust lies an average 4–5 km deeper than that of the continental 

crust. 
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– Younger. 

– consists of basic basaltic rocks (~50 % SiO2), mostly basalts and gabbros;  

– density averages about 3.0 g/cm3; higher density than the continental crust as the 

content of the minerals containing Fe, Mg and Ca (heavy metals) are higher.  

– calcium-rich feldspar and pyroxene are the most important minerals.  

The composition of the oceanic crust is illustrated in figure 11.  

 

Figure 11: The rock composition of the oceanic crust. 

The rock sequence that is characterized to the oceanic crust is called ophiolite sequence. It 

is a sequence of rocks consisting of deep-sea marine sediments overlying (from top to bottom) 

pillow basalts, sheeted dikes, gabbro, dunite, and peridotite (Figure 11). Ophiolite sequences 

are indicators of sea-floor spreading. As lava spills out into the cold ocean water it forms 

pillow basalts; magma that cools before reaching the surface forms sheeted dikes (dikes that 

appear to be vertically stratified because of the way the magma cools). Magma cooling deeper 

in the crust forms gabbro, dunite, and peridotite. The rocks with the basaltic composition in 

the ophiolite sequence are called MORB (Mid-Ocean Ridge Basalt). 

B- Plate motion: 

Geologists have hypothesized that the movement of tectonic plates is related to convection 

currents in the earth’s mantle (Figure 12). Convection currents are the transfer of heat by the 

mass movement of heated particles into an area of cooler fluid. They describe the rising, 

spread, and sinking of molten material caused by the application of heat. The Earth’s solid 
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crust acts as a heat insulator for the hot interior of the planet. Magma is the molten rock below 

the crust, in the mantle. Tremendous heat and pressure within the earth cause the hot magma 

to flow in convection currents. These currents cause the movement of the tectonic plates that 

make up the earth’s crust. 

 

Figure 12: An illustration of the convection currents that drive the motion of the tectonic plates. 

C- Plate boundaries: 

Firstly, there are three types of plate boundary, each related to the movement along the 

boundary (Figure 13): 

• Divergent boundaries are where plates move away from each other 

• Convergent boundaries are where the plates move towards each other 

• Transform boundaries are where the plates slide past each other. 

 

Figure 13: Types of plate boundaries. 
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1- Divergent boundaries: 

A divergent boundary is a linear feature between two tectonic plates that are moving away 

from each other. These areas are formed in the middle of continents or on the ocean floor. 

As the plates pull apart, hot molten material can rise up to the surface causing volcanic 

activity (Figure 14). Where a divergent boundary forms on a continent it is called a rift or 

continental rift, e.g. African Rift Valley. While, where a divergent boundary forms under 

the ocean it is called an ocean ridge. 

 

 

Figure 14: The mechanism of the divergent plate boundaries. 

2- Convergent boundaries: 

Convergent boundaries are where the plates move towards each other. There are three types 

of convergent boundary, each defined by what type of crust (continental or oceanic) is coming 

together: continent-continent collision, continent-oceanic crust collision or ocean-ocean 

collision. 

A- Continent-continent collision: 

This occurs when continental crust pushes against continental crust. Because both plates have 

the same properties, neither of them wants to sink beneath the other side, and as a result the 

two plates push against each other and the crust folds and cracks, pushing up (and down into 

the mantle) high mountain ranges. For example, the European Alps and Himalayas formed 

this way (Figure 15). 

 

Figure 15: Schematic diagram of the continent-continent collision. 
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B- Continent-ocean collision (Subduction): 

At a convergent boundary where continental crust pushes against oceanic crust, the oceanic 

crust, which is thinner and denser than the continental crust, sinks below the continental crust. 

This is called a subduction, and the whole zone where this movement occurs is called 

subduction zone. The oceanic crust descends into the mantle at a rate of centimeters per 

year. This oceanic crust is called the subducting slab (Figure 16). When the subducting slab 

reaches a depth of around 100 kilometers, it dehydrates and releases water into the overlying 

mantle wedge. The addition of water into the mantle wedge changes the melting point of the 

molten material there forming new melt which rises up into the overlying continental crust 

forming volcanoes. Along the subduction zone between the convergent plates, deep trenches 

are formed. Due to the extreme pressure exerted on the continental crust, it deforms and 

subjected to folding causing high mountain ranges.  

 

Figure 16: The subduction zone. 

C-Ocean-ocean collision: 

When two oceanic plates converge, because they are dense, one runs over the top of the other 

causing it to sink into the mantle and a subduction zone is formed. The subducting plate is 

bent down into the mantle to form a deep depression in the seafloor called a trench (Figure 

17). Trenches formed by ocean-ocean collision are the deepest parts of the ocean and remain 

largely unexplored. 

 

Figure 17: Ocean-ocean plate collision. 
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3-Transform (Transcurrent) boundaries: 

The third type of boundary are transform boundaries, along which plates slide past each other 

(Figure 18). The San Andreas fault, adjacent to which the US city of San Francisco is built is 

an example of a transform boundary between the Pacific plate and the North American plate. 

 

 

Figure 18: An illustration of the Transform boundaries. 
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Continental Margins 
Nearly all of the presently existing plates contain areas with both continental and oceanic 

crust. The fact that most plates contain both crustal types means that some boundaries 

between oceans and continents occur within a given plate; hence, two types of continental 

margins exist (Fig. 1): 

1- Passive continental margins (Fig. 1 upper): 

These are the margins that doesn’t represent tectonic plate boundaries. In this case, the 

ocean-continent boundary is an intra-plate feature. Continental and oceanic crust belong to 

the same plate. Such continental margins are widespread around the Atlantic Ocean. 

2- Active continental margins (Fig. 1 lower): 

These are the margins where a plate boundary exists between continent and ocean. Two 

types occur: subduction margins and transform margins.  

A- Subduction margins: 

In these margins, a part of a plate with oceanic crust is being subducted beneath the 

continental crust. A deep-sea trench forms along subduction zone plate boundaries. This 

type of continental margin is today prominent along the Andes and along numerous 

subduction zones around the Pacific Ocean that are characterized by island arc systems. 

The margin of the upper plate in these cases is characterized by chains of volcanic arcs, 

built either on continental crust or on continental pieces that were separated from the 

neighboring continent. 

B- Transform margins: 

In these margins, the oceanic plate slides laterally along the continental margin.  
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Figure 1: Block diagrams of the outer shells of the Earth in the Atlantic and the Pacific region. Shown are the 
three types of plate boundaries, passive and active continental margins, island arcs, volcanic chains. 
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Paleomagnetism 

Paleomagnetism is the study of ancient pole positions and makes use of remanent 

magnetization to reconstruct the direction and strength of the geomagnetic field in the past. 

The origin of the Earth's magnetic field is not completely understood but is thought to be 

associated with electrical currents produced by the coupling of convective effects and rotation 

in the spinning liquid metallic outer core of iron and nickel. This mechanism is termed the 

dynamo effect. Certain minerals in rocks keep a record of the direction and intensity of the 

magnetic field when they form. This record provides information on the past behavior of 

Earth's magnetic field and the past location of tectonic plates. Minerals and the rocks in which 

they are contained acquire a magnetic signature as a given mineral cools below a certain 

temperature, its Curie temperature (named after the physicist Pierre Curie). Below the Curie 

temperature, a given mineral acquires the magnetic signature of the Earth’s magnetic field 

that was present at that time. As an example, magnetite has a Curie temperature of 580°C. 

Three signatures of magnetism are generally infused into magnetic minerals: inclination, 

which reflects latitude; declination, which reflects direction to the poles; and normal or 

reversed polarity, which indicates magnetic reversals (by convention, the current situation is 

defined as “normal”). Magnetic signatures in minerals are maintained for hundreds of 

millions of years, although some overprinting from subsequent geologic events does occur 

so that samples must be “cleaned” to eliminate younger events. Also, the perturbing effect of 

the current magnetic field must be compensated for during the analysis of the sample. 

