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Abstract

Plate tectonics is a quantitative, robust and testable, geologic model describing the surface motions of Earth’s outer skin.  It is based on real data and assumptions, and built using the scientific method.  New space geodesy data provide important quantitative (and independent) tests of this model.  In general, these new data show a close match to model predictions, and suggest that plate motion is steady and uniform over millions of years.  Active research continues to refine the model and to better our understanding of plate motion and tectonics.  The exercise presented here aims to help students experience the process of doing science and to understand the science underlying the plate tectonic theory. 
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Introduction

Plate tectonics is a theory or model that describes the relative motion between Earth’s plates or fragmented outer skin.  It is our major geologic paradigm today.  As such, unfortunately, there is a tendency for us to teach it somewhat dogmatically, rather than scientifically.  In addition, over-simplified presentations to undergraduate and introductory students and to the general public, e.g. in textbooks written mostly by non-specialists, etc., can lead to gross misconceptions about what goes in (data) and what comes out (model predictions), about what constitutes a viable test, as well as about how science works in general. Overall, there is a tendency for us to lead our beginning students into believing that plate tectonics is a “perfect model” and a “done deal”.  This is not the case.  Earth scientists are actively engaged in researching important questions regarding Earth’s plates, how they move, and the stunning effects of such motion, as well as those related to where the model breaks down.

This paper outlines the fundamental scientific building blocks of a plate tectonic model: the data, the assumptions, etc., and how the model is built, i.e. how the component parts are linked together via the scientific method.  Teaching plate tectonics from this perspective helps students experience the process of doing science (rather than just learning facts) and provides them with a treatment that is more quantitative, rigorous, and in-depth than traditionally provided.  The paper also outlines some of the powerful, new space geodetic tests of the model, discusses the implications of these tests, and outlines some areas of current plate tectonics research.  In addition, the paper provides non-specialist readers with a window into some background literature, as well as that related to on-going research.  The paper and the sample exercises that follow can serve as a stand-alone undergraduate or introductory-level primer or exercise.

Plate tectonics as a scientific model

Plate tectonics is a theory, model, or hypothesis (in general, all three of these word have the same meaning) describing how pieces of Earth’s fragmented outer skin move relative to one another.  Because it deals with motions, it is called a kinematic model.  Like all scientific models, it was built using the scientific method.  Like all scientific models, it is a quantitative model, not just a “fluffy” qualitative description.  Quantitative models always make specific (generally numeric) and vulnerable predictions that can be tested, falsified, and rejected; qualitative models do not.  Model testing is an integral part of how science works.  If data collecting, brainstorming, and model making (i.e., generalizing from an incomplete set of specifics) can be thought of as science’s ebb, then model testing (i.e., testing the specific predictions a model makes) is the flow of science; both parts are necessary.  Fichter and Poche (1993) provides an excellent description of how inductive (ebb) and deductive (flow) reasoning together complete the “circle of science”.  Through model testing, old models are continuously revised and updated, or even discarded and replaced by new ones.  Science never stands still: its ideas and models are dynamic and ever changing.  

Real data, i.e. numbers representing specific physical (geologic) aspects of plate motion, go into making a plate tectonic model.  Like any real data, these numbers are not perfect; they have certain inherent limitations and uncertainties.  

A few important assumptions are also required to build a plate tectonic model.  Assumptions are another general part of making scientific models.  Assumptions limit models.  Because they include assumptions, models are only approximations of nature and reality, albeit, hopefully accurate ones.  

The plate tectonic model

In addition to being quantitative and kinematic, plate tectonic models are now global in scale.  Therefore, they are models that describe, with numbers, how fast and in which direction each of Earth’s plates moves with respect to all of the other plates.  Most significantly are the neighboring plates because the geologic data used in the model comes from boundaries between neighboring plates (see below) and this is where the effects of plate motion are most directly visible (e.g., Norobuena et al. 1998). Because all plates move relative to others, it is always necessary to specify a clear reference frame when describing or thinking about plate motions. 

