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Continental Drift and Plate Tectonics

Continental Drift

In 1912, Alfred Wegener suggested that all continents were once joined together as one supercontinent that he called Pangea (Fig. 1). According to Wegener, Pangea began to break up into smaller continents that drifted apart through the superocean Panthalassa about 200 million years ago. Other scientists (e.g. Suess and Alexander du Toit) who had different versions of the continental drift hypothesis, introduced the names Gondwanaland and Laurasia for supercontinents. Nowadays, Pangea is considered to have first broken up into two supercontinents: Gondwanaland, which later broke up to Africa, India, Australia, Madagascar, Antarctica and South America; and Laurasia, which included North America, Europe and Asia. The ocean between these two supercontinents is called Tethys (Fig. 2).

Wegener's evidence for continental drift included:

1- The good geometrical fit of the continents, particularly when the continental shelves are considered.

2- Geological evidence: similar rock types and structures were found on different continents that seem to fit (Fig. 3). These rocks (or structures) now on different continents were found to have formed at the same time.

3- The occurrence of identical fossils on widely separated land masses or continents. 

4- Paleoclimatic evidence: Rocks that once formed by the movement of ice sheets (glacial deposits) occur in present - day warm regions as Africa and Australia, whereas rocks of the same age in present - day cold regions as e.g. Pennsylvania, formed under tropical conditions. This observation led Wegener to conclude that Africa and Australia were at one time located near the South Pole, whereas parts of North America were near the equator at the same time, and have since drifted northwards to their present-day positions.

Plate Tectonics

The concept of plate tectonics may be considered a revival of the continental drift theory with one major modification: the earth's "outer layer" consists of several rigid lithospheric plates consisting of continental as well as oceanic crust and the uppermost part of the mantle (in contrast to Wegener's theory). These plates slide on top of a weaker plastic layer (the asthenosphere; Fig. 4) moving towards, away from or past each other. Accordingly, there are three types of plate boundaries: 


(i) Divergent (constructive) boundaries where oceanic crust is being created at mid oceanic ridges (Fig. 5a), a process known as "sea floor spreading".


(ii) Convergent (destructive) boundaries, where crustal material is dragged down through trenches along subduction zones into the mantle (i.e. where crustal material is being destroyed; "subduction"; Fig. 5b). Convergent plate boundaries are of three types: 



(a) ocean - ocean marked by the formation of island arcs (Fig. 6a) 



(b) ocean - continent, marked by the generation of volcanic arcs on the continents along the plate margin (Fig. 6b)



(c) continent - continent collision zones, marked by the development of mountain ranges (Fig. 6c). 


(iii) Transform (conservative) boundaries, where the crust is neither created nor destroyed, but where plates slide past one another (Fig. 5c). 

A point where three plates meet is known as a triple junction. The plate boundaries in such cases may be ridges, trenches or transform faults. Like plates, triple junctions move and have velocities. However, only certain types of triple junctions are considered stable, depending on the nature of the plate boundaries involved.

Therefore, according to plate tectonics and unlike the continental drift theory, not only do the continents move, but the ocean floor as well. A plate may therefore consist of continental crust and mantle (e.g. Persian plate), oceanic crust and mantle (e.g. Pacific plate), or continental + oceanic crusts and mantle (e.g. African plate; Fig. 7). The generation of new oceanic crust at mid oceanic ridges seems to be compensated for by the consumption of old oceanic crust along subduction zones.

Processes occurring at each type of plate boundary and examples

Evidence of Plate Tectonics:

To "prove" the plate tectonic "theory", we must find evidence for:

1- continental drift (see lines of evidence listed above) + role of magnetic inclination (see below)

2- concentration of "tectonic" activity along plate boundaries

3- subduction: or destruction of old oceanic lithosphere in subduction zones. 

4- activity within plates: (example of Hawaiian volcanic chain; Fig. 8)

5- sea floor spreading: or generation of new oceanic crust at mid-oceanic ridges 

Evidence for activity along plate margins:

1- Earthquakes are concentrated along all three types of plate boundaries, with the strongest earthquakes occurring along subduction zones (Fig. 9).