Fields of the paleomagnetism: 

1- Polar drift:  

Polar drift means the small-scale changes in the direction and intensity of the Earth's 

magnetic field caused by variations in the flow of molten iron in Earth's outer core. The 

magnetic pole moves around the geographic pole (the rotational pole of the Earth) in an 

irregular manner. The North Magnetic Pole is approximately 965 kilometres from the 

geographic north pole. The pole drifts considerably each day, and since 2007 it moves about 

55 to 60 km per year as a result of this phenomenon. This is called magnetic pole 

wandering. Although the magnetic pole wanders it does not move far from geographic pole. 

The path by which a paleo pole moves through time is called paleomagnetic polar 

wandering and is only caused by plate tectonics (Figure 2). However, averaged over a period 
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of several thousand years the two poles coincide. Therefore, the orientation of earlier 

geographic poles can be detected using paleomagnetics if the mean value is calculated from 

enough samples. 

 

Figure 2: Positions of North Magnetic Pole of the Earth. Red circles mark magnetic north pole positions as 
determined by direct observation, blue circles mark positions modelled using the GUFM model (1590–1890) 

and the IGRF-12 model (1900–2020) in 1-year increments. 

2- Magnetic reversal: 

At very irregular intervals over periods of variable duration, the polarity reverses and the 

earlier South Pole becomes the North Pole and the other way round. This is called magnetic 

reversal and it is the process by which the North pole is transformed into a South pole and 

the South pole becomes a North pole. The Earth's field has alternated between periods of 

normal polarity, in which the predominant direction of the field was the same as the present 

direction, and reverse polarity, in which it was the opposite. 

3- Magnetic polarity stratigraphy (Magnetostratigraphy):  

Paleomagnetism has led to a new type of stratigraphy based on the aperiodic reversal of 

polarity of the geomagnetic field. Magnetic polarity stratigraphy is the ordering of 

sedimentary or igneous rock strata into intervals characterized by the direction of 

magnetization of the rocks, being either normal polarity or reverse polarity. This new 

stratigraphy is used to providing chronology for interpretation of oceanic magnetic 

anomalies and calibrating the geologic time. When measurable magnetic properties of rocks 

vary stratigraphically they may be the basis for related but different kinds of stratigraphic 

units known collectively as magnetostratigraphic units (magnetozones). 
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The method works by collecting oriented samples at measured intervals throughout the 

section. The samples are analyzed to determine their characteristic remanent 

magnetization (ChRM), that is, the polarity of Earth's magnetic field at the time a rock was 

formed. This technique is typically used to date sequences that generally lack fossils or 

interbedded igneous rock. 

To understand the magnetostratigraphy, principles of the remenant magnetization should be 

studied. 

Remenat magnetization (also called Natural Remenant 

Magnetization-NRM): 

It is the permanent magnetism in rocks, resulting from the orientation of the Earth’s magnetic 

field at the time of rock formation in a past geological age. It is the source of information for 

the paleomagnetic studies of polar wandering and continental drift. Remanent magnetism can 

derive from several natural processes. The most important component of remanence is that 

acquired when a rock formed. This is called its primary component or characteristic 

remanent magnetization (ChRM). Any later component is called a secondary component. 

Based on the processes by which remenant magnization is acquired, there are several types 

of primary remenant magnetization. 

Types of primary remenant magnetizations: 

1- Thermoremenant magnetization (TRM): 

It is acquired in igneous rocks during cooling through the Curie temperature of the magnetic 

minerals. Iron-titanium oxide minerals in basalt and other igneous rocks may preserve the 

direction of the Earth's magnetic field when the rocks cool through the Curie temperatures of 

those minerals. The Curie temperature of magnetite, a spinel-group iron oxide, is about 

580°C, whereas most basalt and gabbro are completely crystallized at temperatures below 

900°C. Hence, the mineral grains are not rotated physically to align with the Earth's field, but 

rather they may record the orientation of that field. 

2- Detrital remenant magnetization (DRM): 

It is acquired in the sedimentary rocks when the magnetic grains in sediments may align with 

the magnetic field during or soon after deposition. It has two types: 

• Depositional detrital remenant magnetization (dDRM): 

https://en.wikipedia.org/wiki/Curie_temperature
https://en.wikipedia.org/wiki/Basalt
https://en.wikipedia.org/wiki/Igneous
https://en.wikipedia.org/wiki/Curie_temperature
https://en.wikipedia.org/wiki/Magnetite
https://en.wikipedia.org/wiki/Spinel
https://en.wikipedia.org/wiki/Iron_oxide
https://en.wikipedia.org/wiki/Gabbro
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 If the magnetization is acquired as the grains are deposited. 

• Post-depositional detrital remenant magnetization (pDRM): 

If it is acquired soon after deposition 

3- Chemical remenant magnetization (CRM): 

It is acquired in the rocks when the magnetic grains grow during chemical reactions and 

record the direction of the magnetic field at the time of their formation. A common form of 

chemical remanent magnetization is held by the mineral hematite. Hematite forms through 

chemical oxidation reactions of other minerals in the rock including magnetite. Clastic 

sedimentary rocks (such as sandstones) are red because of hematite that formed during 

sedimentary diagenesis. The CRM signatures in these beds can be quite useful and they are 

common targets in magnetostratigraphy studies. 

All these became the basis for the geomagnetic polarity time scale (GPTS) which is useful 

for the calibration of geologic time. 

Geomagnetic polarity time scale: 

It is record of the onset and duration of the episodes of reversal of the Earth's magnetic 

polarity, or geomagnetic polarity reversals. The GPTS was developed by studying rocks from 

around the world, containing magnetic minerals whose orientation was opposite to that of the 

current magnetic field. By comparing the patterns of magnetic reversals with those of rocks 

of known age, the approximate ages of rocks can be established. This is particularly useful 

for basalts of the oceanic crust, which record the Earth's magnetic field as they solidify from 

molten lava symmetrically about the midocean ridges. The time scale has been accurately 

extended back to the Upper Jurassic, the age of oldest existing oceanic crust. It is found that 

the mean time between reversals being roughly 200,000 years. 

In dividing the time units according to the paleomagnetic polarity, intervals of constant 

polarity (normal or reverse) are called chrons. These chrons are divided into subchrons. 

Excursions are very short events take place within these intervals and are shorter than chrons. 

During these excursions, the magnetic pole departs greatly from the usual geographic pole, 

sometimes achieving the reverse direction for a short time. Excursions also involve dramatic 

decreases in intensity. They involve a rapid collapse of the field. Studies of the geomagnetic 

field in the last 1 million years have found 14 excursions, large changes in direction lasting 

5-10 thousand years. 

https://en.wikipedia.org/wiki/Magnetostratigraphy
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Figure 3: The Geomagnetic Polarity Time Scale 

 These patterns of normal and reverse magnetization are found parallel and symmetrically 

aligned to the oceanic ridges forming a distinctive anomaly pattern called magnetic zebra 

stripes (Fig. 4). Based on the characteristic patterns of normal and reversed magnetization, 

the stripes can be dated by comparing them with known sequences. This is very strong proof 

for seafloor spreading because the method shows that variable magnetic stripes of oceanic 

crust are formed parallel to the ridges and that they become older with increasing distance to 

the ridge (Fig. 5). Magnetic reversals in oceanic rocks only yield data back to approximately 

180 Ma, the Early Jurassic (Fig.6) – all older oceanic crust has been subducted. A paramount 

reason for this fact is that older ocean crust is colder and more dense, and therefore subducts 
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more readily; for example, if 20 Ma ocean crust and 150 Ma ocean crust collide, the older 

will be subducted. 

 

Figure 4: a) Stripe pattern of magnetic polarities on the ocean floor at the Reykjanes Ridge, part of the Mid- 
Atlantic Ridge southwest of Iceland (Heirtzler et al., 1966). b) Curves representing the magnetic field 

strength measured along the track of ships crossing the ridge. Normal (in colors) and reverse magnetization 
can be obtained from these curves. c) Graph showing detailed magnetic stripe pattern for the last 4.5 Ma. By 

comparison with measured profiles, the ocean floor can be dated. 
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Figure 5: Simplified sketch showing development of the magnetic stripe pattern along the spreading axis. 
The pattern is caused by repeated reversals of the Earth’s magnetic field. Irregularities of the stripes are 
caused by submarine extrusion of basaltic lavas that adapt to the existing, commonly rough topography. 

