A short, data oriented summary of  

the theory of plate tectonics

by Prof. William A. Prothero, University of California, Santa Barbara

The two sources of information about the theory of plate tectonics are your textbook, and the "Plate Tectonics Lecture" on the class CDROM.  Some of the most important principles are repeated here to help you do the lab and writing activities.
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Figure 1. Cross-section diagram of the Eastern Pacific and Atlantic Ocean basins.

The theory of plate tectonics states that the Earth’s surface has a number of rigid, brittle segments that move around.  The outlines of these plates are easy to see on a world map of earthquakes. Earthquakes occur where brittle pieces of the Earth are slipping past one another. When you break a dish, a "crack" occurs and there is a separation of two or more pieces. The noise is analogous to the earthquake and the crack is where relative motion between two pieces takes place. There are three kinds of boundaries between plates.  These will each be discussed below.

Divergent boundaries:

These are called “spreading centers” and often occur at “mid-ocean ridges.”  Two plates are separating, or diverging.  Location A in Figure 1 is the location of the spreading center in the middle of the Atlantic Ocean.  Notice that the spreading center (A) is higher in elevation (shallower water). Even before plate tectonics, this long linear feature was described as a “mid-ocean ridge.”  This is because the lithosphere is hottest at a spreading center, so thermal expansion makes its elevation higher.  Hot mantle rocks rise into the space left by the separating plates and form the new oceanic crust.  The Mid-Atlantic Ridge has many large volcanoes on its flanks.  The region is characterized by few earthquakes, most of which are on short “transform” segments (discussed next).  The diagram of Figure 2 shows how a spreading center would be illustrated in “Map” view (looking straight down from an airplane).


[image: image9.bmp]
Figure 2.  Diagram of a spreading center, map view.
Identifying Divergent Boundaries:

Divergent boundaries can be identified by showing that:

1. A topographic high, or a linear "ridge"

2. The seafloor age increase as the distance from the "spreading center" increases

3. heat flow increases as the "spreading center" distance decreases. Note: the heat flow data may be fairly noisy and heat flow measurements are difficult at the ridge crest because there are almost no sediments to bury the sensor into.

4. Quakes: not too many, but the ones that occur will be "shallow" (less than 50km).

5. Transform faults intersect the ridge at right angles (next section).

Transform Boundaries:

Transform boundaries are where the plates slide past one another.  The San Andreas Fault is a transform boundary between the Pacific and North American Plates. Many earthquakes at relatively shallow depths (less than 50 km deep) characterize transform boundaries.
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Figure 3.  Offset spreading centers, joined by a transform fault.

Figure 3, above shows a transform fault between two spreading centers. Notice the location between the two spreading centers (marked by the “B”), which is the transform fault.  This is the only region where there is relative sliding motion.  Each of the offset spreading centers is at a higher elevation, so when the offset spreading centers are joined by a transform fault, there are elevation differences at the boundary.  Boundary segments marked by A and C do not have relative motion across the “fault” (dotted line segment). Yet the original elevation differences caused by the offset are still present.  These segments are called “Fracture Zones,” and can be observed in the Map elevation data in the Eastern Pacific Ocean, where they may persist for thousands of kilometers.
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In map view, the representation of offset spreading centers, joined by a transform fault (Fig. 4), is shown to the left.  The transform fault is indicated by the B, and A and C are the fracture zones, which carry the scar of the old transform fault along as the plate spreads away from the spreading center.

Figure 4.  Map view of two offset spreading centers joined by a transform fault. Quakes would be expected along segment B, but not segment A and C. 

There are several rules that these structures obey.

1) The transform fault is at a right angle to the spreading center

2) Both spreading centers are spreading at the same rate, unless there is relative rotation between the two plates.

3) Spreading centers can move.