2- Volcanoes on the continents occur close to subduction zones.

3- Island arcs with strong volcanic eruptions also occur close to subduction zones and on the plate that is not being consumed.

Evidence for subduction:

1- The oldest rocks on the ocean floor are of Jurassic age, suggesting that older rocks were indeed consumed by subduction. 

2- Volcanic activity along convergent plate boundaries

3- Occurrence of certain rock types or rock associations that can only form by burial to extreme depths in present day mountain belts believed to have formed by continent continent collision; and in present day subduction zones (deep drilling in trenches).

Evidence for Sea Floor Spreading:

1- Age dating of volcanic rocks on the ocean floor has shown that the youngest rocks lie closest to the mid - oceanic ridges, whereas the oldest rocks occur close to the trenches.

2- Paleomagnetic evidence: Rocks of equal age on both sides of a mid - oceanic ridge have the same paleomagnetic signature, and in many cases show an overall symmetrical pattern around the ridge (Fig. 10).

To understand the latter two lines of evidence, we must first understand the concept of paleomagnetism, which in turn requires an understanding of the earth's magnetic field.

The Earth's magnetic field

(Chernicoff, p. 322 - 326)

The Earth has a strong magnetic field. Clear evidence for that lies in the magnetic needle of a compass always pointing North, as if the earth had one huge bar magnet inside it (Fig. 11). Because the magnetic North does not coincide with the geographic North, this imaginary bar magnet appears tilted. This angle of tilt is known as the magnetic declination, and is only a few degrees in value ( 15°). The value of the magnetic declination is recorded to have changed with time (over geologically short time periods of the order of hundreds or thousands of years), suggesting that the earth's magnetic field changes its orientation with time (Fig. 12). It is believed that the intensity of the earth's magnetic field decreased gradually in the past over such short time periods until it reached zero, at which time the polarity of the magnetic field was reversed (i.e. the north "replaced" the south and vice versa) in a process known as magnetic reversal. Figure 13 shows that there were several magnetic reversals throughout the earth's history. 

Because most geological processes and changes in the crust and mantle take place over millions, rather than thousands of years, scientists believe that the changes in the magnetic declination and intensity could not have resulted from mantle and crustal processes. Accordingly, the earth's magnetic field is believed to originate in the core. Because the core of the Earth is mostly made of Fe and Ni, it is thought of as the most likely location for this "bar magnet". However, magnetic materials lose their magnetism when heated beyond a certain temperature known as the Curie temperature. For Fe, this Curie temperature is far less than the temperature within the earth's core. This indicates that the earth does not have a permanent magnet in its core or mantle. The Earth's magnetic field is believed to originate from the electric currents within its molten outer core, in a process similar to the concept of the dynamo (Fig. 15). The movement of the fluid core acts like the disc of the dynamo, and with electric currents passing through this material, a magnetic field is generated. A complex model of two disc dynamos coupled in series and rotating at different speeds has been proposed to explain the changes in the direction of the magnetic field and its reversal.

Paleomagnetism

Fe - bearing minerals that are magnetic will always orient themselves like the magnetic needle of a compass towards the direction of magnetic North of the earth prevailing at the time of cooling of these minerals to their Curie temperatures. Where minerals are deposited in sediments, the orientation of the mineral grains will reflect the orientation of the magnetic North at the time of sediment deposition (provided that the rock was not later deformed). Therefore, rocks which contain such magnetic minerals and which formed thousands or millions of years ago record the direction of the magnetic North at the time of their formation (Fig. 14), and are said to possess "fossil magnetism" or "paleomagnetism". 

By studying paleomagnetism in rocks, scientists discovered that the earth changed its magnetic polarity several times in the past through a series of magnetic reversals. By determining the age of these rocks, scientists were able to identify periods of "normal polarity" i.e., when the earth's magnetic field was similar to the present - day magnetic field, and periods of "reverse polarity", when the field was reversed (i.e. magnetic North in position of present - day magnetic South) (Fig. 13).