Given that we reckon Earth’s skin is made up of ~15 plates (see below), and that plate motion occurs in all three dimensions in our three-dimensional world, we need about fifteen times three, that is, ~45, numbers (velocity components) to describe plate motion.  Cox and Hart (1970), DeMets et al. (1990), and Gordon (1995) give more details on the quantitative aspects of describing plate motion.

The first plate motion model was developed for the plates in the North Atlantic by Le Pichon (1968; also see Le Pichon, 1970) at the start of the “plate tectonic revolution”.  It was not global in scale.  Later models, including those of Chase (1978), and Minster and Jordan (1978a), were global models.  The most recent, and most accurate global plate motion model is called NUVEL-1A (DeMets et al. 1990, 1994) (Fig. 1).  The NUVEL-1 model was developed by a group of graduate students and researchers at Northwestern University (this is where the NU in the title comes from, VEL is for velocity, and 1 is for version one) in 1990, and was revised slightly into NUVEL-1A in 1994.
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Figure 1.  Plate motions and assumed plate geometry (slightly updated) for the NUVEL-1 global relative plate motion model (DeMets et al. 1990). Plate names: PA-Pacific, JF-Juan de Fuca, RI-Rivera, CO-Cocos, NZ-Nazca, NA-North America, CA-Caribbean, SA-South America, SC-Scotia, AN-Antarctica, EU-Eurasia, AF-Africa, AR-Arabia, IN-India, AU-Australia, PH-Phillipine. Arrows along the plate boundaries represent relative plate motions between neighboring plates predicted by the NUVEL-1 model.  The longest arrows show the fastest motions.  Arrows that point symmetrically away from one another represent motion at divergent (spreading) plate boundaries, the mid-ocean ridges.  One-sided (asymmetric) arrows indicate plate convergence (subduction) and point toward overriding (upper) plates.  Note that in general the plate boundaries do not coincide with the edges of the continents.  Dark stipple pattern represents zones of diffusely distributed plate motion in the continents; light stipple pattern represents that in the oceans. From Stein and Wysession (2003).  

The assumptions

Three assumptions go into making a global plate motion model; they are as follows:  (1) Earth is perfectly spherical.  You will test this assumption with some simple calculations and discover whether Earth is perfectly spherical, very close to spherical, or far from spherical in the exercise that follows.  (2) Each plate is perfectly rigid, that is, that the plates do not bend, break, or otherwise distort internally.  Testing the level at which this assumption breaks down is an important area of current research (e.g., Argus and Gordon, 1996; Dixon et al. 1996; Weber et al. 1998; Newman et al. 1999; Weber et al. 2001).  Tiny motions accumulated within a plate over long geologic time scales could have drastic effects (e.g., Schweig and Ellis, 1994).  A major corollary to this assumption is that all of the relative plate motion between neighboring plates is taken up along the plate boundary or shared edge between the two plates (Fig. 1).  Recent work has shown that this assumption is generally accurate for plate boundaries within ocean basins, with some notable exceptions (e.g., Wiens et al. 1995, 1996), but quite inaccurate for continental plate boundaries, like that in California and the western U.S., which tend to develop into broad “diffuse” deforming zones, rather than sharp, single “breaks” (Minster and Jordan, 1978b; Argus and Gordon, 1991; Humphreys and Weldon, 1994) (Fig. 1).  Fortunately, most of the geologic data that goes into making the plate tectonic model comes from the well-behaved oceanic variety of plate boundaries. (3) There are a dozen or so major plates and a few smaller ones, making ~15 in total.  Using the global distribution of earthquakes (Fig. 2), you will make a qualitative test of this assumption in the exercises at the end of this paper.
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Figure 2.  Map showing the global distribution of earthquakes.  In such a map view the bands of earthquakes are generally narrowest along divergent plate boundaries in the oceans and widest along convergent boundaries and in continental plate boundaries.  From Stein and Wysession (2003).

The geologic data

Three basic geologic data types go into making a plate tectonic model.  They are: (1) sea floor spreading rates that are approximated from the magnetic zebra stripes on the ocean floor, (2) transform fault azimuths (directions), and (3) earthquake slip vector azimuths (directions).  Gordon (1995) provides a detailed review of the data types.  