 

Figure 6: Map showing distribution of ages of oceanic crust. The oldest oceanic crust is of Jurassic age and is 
located in the NW Pacific (ca. 185 Ma) and near the edges of the Central Atlantic (ca. 175 Ma). Small 
fragments of older oceanic crust are captured between continental blocks in the Mediterranean Sea. 
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Geotectonics: Seismotectonics 

What is seismotectonics? 

Seismotectonics can be defined as the study of the relationship between the earthquakes and 

active tectonics. The spatial distribution of earthquakes can be used to determine the location 

of plate boundaries, as relative movements of the plates along the plate boundaries induce 

earthquakes. 

Earthquakes are studied as the main field of seismology. Seismology is the study of vibrations 

within the Earth. These vibrations are caused by various events, including earthquakes, 

extraterrestrial impacts, explosions, storm waves hitting the shore, and tidal effects.  

Earthquakes: 

Stages of an earthquake: 

1- Elastic Buildup: 

The first stage of an earthquake is the gradual buildup of elastic strain, which occurs over 

thousands of years. When both sides of the fault move due to plate motion, the elastic strain 

builds up in the rocks slowly, compressing the rock particles together that the rock deform or 

bend. 

2-Dilatancy: 

With continuous plate motion, stress and strain become localized. The rocks are cracking to 

increase the amount of space they occupy. This process is called dilatancy. As small cracks 

form, the water inside the pores of the rocks is forced out and air is let in. The process allows 

the rocks to hold even more elastic strain. 

3- Earthquake: 

Because the rocks can no longer resist the elastic strain, a sudden fault rupture occurs releasing 

the accumulated stress. The stored energy in the rocks is forced out and released in the form of 

heat and seismic waves.  

The above stages (shown in fig. 1) where the elastic strain is sustained and then released are 

called the elastic rebound theory. 

4-Aftershocks: 

The aftershocks which are smaller earthquakes or ruptures, release the remaining elastic strain. 

Aftershocks can occur years after the initial earthquake. Depending on the size of the main 
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earthquake, the size and frequency of aftershocks can be significant. Eventually the strain 

decreases, allowing normal conditions under the surface to return. 

 

 

Figure 1: Stages of an earthquake 

Seismic waves: 

At the moment when the earthquake occurred, the energy is released in the form of seismic 

waves. There are two categories of earthquake waves. Body waves can travel deep into the 

Earth. Surface waves can only travel very near the surface of the Earth. Only body waves can 

give us any information about the deep interior of the Earth. Earthquake waves as moving out 

like rays (arrows) or as wave fronts (spherical shells) (Fig. 2). Surface wave rays travel out in 

all horizontal directions (like the arrows on the top of the block pictured below), like ripples 

moving out from a pebble dropped into a pond. 

 

Figure 2: Earthquake waves. 

Two different types of seismic body waves are generated by the sudden movement on a fault: 

P-waves and S-waves. The velocity of the waves depends on wave type and the properties of 

the rock; the denser the rock, the faster the waves travel. In the Earth’s crust P-waves travel at 

around 6-7 km/s, while S-waves travel at around 3.5-4 km/s. P-waves travel fastest. They 

consist of successive contractions and expansions, just like sound waves in air. The motion of 
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the particles in the rocks that the waves travel through is parallel to the direction of the wave 

(Figure 2). S-waves are slower than P-waves. They are transverse waves, which means that the 

particle motion is at right angles to the direction of travel (Fig. 3). S-waves cannot travel 

through air or liquids.  

 

Figure 3: An illustration of P and S wave propagation. 

Earthquake components: 

The coordinates of an earthquake point source are known as the hypocenter (focus). The 

hypocenter is usually given in terms of latitude, longitude, and depth below the surface (Focal 

depth). The epicenter is the surface projection of the hypocenter (the latitude and the 

longitude). Epicentral distance is the distance separating the epicenter and the recording 

seismic station. The seismogenic layer or seismogenic zone covers the range of depths within 

the crust or lithosphere in which most earthquakes originate. 

Earthquake size is the amount of the energy released by an earthquake and is described by the 

earthquake magnitude. The magnitude is depending on the area of the fault plane that 

ruptures and generate the earthquake. As the area of the fault increased, the earthquake 

magnitude increased. Earthquake swarms are events where a local area experiences 

sequences of many different -sized earthquakes striking in a relatively short period of time. 

While earthquake cluster is any group of earthquakes of similar type and magnitude in a given 

area over a period of months. Fig. 4 below shows the earthquake zone components. 
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Figure 4: Earthquake zone components. 

Reading a seismogram: 

Reading and interpreting a seismogram is very important in establishing the earth velocity 

structure and determining the various types of the seismic sources. The components in a 

seismogram are shown in figure 5. 

 

Figure 5: An example of a seismogram. 

The basic character of seismograms depends strongly on the epicentral distance. There are four 

general classifications of seismograms based on epicentral distance: 

(1) Local-distance seismograms are defined as travel paths of less than 100 km. Seismic 

recordings at local distances are strongly affected by shallow crustal structure, and relatively 

simple direct P and S phases. 

(2) Regional-distance seismograms are defined as 100 <X < 1000 km, where X is epicentral 

distance in kilometers. Regional-distance seismograms are dominated by seismic energy 

refracted along or reflected several times from the crust-mantle boundary. The corresponding 

waveforms tend to be complex because many phases arrive close in time.  

(3) Upper-mantle-distance seismograms are dominated by seismic energy that turns in the 

depth range of 70 to 700 km below the surface.  
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(4) Teleseismic seismograms. The direct P- and S-wave arrivals recorded at teleseismic 

distances are relatively simple, indicating a smooth velocity distribution between 700 and 2886 

km depth.  

Seismic waves on seismograms: 

For body-wave, there are two phases: 

a) Direct arrivals: They travel the minimum-time path between source and receiver and 

are usually just labeled P or S. At epicentral distances greater than a few tens of 

kilometers in the Earth, direct arrivals usually leave the source downward, or away from 

the surface, and the increasing velocities at depth eventually refract the wave back to 

the surface. Figure (6 a) shows two direct rays leaving a seismic source.  

b) Depth phases: they are upgoing rays that travel from the source up to the free surface, 

reflect, and travel on to the receiver. They are called pP, sP, sS,,, (Figure 6 b). Seismic 

phases that reflect at a boundary within the Earth are subscripted with a symbol 

representing the boundary. For example, P-wave energy that travels to the core and 

reflects is called PcP, the c indicating reflection at the core. Moho reflections are 

labeled PmP, PmS, SmP, or SmS. P wave that travels to the core, traverses it, and 

reemerges as a P wave is denoted as PKP. The P wave that traverses the inner core 

(which is solid) is denoted with an I, e.g., PKIKP 

 

Figure 6: (a) Geometry of upgoing and downgoing rays, (b) Geometry of depth phases. 

Earthquakes and plate boundaries: 

Looking at the distribution map of earthquake epicenters, it shows that earthquakes are 

mainly restricted to narrow zones around the globe (Fig. 7), the present plate boundaries. 
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Figure 7: Global distribution of earthquake centers with epicenters mapped according to their depth. 
Note how the epicenters define plate boundaries; also note that most earthquakes occur within 100 

km of the surface except along subduction zones where they deepen under the upper plate. 

According to the earthquake distribution relative to the plate boundaries, there are two types 

of seismicity: 

1- Interplate seismicity (or earthquakes): which is concerned with the seismicity occurred 

directly at the boundaries between two tectonic plates. 

2- Intraplate seismicity (or earthquakes): which is concerned with the seismicity occurred 

within the plates away from the plate boundaries. 

In general, divergent and transform plate boundaries are characterized by shallow seismicity 

(focal depths less than 30 km), while subduction zones and regions of continental collision can 

have much deeper seismicity (focal depths exceed 100 km). 

 

1- Divergent Boundaries: 

As the mid-oceanic ridges and continental rifts are tensional environments, most of the 

earthquakes involve normal faulting. 

A- Midoceanic ridges: 

Focal depths and magnitude of the earthquakes at the mid-ocean ridges are controlled by two 

factors:  

• Spreading rates: the rate at which new oceanic lithosphere is formed and describes the 

relative motion between the two plates. 
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• Thermal structure of the lithosphere: the temperature relationships within the 

lithosphere. As lithosphere moves away from the ridge, it cools and becomes denser.  