4) Spreading centers can become longer or shorter.  When this happens, they are often called “propagating rifts.”
Identifying Transform Boundaries:

Transform boundaries can be identified by showing that:

1. Shallow (<50km) quakes along a linear feature.

2. Perpendicular intersection with a spreading center.

3. Topographic changes across the transform, depending on the age jump across it.

4. Seafloor age jumps across the transform.

5. Fracture zones that extend beyond the intersection of the transform fault and the spreading center (see fig 4).

Convergent Boundaries:

Figure 1 also diagrams a boundary where plates are coming together, or “converging.”  There are a number of variations to these kinds of boundaries.  Figure 1 (location D) shows a collision between an oceanic plate and a continent.  The west coast of South America is an example. The collision between India and Eurasia is an example of a plate convergent boundary where two continents collide.  The continents are both too buoyant to sink, so their collision causes a thickening of the lithosphere, which is manifested in the Himalayan Mountains and Tibetan Plateau.  When an oceanic plate collides and subducts beneath another oceanic plate, an island arc is created.  The volcanoes created by the subduction process (Figure 5) cause the islands.  Behind the island arc, a basin is formed.  Often, a small spreading center occurs, caused by the pull of the subducting slab.  This is called “back-arc spreading.”
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Figure 5.  Cross section of a convergent margin between two oceanic plates.

A map view of a spreading center, transform fault, and subduction zone is shown in Figure 6 to the left.  The “teeth” in the subducting diagram are in the direction of the down-going plate.
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Figure 6.  Map view of a plate, from spreading center to subduction.

Identifying Convergent Boundaries:

Convergent boundaries can be identified by showing that:

1. A long trench

2. Zone of earthquakes parallel to the trench

3. Quake cross-section shows a descending pattern of quakes to as deep as 800 km.

4. A line of volcanoes parallel to the trench

5. Sefloor ages that are oldest at the trench (the age data is not so good across the trenches because it is based on magnetic anomalies, which are not so clear near subduction zones).

Presenting a case for a particular plate geometry interpretation:

To make your "case" for your interpretation, you must present the following:

1. Map showing your study region

2. Plots of all of the relevant data (note: a linear feature like a ridge or trench cannot be identified using a single profile; use at least 3 profiles).

3. A tectonic map, like that of figure 6, showing your geometry.

4. A cross-section map (like that of figure 24) showing what you know about the cross section of the region. Note: do NOT put more features on the figure than your study shows. There are many pictures in your textbook that show a lot of detail. However, you are not allowed to refer to it in this study. BUT, if you want to present it as a general discussion item, after you have presented your data and model, all the better.

Complications:

There are many examples, on the real Earth, of the simple structures described above.  You will be able to find these using the map software.  However, there are also many complications, which are beyond the scope of this course.  One interesting complication occurs at the northern end of the San Andreas Fault.  The western margin of North America is a combination of subduction zone and transform fault.  North of Mendocino, beneath Northern California, Oregon, Washington, and southern Canada, there is a very slow subduction zone.  This subduction zone is responsible for the active volcanoes: Mt. St. Helens, Mt. Rainier, Mt. Hood, Mt. Adams, and others.  South of Mendocino is the San Andreas Fault, which veers offshore to the Gorda Rise, which is a spreading center. A diagram of the situation is shown in Figure 7.
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Figure 7.  Diagram of the Mendocino Triple Junction.  SAF - San Andreas Fault.
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About the Map Data

You will need to make a reference to the sources of data accessed by the Map software when writing your tectonics paper.  The following is some of the information that you can extract for your methods section. Read “Writing with Integrity” to clarify how to work with this information. Don’t copy is document!

ETOPO5 Elevation Dataset:
ETOPO5 was generated from a digital data base of land and sea-floor elevations on a 5-minute latitude/longitude grid.  The resolution of the gridded data varies from true 5-minute for the ocean floors, the U.S.A., Europe, Japan, and Australia to 1 degree in data-deficient parts of Asia, South America, northern Canada, and Africa.  Data sources are as follows: Ocean Areas: US Naval Oceanographic Office; U.S.A., W. Europe, Japan/Korea: US Defense Mapping Agency; Australia: Bureau of Mineral Resources, Australia; New Zealand: Department of Industrial and Scientific Research, New Zealand; balance of world land masses: US Navy Fleet Numerical Oceanographic Center.