In addition to identifying periods of normal and reverse polarity througout history, paleomagnetism is useful in determining the latitude at which the rock formed (or more accurately, at which the magnetic minerals cooled through their Curie temperatures). This is accomplished by determining the value of the magnetic inclination (Fig. 14a). The magnetic inclination is the angle of dip of a magnetic domain (Figs. 14b & c) relative to the horizontal surface. Because the earth's shape is somewhat similar to a sphere, the value of the magnetic inclination in a rock forming on the surface of the earth will depend on the location of that rock relative to the earth's magnetic pole (Fig. 14a). If the magnetic declination at the time of formation of these rocks is known, then the magnetic inclination can be used to determine the paleolatitude of this rock.

Because the value of the magnetic declination is small (and has always been small, varying from 0 to 15°), paleolatitude values determined for old rocks on the continents indicate that these continents had indeed drifted (i.e. paleolatitude values differ by more than 15° compared to the present - day positions of the rocks). This difference in palelatitude values cannot be explained by variations in the magnetic declination alone, and is therefore another line of evidence supporting the concepts of continental drift and plate tectonics. 

The Driving Force of Plate Motion

The driving force of plate motion is still poorly understood. Many scientists believe that convection cells within the mantle are the main driving force behind plate motion. Such cells are thought to originate from the heterogeneity of the mantle, with heat produced from radioactive decay causing some parts of the mantle to melt (a process known as partial melting). This hot molten material rises to shallower levels giving rise to mantle plumes, hot spots and mid ocean ridges. When this molten material reaches the top of the asthenosphere, part of it spreads laterally beneath the lithospheric plates, where it cools down, becomes denser, and starts to sink back into the less dense asthenosphere, thus completing a convection cell. However, the size and extent of these convection cells remain unknown, with several possibilities envisioned (Fig. 16).

On the other hand, the generation of new oceanic crust at mid ocean ridges is in itself a force known as "ridge push", which contributes to plate motion. At destructive plate boundaries, the descending slabs are cold and dense compared to the asthenosphere, and provide another force known as "slab pull" as soon as these slabs start getting subducted (Fig. 15). Many scientists believe that slab pull is the most significant force behind plate motion, and is definitely more significant than ridge push..

The Tectonic cycle and Mountain Building

The plate tectonic theory has been successful at explaining (1) seismic phenomena and the distribution of the earthquakes, (2) surface heat flow values and volcanic activity on the ocean floor and continents, (3) gravitational and magnetic anomalies, and (4) physiographic features (i.e. features related to the shape of the Earth). To develop a full appreciation of plate tectonics, we need to understand how this theory explains the evolution of such features as rifts, ridges, ocean basins, trenches, and mountain chains. The tectonic cycle (or Wilson Cycle) describes the relationship between these features and their evolution in six stages:

1- The Embryonic stage: This stage involves the earliest stages that lead to the development of ocean basins. It starts with rifting within a continent, probably as a result of a rise of a deep mantle plume to shallow levels, resulting in the fracturing of the continental crust above it usually along three radiating fractures at angles of 120° to each other. The magma rises along two of these fractures to develop rifts. An example of this stage is the East African Rift valley.

2- The Young stage: Is characterized by the widening of the rift valley developed in stage I, the separation of continental blocks and the development of a young ocean basin, with basaltic magma flowing to the surface from a median position. This stage is represented by the Red Sea, which began to open in the Jurassic period.

3- The Mature stage: This stage is characterized by the development of a true mid ocean ridge and well established sea floor spreading. An example for this stage is the Atlantic ocean.

4- The Declining stage: This stage is characterized by the shrinking of the ocean and the development of trenches, subduction zones and island arcs close to its boundaries with continents. The Pacific Ocean is a good example for this stage.

5- The Terminal stage: Is characterized by the closure of the ocean basin as a result of continued subduction. This stage may be accompanied by the collision of two continents leading to the development of mountain chains, sometimes leaving behind small water bodies (seas) as remains of the oceans. Examples include the Mediterranean sea, which is considered as what has been left behind from the Tethys Ocean after the Indian and Eurasian plates collided to form the Himalayas, and the African and European plates collided to form the Alps. Figure 17 shows the different stages of a Wilson cycle.