In this case, there are two situations: 

1- Fast spreading rates: 

Oceanic ridges that are spreading rapidly have a broad, smooth topographic signature. The 

lithospheric thickness is very small near the ridge as it cools rapidly, which means that the 

available "width" of a fault plane is also small. This condition results in shallow, moderate- to 

small-sized earthquakes. As the spreading rate increases, the maximum centroid depth 

shallows. 

Since earthquake magnitude correlates with fault dimensions, it is concluded that as the 

spreading rate increases, the maximum expected magnitude of an earthquake near the ridge 

decreases. Fast spreading centers have few earthquakes, all of small magnitude. 

2- Slow spreading rates: 

Slow spreading centers are capable of generating much larger earthquakes with much deeper 

hypocenters. Slow spreading rates means that the lithosphere cools slowly, and thus increasing 

both the thickness and density of the ocean crust. Increasing the density led to increasing the 

ocean depth as the denser new formed thicker lithosphere sinks in the asthenosphere as it 

becomes heavier. In this case, the fault planes are wider with more depths, giving rise to higher-

magnitude earthquakes with more focal depths. 

Most normal-faulting earthquakes associated with oceanic ridges do not occur exactly at the 

plate boundary but are on faults associated with a feature known as the axial valley (Fig. 8). 

They are mostly occurred in earthquake swarms. 

 

Figure 8: The axial valley, which is approximately 30 km across, is bounded by a series of normal 
faults. 
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B-Continental Rifts: 

In general, continental rifts have slow spreading rates and thus are much wider, and the 

seismicity is more widespread than at oceanic ridges. The maximum magnitude expected in a 

continental divergent setting will be significantly larger than that along an oceanic ridge. 

 

2- Transform boundaries: 

Transcurrent (or transform) boundaries, between horizontally shearing plates, are of two types: 

(1) transform faults, which offset ridge segments, and (2) strike-slip faults that connect various 

combinations of divergent and convergent plate boundaries. The size of earthquakes on a 

transform fault largely depends on two factors: 

(1) the length of offset between ridges. 

(2) spreading rates. 

If a transform fault is long, connecting slowly spreading ridges, a substantial seismogenic 

source region is available. In most cases the largest expected magnitude for transform events 

is 7.0-7.5. Strike slip faults are much longer and wider. As the area of the rupture can be so 

great, it is quite common for large transform boundaries earthquakes to involve multiple 

subevents. 

 

3- Convergent boundaries: 

A- Subduction zones: 

Two categories of seismic activity occur in subduction zones: 

 

1- The First category: 

This category is related to the interaction between the two converging plates, which results in 

a large contact zone between two plates on which frictional sliding must take place, producing 

interplate seismicity. In this category, earthquakes are occurring along deep seismic belts along 

the subducted plates are known as Wadati-Benioff zones. The earthquakes are variable along 

different ranges of depth along these zones, as follows: 

a) The largest number of earthquakes and largest energy release occur in the upper 200 

km, which is the region of interplate interaction and slab bending. Normal frictional 

sliding processes dominate at this depth.  

b) The earthquake activity is at a minimum between 200 and 400 km depth, where the 

subducting lithosphere is interacting with weak asthenosphere.  
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c) Below 400 km, the number of earthquakes increases with depth and some slabs strongly 

distort. 

d) All earthquake activity ceases by a depth of 700 km as mentioned earlier. This is 

because during the downdip extension of the subducted plate below this depth, the 

lower part of subducted plate is totally melted on the asthenosphere or if not melted, 

this lower part is cut from the rest of the plate and sinks within the asthenosphere by 

the effect of the gravity and increasing compression on its weight (Fig. 9).  

e) Some subduction zones show a very interesting variation at depths of 50 to 200 km. In 

these zones, the Wadati-Benioff zone is made up of two distinct planes. Each plane is 

defined by a thin, well-defined cluster of epicenters; the planes are separated by 30-40 

km. This is called double Waldati-Benioff zone (Fig. 10). This explained as bending 

a thin plate causes extension in the outer arc of the bend, while the underside of the 

plate is in compression. The earthquakes in double Wadati- Benioff zones are small, 

rarely exceeding magnitude 5.5. 

 

 

Figure 9: Downdip extension of the subducted plate (Isacks and Molnar, 1971) 

 

Figure 10: Double Wadati-Benioff zone observed in northeast Japan. (Hasegawa et al., 1978) 

Some subduction zones have strong shallow seismicity while others have small-sized ones. 

This occurs because the different subduction zones have different seismic coupling. Seismic 

coupling is measure of the seismogenic mechanical interaction between the subducting and 
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overriding lithospheric plates (Fig. 11). Strongly coupled subduction zone will have a greater 

seismicity compared with less coupled zones. 

 

Figure 11: Schematic cross section through the shallow portion of a subduction zone. 

What causes the variability in coupling? 

1- Age of the lithosphere. 

2- rate of convergence 

The maximum observed earthquake size increases with increasing convergence rate and 

decreasing lithospheric age. 

3- The presence of a back arc: 

Back arc formed when spreading centers formed behind the subduction zone. When they 

occurred, the seismic coupling is reduced. 

4- The dip angle of the subducted plate: 

Shallow dip of the uppermost part of the slab (between 10° and 2°) increases the coupling. 

5- The topography of the subducted slap: 

Smooth topography increases the coupling. 

It is noted that seismic coupling decreases with time. Shallow-dipping, broad, strongly 

coupled zones produce extensive ruptures. The thrust zone may be weakened and partially 

decoupled by repeated fracturing, yielding smaller rupture lengths. 

 

2- The second category: 

This category is related to the internal deformation of the overriding plate as well as the internal 

deformation within the subducting plate that results from the slab's interaction with surrounding 

mantle. Within the overriding plate, seismicity is intraplate and is formed due to deformation 

by extreme pressure. 

Within the subducting plate relatively few earthquakes occur that are associated with the 

bending of the plate. For trenches in which the subducting and overriding plates are weakly 

coupled, these intraplate events can be very large. Tensional stress produced in these 
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environments results in large normal-faulting earthquakes, which may actually "break" the 

subducting lithosphere (Fig.12). 

 

Figure 12: Schematic figure of large normal-faulting in subduction zones. In regions with weak 
interplate coupling, the normal faulting can involve great earthquakes, effectively detaching the 

deep plate. 

B- Continent-continent collision:  

The seismotectonics of a continent-continent collision are complicated. Usually, faulting is 

dominated by thrusting, which is a manifestation of the lithospheric shortening. In many of 

the collisions, well developed, low-angle thrusts occur beneath the suture zone. These low-

angle faults can generate very large earthquakes (M > 8.5).  

Earth velocity structure: 

It is also known as the seismic velocity profile of the earth. It is determined by measuring travel 

times of earthquake waves to seismograph stations. A large number of body-wave travel times 

and surface-waves were modeled in constructing the Preliminary Reference Earth Model 

(PREM). In this model, the entire Earth can be approximately viewed as a layered, 1D 

stratified, chemically differentiated planet composed of crust, mantle, and core. These major 

layers are separated by boundaries (the Moho and the core-mantle boundary) across which 

seismically detectable material properties have strong contrasts. When seismic waves pass 

between geologic layers with contrasting seismic velocities reflections, refraction (bending), 

and the production of new wave phases (e.g., an S wave produced from a P wave) often result. 

Sudden jumps in seismic velocities across a boundary are known as seismic discontinuities. 

Seismically, the earth velocity structures include: 

1- Crustal structure (Vp 1.5 to 8.1 km/s): 

The boundary separating crustal rocks from mantle rocks is called the Moho and is a ubiquitous 

boundary of highly variable character. The Moho likely involves a chemical contrast and 

transitions in rheological properties, phase transitions in shallow mineral structures, and 

petrographic fabrics of the rocks. Seismically, the shallow rocks of the crust have slower seismic 
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velocities than the deeper rocks, and this the crust is considered a low-velocity layer over the 

higher-velocity mantle. 