Volcanoes Dataset:

These data came from the Smithsonian Institution Global Volcanism Program.  They have been compiled from the geological literature on volcanoes and reports from correspondents.  Some terrestrial (on land) volcanoes are not listed.  It is inevitable that the remnants of some older volcanoes have been eroded or covered by new volcanic activity, but it would be surprising if major volcanoes were missing.  More importantly, very few of the multitudes of undersea volcanoes are listed.  We know that volcanic activity is one of the major processes involved in the creation of the new oceanic crust.  Active volcanism has been observed on the axis of mid-ocean spreading centers and the many seamounts are known to be volcanic in origin.  These are not included in the database because so few of them have been observed.

The following is an excerpt from the text that accompanies the volcanoes database:

SMITHSONIAN INSTITUTION

GLOBAL VOLCANISM PROGRAM

NHB MRC 119, Washington, DC 20560

VOLCANOES OF THE WORLD - 1993

   These data are basically those in our 1981 book, "Volcanoes of the World," but have been updated to include new volcanoes and new eruptions through mid-1993 with additional information from the literature and our correspondents.

Earthquakes Dataset:

The earthquake data are from World-Wide Network of Seismic Stations.  Earthquake monitoring instruments are run by universities and government institutions of many nations.  Readings from these instruments are collected at the National Earthquake Information Center (NEIC), in Boulder Colorado. Quake magnitudes, locations, and origin times, are computed.  For larger quakes, the "fault plane" (related to the orientation of the slip) of the quakes is also computed.  Some of the seismic stations have very simple instruments and mail their data to NEIC, but some transmit their signals by satellite (since about 1990).  So it is possible to access nearly real-time earthquake locations.

The interpretation of earthquake hypocenter data requires some caution. Every quake location has an error.  The computed locations will be more accurate for quakes occurring after the middle to late 1980's than in the 1960's, because seismic stations have been added since then.  The best locations may be accurate to a few km while the least accurate may have an error of as much as 50 km.  Oceanic quakes far from islands (which may have seismic stations) will have a greater location error than those on land.  For example, quakes near Japan will have a higher accuracy than quakes on the East Pacific Rise.  You need to be careful when interpreting subtle patterns with this dataset.  If you make a quake cross-section and see all of the quakes at a constant depth, along a horizontal line, this means that the analysis program did not have enough data to compute an accurate depth, so just set it to a constant value.  This could mean that depths are much shallower.  This effect is observed at remote oceanic areas. 

Heat flow Dataset:

The heat flow data were provided by Prof. Carol Stein, from Northwestern University.  The heat flow used here is a measure of the heat that is flowing out from the deep to the surface. Generally heat flow will be high where the shallow crust or upper mantle is very hot, and low when it is cooler.

The measurement is made by dropping a torpedo-shaped probe from a ship, which buries itself vertically in the sediments.  The temperature at the top and bottom of the probe is measured.  The temperature difference, plus a clever way of measuring the in-situ thermal conductivity of the sediments, allows heat flow to be calculated.  Care is needed in interpreting these data.  The measurements are difficult and subject to contamination due to non-ideal geological settings. For example, if heat flow is measured in an area where water is circulating through the crust, most of the heat will be removed by the water and the heat flow measurement will not accurately reflect heat flowing from deep within the Earth.  A nearby seamount or ridge can also affect the heat flow values. 

To be safe, never rely on a single heat flow data point.  Several points must agree, in order to take a value seriously.

Click Spots

The images and movies that are in the "ClickSpot" library were collected from the faculty and students of the UCSB Dept. of Geological Sciences, and various other sources.  Some of the video material came from other sources, but you will not be able to refer to the source unless it appears in the caption.

Maps

The maps used for the oceanography software have all been computer-generated from the ETOPO5 elevation database.
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The online Guide, in the Map software has a section that shows you examples of some of the important tectonic features. Try it out.
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