2- Upper mantle structure (about 70 km to 670 km depth and Vp of about 8 to 11 km/s): 

Stratification of the mantle is represented by seismic discontinuities that probably represent 

mineralogical phase transformations that involve no bulk change in composition but reflect a 

transition to denser lattice structures with increasing pressure. The mantle also has localized 

boundaries at various depths associated with laterally varying thermal and chemical structure: 

A- The lid: 

It is the region of the upper 250 km of the mantle, just below the Moho and with high 

seismic velocities (P velocities of 8.0-8.5 km/s). It is particularly heterogeneous, with 

strong regional variations associated with surface tectonic provinces. It is called the lid 

because it overlies a lower-velocity region. The lid is thought to represent the 

rheological transition from the high-viscosity lithosphere to the low-viscosity 

asthenosphere.  

B- The Low velocity zone (LVZ): 

It is a region of reduced velocity beneath the lid. It is thought to represent the upper 

portion of the rheologically defined asthenosphere, where low strength decreases the 

velocity. The LVZ extends in depth from 100 to 200 km below the lid.  

C- The transition zone: 

Occurred at depths near 400 and 650 in the lower part of the upper mantle. 

The seismic discontinuities between the LVZ and transition zone and between the transition 

zone and the lower mantle is thought to be due to phase changes in the constituent minerals of 

the mantle. In this phase transformation, material with uniform composition collapses to a 

denser crystal structure with increasing pressure. Most of the minerals in the upper mantle have 

an olivine structure which changes to the high-pressure spinel structure at the 450 km 

discontinuity (beginning of the transition zone) increasing the seismic velocity. The 650 km 

discontinuity (the base of the transition zone and beginning of the lower mantle) is attributed 

to another phase transition from spinel to a more close-packed structure possibly stishovite. 

The earthquakes stop near this boundary. No earthquakes were recorded deeper than about 700 

km. 

3- Lower-mantle structure (Vp of about 11.5 to 13.5 km/s): 

There is an absence of significant boundaries throughout much of the vast region from 710 to 

2600 km depth. Thus, the lower mantle is considered homogenous. From 2600 to 2900 km, a 
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zone called D`` occurred, which is a less homogenous zone that scatters the seismic waves. 

This could be a thermal boundary layer at the interface with the core. 

4- Core structure: 

The boundary between the mantle and the core can be estimated accurately due to the absence 

of S-waves in the reflections from the core as well as a significant dramatic decrease of the P 

waves (Vp decreased to 8 km/s), suggesting it is a pure liquid. The boundary between the 

mantle and core is very sharp and is the largest compositional contrast in the interior, separating 

the molten core alloy from the silicate crystalline mantle. It is called Gutenberg boundary. 

This outer core structure was discovered when seismologists had noticed that P waves are not 

recorded at seismograph stations which are from 104o to 140o away from an earthquake (the 

angle is the angle made by drawing a line from the earthquake to the center of the Earth, and 

then from there to the seismograph station). This area where the P-wave was not recorded is 

called P Shadow Zone. It is formed because the outer core slowed and bent P waves. An S 

wave shadow zone was also recognized, meaning no S waves were received at seismographs 

stations from 104o to 100o from an earthquake; the S wave shadow zone is caused by the outer 

core, which is liquid iron/nickel (Fig. 13). 

 

Figure 13: The formation of the P and S shadow zones by the inner and outer core. 

 

Figure 14 shows a model describing the earth velocity structure. 
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Figure 14: the earth velocity structure model 
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Wilson Cycle 
Wilson cycle describes the cyclical opening and closing of ocean basins caused by movement of 

the Earth’s plates. A Wilson cycle consists of two phases each have three stages as follows (Fig.1): 

1- The opening phase: 

A- Embryonic stage: 

The cycle begins when stable thick continental crust (craton). A mantle plume (hot spot) rises 

up under the craton, heating it, causing it to swell upward, stretch, expand and thin. Eventually 

the crust fractures, forming a rift valley. 

B- Juvenile stage 

With rifting of the continental crust, the broken sides rise forming the ridge, that often fills 

with fresh water. Rift valleys gradually widen and eventually connect to the ocean and the 

freshwater lakes become narrow saline gulfs. This is happening now in the Red Sea. 

C- Mature stage 

With continued lateral spreading of the rift valley, the divergent plate boundary widens and 

additional oceanic crust is generated.  

2- Closing Phase: 

D- Declining stage: 

In time, cooling and the loss of volatiles increase the density of oceanic plates. Away from the 

ridge, the other side of the plate sinks into the asthenosphere at subduction zones. Typically an 

ocean basin widens for about 200 million years before subduction begins. Eventually, the basin 

begins to close as subduction rates (at trenches) exceed spreading rates (at mid-ocean ridges). 

For Earth as a whole, spreading must equal subduction—otherwise the planet would be 

shrinking or expanding.  

E- Terminal stage: 

Subduction of the intervening oceanic crust causes a narrowing of the sea separating the 

continents and the ocean basin closes as continents from opposite sides of the ocean basin get 

closer to one another. 
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F- Suturing stage: 

Collision of the continents is complete, and the intervening sea is gone. The two colliding 

continental crusts, being less dense than the oceanic crust, do not subduct but rather override 

one another causing uplift and mountain building. Collision of the continents squeezes out the 

intervening ocean and causes subduction of oceanic crust. 

 
Figure 1: Wilson Cycle. 
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Continental graben structure (Rift) 
Definition and occurrence of continental graben structure 

A continental graben structure or rift is a narrow, elongated, fault-bounded structure in the Earth’s 

crust (Fig. 2). Grabens consist of a central axial depression flanked by steep walls and elevated 

shoulders that plunge steeply into the rift axis and slope gradually towards the exterior (Fig. 3.2). 

The most famous examples are the East African rift system and the Upper Rhine Graben in Central 

Europe. 

Graben structures occur in: 

– regions where the crust and lithospheric mantle are extended, and thinned,  

– in oceanic crust along mid-ocean ridge systems. 

The components of the graben structure are illustrated in Fig. 2., and include: 

1- The graben axial or rift valley: 

It is an elongated topographic depression bordered by fractures (faults)in the center of the 

graben formed as the central block of the rock subsided due to the lithospheric extension 

and faulting. 

2- Normal faults: 

Formed by the tension forces and they bound the axial valley. The have dip angles of 60-

65o. 

3- Graben shoulders: 

The blocks of the rocks that are formed by tearing the rock by the faulting and they plunge 

steeply into the rift axis and slope gradually towards the exterior. 

Mechanism of the graben formation: 

1- The brittle extension, generated by fracturing associated with earthquake activity in the 

upper crust, extends downward to a depth of approximately 15 km.  

2- At greater depths, ductile flow occurs without fracturing the rocks.  

3- Graben subsidence is accommodated along normal faults that dip towards the central 

graben axis at angles of 60 to 65°: the hanging wall, the block located above any point of 
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the fault plane, moves downwards with respect to the foot wall and causes the subsidence 

of the graben. 

4- As the lithosphere extends, the asthenosphere tends to rise and heat flow rate increases; as 

a consequence, melting in the uppermost asthenosphere or overlying lithospheric mantle 

may occur. 

5- The melts penetrate the crust and feed volcanoes at the surface or form magma chambers 

at depth. 

6- Because the magmas are derived directly from the mantle, they are basaltic in composition, 

hence the close association of basaltic volcanism and graben rifting. 

7- When magmas are trapped at depth and accumulate in magma chambers, they potentially 

undergo additional processes that result in change of magma composition. These processes 

remove the mafic minerals that have high melting points and sink to the bottom of the 

magma chamber produce intermediate to granitic melts. These various magmatic processes 

explain why many rift areas are associated with volcanism and plutonism of various 

compositions. 

 

Figure 2: Schematic block diagram of graben structure. 

Classification of the graben structures: 

Based on the relations between topographic expression and method of formation, there are two 

classes of grabens, active and passive (Fig.3): 
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1- Active Graben Structure: 

– Active grabens are generated by upwelling of the asthenosphere, commonly over 

hotspots; the overlying mantle lithosphere and crust respond to this process, and 

both are thinned. 

– The mantle lithosphere and lower crust deform plastically, and the upper crust is 

faulted to form the graben structure; both are thinned and basaltic volcanism is 

generated.  

– The wide zone of the asthenospheric doming causes the bulge of the Earth’s surface 

at active rifts to also be broad, commonly several hundred kilometers wide. 

2- Passive Graben Structure: 

– At passive graben structures, extensional forces are the primary cause.  

– Initially, the extension is limited to the narrow zone of the rift, both in the deeper 

crust and in the lithospheric mantle. This process can result in the complete tearing 

off of the lithospheric mantle which then leads to asthenospheric material rising to 

the base of the crust.  

– The surficial bulge is thus restricted to the narrow graben zone.  

– However, extension of the lithosphere may also lead to a wider updoming of the 

asthenosphere and the lithosphere above. Thus, a passive rift may change into an 

active rift system and the passive stage is no longer detectable.  

– Although most present graben systems seem to be active rifts, it is assumed that 

both processes, updoming and crustal extension, act together.  

 

Figure 3: Active and passive Grabens. 
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Crustal extension is believed to occur in two different modes symmetric and asymmetric. 

Accordingly, graben structures are also classified into symmetric and asymmetric grabens (Fig.4). 

3- Symmetric Graben structure (Symmetric model, McKenzie, 1978): 

– The symmetric model is based on many present graben systems.  

– It assumes symmetric, brittle extension of the crust along normal faults in the upper 

10 to 15 km, and ductile deformation at depth.  

– Both the crust and lithosphere thin accordingly and cause the surface of the Earth 

to subside and generate the graben morphology. 

– However, the ascent of hot asthenosphere causes the lower part of the lithospheric 

mantle to be transformed into asthenosphere. Therefore, lithospheric mantle can be 

transformed into asthenosphere by an increase in temperature and vice versa.  

– The original bulge of the surface, caused by a hot, relatively light bulge of 

asthenospheric mantle material, leads to erosion at the graben shoulders, a process 

that also results in a reduction of thickness of the crust.  

– Thermal subsidence is developed after the heat source disappears and the mantle 

bulge cools and increases in density. 

4- Asymmetric Graben structure (Asymmetric model, Wernicke, 1981): 

– Asymmetric grabens are characterized by a gently dipping master fault, termed a 

detachment fault, that cuts at low angles through the crust from one flank of the 

graben down to the base of the lithosphere. 

– The overriding upper plate of the detachment is characterized by steeply inclined 

normal faults that form in response to the extreme amount of brittle crustal 

extension. 

– the crust of the upper plate is extended and thinned at a different location from that 

of the lithospheric mantle, the lower plate of the detachment.  

– This asymmetry gives rise to the following morphology: above the area of crustal 

thinning, the surface subsides because light crustal material is replaced by denser 

mantle material; above the area of lithospheric mantle thinning, the surface bulges 

because lithospheric mantle is replaced by slightly less dense, hotter asthenospheric 

material. 
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Figure 4: a) Symmetric and b) asymmetric model for the evolution of a graben system. 

Sediments and ore deposits in graben structures: 

1- Immature terrestrial sediments (fluviatile sediments) are deposited by rivers that source the 

steep flank of the graben shoulder. Many fluviatile sediments in graben structures are 

mostly composed of conglomerates rich in rock fragments and arkoses (sandstones that 

contain abundant feldspar) and have a relatively low percentage of quartz. 

2- Lacustrine deposits are rich in clays and, under arid or semi-arid conditions, saline 

sediments.  

3- Marine sediments in graben structures are mostly mudstone, marl (limy mud) or limestone. 

Strong evaporation in arid climates where partly or completely isolated basins fill with 

seawater leads to concentration of salt in the water followed by precipitation of salt. 

4- Petroleum and natural gas are important deposits in some continental rift systems. Lack of 

oxygen in the lower part of the water column leads to oxygen-poor sediment which in turn 

prevents decomposition of organic matter included in the bottom fossils. This generates an 

enrichment of organic material in the sediment and results in characteristic dark gray or 

black colors. Basin subsidence lowers organic-rich sediment into the so-called petroleum 

window, a temperature range between approximately 80 and 170 °C. Here petroleum forms 

by complicated reactions involving the organic matter. At temperatures over approximately 

150 °C, gas deposits are formed.   
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Hotspots 
Magmatic activities at plate boundaries: 

Magamatic activities at the plate boundaries produce magmatic belts as magma and related 

volcanisms are rising by the interaction between the plates. 

1- At subduction zones: 

The melting that produces magmatism is caused by complex interrelations between the 

asthenosphere and the subducting plates plunging into it. These melts intrude into the upper 

plate and feed volcanic chains above subduction zones 

2- At mid-ocean ridges: 

Mid-ocean ridges are the location of major production of basic magmatites, namely basalts 

and gabbros. High temperature and pressure release beneath the ridges combine to generate 

partial melting of up to ~20 % the rocks of the mantle (peridotite). Oceanic crust develops 

from these melts. Mid-ocean ridges generate more than twice the amount of melts than are 

generated above subduction zones. 

Hot spots 

Hot spots are places of intraplate magmatism. They are point-sources of magma caused by mantle 

diapirs and occur on either the continents or oceans (Fig. 5). Diapirs, known as mantle plumes are 

hot, finger-like zones of rising material within the mantle. When they reach the upper 

asthenosphere beneath the plates, melting is induced that creates volcanic eruptions and doming 

of the surface over long time periods.  

As plates drift over hot spots, long volcanic chains develop with the hot spot located at the active 

end; Hawaii is a good example of this. 

On continents, hot spots are commonly related to graben structures characterizd by extensive, deep 

fault systems that cut through the entire thickness of continents. Graben structures are 

characterized by crustal extension and bordered by faults; such areas cause thinning of the 

lithosphere and provide the opportunity for magma to rise along fault zones. If extension continues, 
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new ocean can be formed at these structures. An example for such a newly developing ocean is 

the northern part of the East African graben system (Afar) and the Red Sea. 

Graben structures may be transferred into constructive plate boundaries where the hot spot 

commonly plays an important role. 

 

 

Figure 5: A map of the earth with the location of plate boundaries, active volcanoes and hot spots. 
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Convergent boundaries 

Types of convergent boundaries: 

There are four types of convergent plate boundaries (Fig. 1): 

1. The first type occurs when ocean lithosphere is subducted below other ocean lithosphere 

("intra Oceanic subduction zone") to create a volcanic island arc system built on oceanic 

crust ("ensimatic island arc"; sima – artificial word made from silicon and magnesium to 

characterize ocean floor and Earth’s mantle). 

2. The second type occurs where oceanic lithosphere is subducted beneath continental 

lithosphere and an island arc underlain by continental crust forms ("ensialic island arc"; 

sial – silicon and aluminum for continental crust). The island arc of this system is 

separated from the continent by a marine basin underlain by oceanic crust. 

3. The third type of convergent plate boundary represent the active continental margins 

where oceanic lithosphere is subducted beneath continental lithosphere without a marine 

basin behind the volcanic arc; rather, the arc is built directly on the adjacent continent.  

4. The fourth type of convergent margin occurs along zones of continent-continent collision. 

If two continental masses collide, they eventually merge. In this case, a standstill 

subduction occurs within the collision zone. The oceanic part of the subducting plate 

tears off and continues to drop down, a process referred to as " slab breakoff ". Continent-

continent collisions ultimately result in the formation of mountain. 
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Figure 1: Examples of different types of plate margins with subduction zones. The collision of two continents 

produces a mountain range like the Himalayas – subduction wanes, leading to slab breakoff. 
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Features associated with convergent boundaries: 

1- Island arcs: 

The volcanic zone above  the subduction zone, in many cases expressed as an island arc, 

is the dominating element of this plate boundary system. Island arcs are long chains of 

active volcanoes with intense seismic activity found along convergent tectonic plate 

boundaries. Most island arcs originate on oceanic crust and have resulted from the 

descent of the lithosphere into the mantle along the subduction zone. 

The arc area is usually divided into three parallel zones (Fig. 2):  

a) The forearc zone: the zone from the trench to the arc. 

b) The arc zone comprises the magmatic belt, and  

c) The backarc zone: the region behind the arc.  

2- Deep sea trenches: 

They are elongated narrow deep trenches that are located at the border of the upper plate, 

resulted by downward bending of the oceanic lithosphere under the margin of the upper 

plate during subduction. The morphological features of these trenches are (Fig. 2): 

A- The trench slope: 

The landward side of the deep-sea trench is part of the upper plate and consists of a slope 

with an average steepness of several degrees. 

B- The outer ridge: 

The outer ridge follows behind the slope. In most cases, the ridge remains substantially 

below sea level; however, in several cases, islands emerge above sea level. The outer 

ridge is not always distinctive.  

The morphology of the outer ridge forms as sediments are scraped off of the subducting 

plate during subduction. As the subducting plate transports its sedimentary fill from the 

trench towards the arc, some portion of the sediment is subducted and transported down 

to great depths where it becomes an important factor in the feeding of subduction-related 

magmas. The remaining portion, or in some cases the entire sedimentary layer and parts 

of the oceanic crustal basement, can be scraped off at the frontal tip or the bottom of the 

upper plate and added to a so-called accretionary wedge on the upper plate. An 

accretionary wedge or accretionary prism forms from sediments accreted onto the non-
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subducting tectonic plate at a convergent plate boundary. Most of the material in the 

accretionary wedge consists of marine sediments scraped off from the downgoing slab of 

oceanic crust, but in some cases the wedge includes the erosional products of volcanic 

island arcs formed on the overriding plate. 

C- Forearc basin: 

The forearc basin lies directly in front of the volcanic arc. Collectively, the deep sea 

trench, outer ridge, and forearc basin comprise the forearc region. The distance between 

the plate boundary and magmatic zone has a width of between 100 and 250 km. This 

region is also called the arc- trench-gap, a magmatic gap that with very few exceptions is 

void of magmatic activity. Low temperatures in the crust are caused by the coolness of 

the subducting plate underneath and prevent the formation of magma by melting or the 

rise of magma from deeper sources. 

 
Figure 2: Structure of a plate margin system with subduction zone and ensialic island arc. 

 

 

Types of subduction zones: 

1- Mariana-Type or spontaneous subduction zone: 

It is characterized by old and dense lithosphere that is subducted and sinks into the 

sublithospheric mantle by its own weight. Therefore, it is generally the steepest-dipping 

subduction. Because oceanic lithosphere becomes denser with increasing age, it can 
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achieve a density greater than that of the underlying asthenosphere and thus be more 

easily subducted (spontaneous). 

2- Chile-type or forced subduction zone 

It is characterized by younger, hotter and less dense lithosphere that dips at a shallower 

angle (Fig. 7.5). If the age of the oceanic lithosphere is young, subduction can only be 

initiated by compressional forces; this is forced subduction. 

 

 

 

Mountain Building (Orogeny) 

Orogeny is the process of forming mountain belts by folding and thrust faulting. Orogeny 

typically produces orogenic belts or orogens, which are elongated regions of deformation 

bordering continental cratons (the stable interiors of continents). They are characterized by crust 

thickened to more than 70 km, in comparison to normal continental crust that is 30–40 km thick. 
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Orogenies affect localized areas called orogenic zones. Such zones are affected by a regular 

sequence of events that is essentially the same for each orogenic belt. 

The motor of orogeny is subduction. The process of orogeny becomes initiated by subduction of 

ocean floor and finds its climax in the collision of continents. 

An orogenic belt undergoes several phases of sedimentation, magmatism, metamorphism, and 

deformation as it evolves into a mountain range. The phases that affect an orogenic belt may be 

separated into two groups, the geosynclinal phases and the tectonic phases. 

1- Geosynclinal Phases: 

A geosyncline (or geocline) is a very elongated structural trough in which a great thickness of 

sedimentary and/or volcanic rock has been deposited. The geosyncline forms as a result of the 

subsidence of a continental margin, perhaps one that formed as a result of the separation of two 

continents. The subsidence of the geosyncline/geocline is due in part to the weight of the 

sediments deposited. The geosynclinal phases take place below sea level or near the surface and 

is characterized by negative vertical motions (subsidence). These phases include: 

A- Preorogenic Phase. 

The preorogenic phase is characterized by: 

– Rapid deposition of thick sequences of sediments in a geosyncline 

– These sediments are flysch sediments that are fed into the geosyncline from the 

adjacent continent, which undergoes rapid erosion. 

– Subsidence in the geosyncline is slow. 

– Sediments are commonly calcareous, but sands and muds were also deposited. 

B- Early Synorogenic Phase: 

This phase is characterized by: 

– Rapid subsidence and volcanic rocks are erupted from deep fissures originating in the 

asthenosphere. These rocks include: 

- Spilites (metamorphosed basalt at low temperature) often display pillow 

structures. 

- Radiolarian cherts (radiolarites) 

- Detrital deposits (flysch and turbidites) 
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- Serpentinites as part of ophiolites and they form a linear belt along the suture 

between collided continents. 

C- Cata-orogenic Phase: 

This phase is characterized by: 

– The first folding occurs 

– Ophiolite complexes and flysch sediments continue filling geosyncline 

– Rising of ridges (also known as geanticlines) that are composed of soft sediments or 

soft sedimentary rocks as well as old, indurated basement rocks. These ridges are 

elongated regions that are normally uplifted and shed sediments into the adjacent 

geosyncline. 

– Geosynclinal basins may be divided by several geanticlines into separate subsiding 

troughs. 

– Calcalkaline volcanism (andesites, dacites, and basalts, but rhyolites may be present) 

D- Epiorogenic Phase: 

This phase is characterized by: 

– folding intensifies and there is some thrusting in the geanticlines on the foreland.  

– coarse flysch deposition continues in the geosyncline.  

– Stratovolcanoes continue to erupt andesitic lavas and ash.  

– Subsidence is rapid, and sequences of detrital sediments are laid down along with 

interbedded volcanic rocks.  

– Metamorphism may reach granulite grade in the rocks most deeply buried, and 

granitization may occur in these sequences.  

– The deposits of the main geosyncline basins are intensely folded and metamorphosed, 

but those of the fore arc basins are less deformed and less metamorphosed. 

2- Tectonic Phases 

These phases take place above sea level, like in mountain ranges. The tectonic phase is 

characterized by positive vertical motions (uplift). 

A- Late Synorogenic Phase. 

This phase is characterized by: 
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– the ocean floor between two approaching continents disappears as these continents 

begin to collide.  

– On the surface, the new mountain range formed by the collision undergoes folding 

and thrust faulting while rising.  

– In the core of this mountain range, granitic magmas are formed and rise as they are 

lighter than the surroundings. Some, or perhaps most, of these magmas originate as a 

result of the partial melting great depths within the mountain range. These granites 

may be accompanied by pegmatitic dikes and mineralized veins. Basaltic volcanism 

may also accompany this phase as the mountain range undergoes fracturing. 

– Some marginal parts of the mountain range may sink again so that the sea invades 

these subsiding coastal areas.  

B- Postorogenic Phase: 

This phase is characterized by: 

– The mountain range is now indurated and becomes a part of the continent.  

– At this stage, it may undergo epeirogenic uplift and as it is rather brittle, it breaks 

easily.  

– The mountain belt may undergo normal faulting.  

– Subaerial erosion by rivers and wind generates detrital sediments such as molasse, 

and basaltic volcanism may accompany this sedimentation.  

– At depth, granitic magmas may again form and rise upward.  

C- Nonorogenic Phase: 

This phase is characterized by: 

– The mountain range is at last integrated into the continent, leveled by erosion, and no 

longer rejuvenated, the site of the mountain range may become stable and the only 

movements affecting it will be epeirogenic uplift, subsidence, or tilting 

– Weathering and pedogenesis work slowly to generate arkosic detrital sediments and 

soils. 

– Basaltic lavas may rise along great faults and fractures from sources within the 

asthenosphere. 

– Explosive rhyolitic volcanism may also occur at this stage, forming rhyolitic lavas 

and microgranites very low in dark minerals, often intruded as ring dikes. 
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The Great Rift Valley 

The Great Rift Valley System stretches from the Middle East in the north to Mozambique in the 

south. The area is geologically active, and features volcanoes, hot springs, geysers, and frequent 

earthquakes. 

The northern part of the system is the Jordan Rift Valley. The Jordan Rift Valley stretches from 

the Golan Heights, near Palestine’s border with Syria and Lebanon, to the Dead Sea, to the Gulf 

of Aqaba—an inlet of the Red Sea that separates the Sinai Peninsula from the Arabian Peninsula. 

Associated with the Jordan Rift Valley to the south is the Red Sea Rift. Millions of years ago, the 

Arabian Peninsula was connected to Africa. Seafloor spreading caused the Arabian and African 

plates to rift apart. The Indian Ocean flooded the rift valley between the continents, creating the 

Red Sea. Today, Africa and Asia are connected by the triangle of the Sinai Peninsula. Eventually, 

the Red Sea Rift will separate Africa and Asia entirely and connect the Mediterranean and Red 

Seas. 

Southern and linked to the Red Sea is the East African Rift system. 

1- The East African Rift System 

East African rift system is a presently active system with abundant volcanism. It represents 

different stages of continent break-up. The East African rift system has not matured enough to 

have formed a new plate to the east, although the crust is nearly severed at some places forming 

the Somalian Plate. At its northern end, the Afar Depression, which because of its triangular shape 

is also called the Afar Triangle, has partly generated new oceanic crust. 

Characteristics of the east African system: 

1- The rift is a developing divergent tectonic plate boundary where the African Plate is in the 

process of splitting into two tectonic plates, called the Somali Plate and the Nubian Plate. 

The eastern portion of Africa, the Somalian plate, is pulling away from the rest of the 
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continent, that comprises the Nubian plate. The Nubian and Somalian plates are also 

separating from the Arabian plate in the north, thus creating a ‘Y’ shaped rifting system. 

These plates intersect in the Afar region of Ethiopia at what is known as a ‘triple junction’. 

2- Crustal extension has formed a series of elongate lowland valleys bound by steeply dipping 

normal faults, separated by regions of comparatively high land. 

3- The region is characterized by two broad topographic uplifts (Fig. 1), each underlain by 

mantle diapirs with broad mushroom-shaped heads: 

a. The northern uplift includes Ethiopia and Yemen and has the afar triangle at its 

center. 

b. The southern uplift area is in Uganda, Kenya and Tanzania and is marked by the 

intersection of the Kenya and Central African rifts. 

4- The system is divided into eastern and western branches. Both the eastern and western rifts 

are characterized by volcanic activity, brittle faulting and large asymmetric half graben 

systems filled with river and lake sediments. 

5- The faults of the rift systems are generally parallel to structures of the Precambrian 

basement, suggesting that the graben structures follow old zones of weakness in the crust. 

6- The East African Rift has evolved since the Late Oligocene or Early Miocene, originating 

at the Afar triple junction and extending southwards over time. 

7- The average extension rates in the East African graben system, 0.4–1 mm/yr. 

8- The system is not considered to be a plate boundary but rather the result of intraplate 

tectonics. 

9- The entire region is characterized by negative gravity values and local high heat flow.  

10- The graben system is underlain by a 1500 km wide bulge of the asthenosphere that nearly 

cuts through the lithosphere in the Kenya Rift (Fig. 2); a 20 km-wide intrusion has 

protruded to a depth of only 3 km below the sole of the graben.  

11- The east African rift system comprises two graben systems: 

A. The Kenya or Georgory Graben 

The Gregory Rift stretches from the Red Sea and the Arabian Sea to as far south as 

Mount Kilimanjaro. The Gregory Rift Valley has shoulders that rise more than 3000 m 

above sea level and 1000 m above the inner part of the graben. Collective vertical 

displacement along the main graben faults much as 4 km. The graben area is cut by 
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densely clustered faults that parallel the edges of the graben and define a horst-and- 

graben structure. 

B. The Ethiopian Rift system. 

 

Figure 1: Map of the principal elements of the East African graben system. 

 

Figure 2: Block diagram of the East African graben system. The lower cross-section through the Central African Rift and the 
Kenya Rift demonstrates the strong thinning of the lithospheric mantle. 

Afar depression 

The Afar triangle (Fig. 3) is the triple junction between the African, Arabian and Somalian plates. 

The Afar Depression is a lowlying triangular area (Fig. 3), at the center of a three-point graben 
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star, where the East African graben system (Ethiopian Rift), the Red Sea, and the Gulf of Aden 

meet. Here, the transition from a continental graben to an initiating ocean basin can be observed. 

Underlying the depression, a mantle diapir rises and overlying continental crust is strongly thinned 

and fragmented. In fact, between the separated continental fragments, new oceanic crust has been 

generated. Numerous bundles of faults pervade the depression. Along these faults, basaltic lavas 

with a tholeiitic composition similar that of mid-ocean ridge basalts, periodically discharge. 

Two arms of the Afar Triple Junction continue to widen in the process of seafloor spreading—the 

arm extending into the Red Sea and the arm extending into the Gulf of Aden. As these rifts 

continue, the narrow valley created by the Gregory Rift (the arm of the Afar Triple Junction located 

above sea level) may sink low enough that the Arabian Sea will flood it. 

The tectonic and volcanic activity is concentrated along the inner part of the graben system, an 

area characterized by both horizontal and vertical movements of blocks. 

 

 

Figure 3: Map showing structural elements of the 

Afar Depression or Afar Triangle. The region consists 

of a mosaic of blocks with thinned continental crust 

including the small “Danakil Plate”. Basaltic rocks lie 

in the separation of the crust within the narrow 

spreading axes between the blocks. This relation is 

shown in the cross section through the Danakil 

Depression. 
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2- The Red Sea Rift 

The Red Sea is a relatively recent constructive plate boundary that consists of a band of oceanic 

crust up to 100 km in width that was formed during the Late Tertiary by the separation of Arabia 

from Africa. The oceanic band contains a central graben that marks the plate boundary and attains 

a depth of more than 2000 m (Fig. 4). The central graben is not yet developed as a midocean ridge 

in the true morphological sense. It is asymmetric graben structure (Fig. 5). 

 

 

Figure 4: Block diagram of the Red Sea region. Note the graben-in-graben structure, the high elevation of the graben 

shoulders, and the central graben fissure on oceanic crust in the middle of the Red Sea. The foreground cross-section that 

passes through the southern Afar Depression indicates that the continental crust is not severed there. 

 

 

Figure 5: Cross-section across the Red Sea. 
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Plate divergence in the southern Red Sea is 1.4 cm per year and decreases towards the NW (Fig. 

6). In the Gulf of Aqaba it merges into the transform fault of the Jordan Graben. The Gulf of 

Aden represents a more advanced stage of ocean-basin formation with a mid-ocean ridge, a 

feature that continues eastward into the Indian. Ocean. Here the spreading rate along the ridge 

increases to 7 cm per year. Spreading direction of ocean floor in both the Red Sea and Gulf of 

Aden is in the same, SW-NE, although the spreading axes of both oceans have different 

orientations. 

 

Figure 6: Spreading rates in the Red Sea and the Gulf of Aden (DeMets et al., 1990). The central graben fissure in the Red Sea 

is marked by a double green line. The Atlantis Deep is one of several depressions that contain metal-rich oozes. 

 

The history of the Red Sea dates back to the middle Cenozoic, as follows: 

1. The Red Sea rift was formed due to a major reactivation of a structural weakness zone 

during the late Oligocene gradually with intense magmatic activity that developed a 

continental rift. This rift is cut through the Arabian- Nubian Shield, an area of Precambrian 
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continental crust that is mantled by Upper Cretaceous and Lower Tertiary sedimentary 

rocks.  

2. The formation of the rift graben initiated from the south to north; with violent volcanic 

activity and basaltic eruptions commenced in the Afar Triangle, a southern extension of 

the Red Sea.  

3. During the Middle to Late Miocene, sea water intruded the graben system from the 

Mediterranean Sea; the graben-restricted sea had a blind end to the south.  

4. Restricted water exchange, high rates of evaporation in the arid region, and low inflow of 

freshwater generated more than 3 km of salt deposits.  

5. Sea floor spreading with a rate of 1–2 cm/yr started in the southern Red Sea in the Pliocene 

at approximately 5 Ma.  

6. At the same time the Red Sea opened to the Gulf of Aden and the Indian Ocean.  

7. Due to the total separation between the continental blocks of Africa and Arabia, the tectonic 

activity shifted from the edges of the graben to the new spreading zone in its center, the 

zone where new oceanic crust was generated along a narrow, newly formed central graben; 

this formed the present graben-in- graben structure (Fig. above). The outer graben 

shoulders are presently tectonically inactive. 
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