Spreading rates give the magnitude or “amount” part of plate motion, and are measured from the widths of magnetic zebra stripes, called magnetic anomalies.  Magnetic stripes form along both sides of mid-ocean ridges where neighboring plates move away or diverge from one another, a process called sea-floor spreading.  Magnetic stripes, in general, are approximately symmetric (mirror images about the ridges) and result from a combination of the accretion of new volcanic material to plate edges and periodic and mysterious, end-over-end (N-pole for S-pole) flips in Earth’s magnetic field.  Shea (1988) gives an excellent description of magnetic anomalies, and the history of the discovery of sea-floor spreading, as well as an insightful and quantitative student exercise.  

Transform faults are strike-slip faults, and involve side-by-side sliding of neighboring plates.  Those near mid-ocean ridges on the sea floor are striking and clearly visible.  They appear to chop-up and offset the mid-ocean ridges.  However, the transform faults and mid-ocean ridges actually work together to take up divergent plate motions.  This relationship was first discovered by Wilson (1965), apparently through performing “paper and scissors” experiments on maps of the sea floor (Cox and Hart, 1970).  Wilson’s new ideas about transform faults helped to start the “plate tectonic revolution”.  Some excellent exercises in Cox and Hart (1970) recreate a sense of Wilson’s transform fault discovery, and show how insightful simple “paper and scissors” or “paper and pencil” experiments can be when thinking about plate motions.  A similar exercise is also included below.  Transform fault azimuths are simply the strikes (compass orientations) of these faults, and are measured in degrees clockwise from north using very accurate bathymetric maps of the sea floor and “protractors” (e.g., Gordon, 1995).  Transform fault azimuths give the “directional” part of plate motion.  A basic plate tectonic “rule of the road” is that transform faults are oriented parallel to the relative motion of the plates on either side of them.

Earthquake slip vectors, the last data type, provide another source of information regarding the directional part of plate motion.  Slip vectors are determined from major earthquakes that occur along plate boundaries.  Waves from such earthquakes radiate with systematic patterns such that they arrive at seismometers around the globe with first vertical motions that are either up, down, or null (Cox and Hart, 1970).  Such first motion data are plotted as what are termed focal mechanisms (“beach-balls”) on equal-area projections or stereonets, which are essentially three-dimensional protractors.  From a focal mechanism, the orientation (strike and dip) of the fault that ruptured during the earthquake, and the direction of slip on the fault, i.e., the azimuth of the slip vector, measured in degrees clockwise from north, can be determined.  The USGS and Harvard Seismology Lab, to name a few, routinely produce focal mechanisms from large global events, and distribute them freely on the web (http://quake.wr.usgs.gov/recenteqs/beachball.html, http://www.seismology.harvard.edu/projects/CMT).  

An over-abundance of the three types of plate motion data have been collected from Earth’s plate boundaries, and continue to accumulate.  Many more data exist than the ~45 numbers needed to describe plate motion.  This is advantageous because it allows modelers to average out the noise or messiness in the data, thus improving the accuracy of the models.  An advertised strength of the NUVEL-1 model was that it used more data (and better quality data) than previous models.  Models, such as plate motion models, derived from fitting over-abundant data are called inverse models.  

A plate tectonic model is then built or inverted from the data using fairly elementary math.  Fitting the data to a model is based on a technique called least-squares.  Least-squares is the common technique used to fit straight lines to x-y data.  Cox and Hart (1970) give a good intuitive treatment of how least-squares is used to fit each of the three types of plate motion data.  DeMets et al. (1990) provide a full, rigorous treatment.  

It is interesting to note that the three geologic data types average plate motions over slightly different time intervals.  A plate motion model, therefore, does not represent plate motion over a single, precise time interval, but rather over a composite interval of time.  The magnetic anomalies used to derive spreading rates are generally measured close to the mid-ocean ridges and typically record spreading rates over the past few million years.  The ~3 Ma anomaly is used in the NUVEL-1A model.  Earthquakes are geologically instantaneous events. Our history of recording earthquakes using seismometers is limited to about the past hundred years or so.  This means that earthquake slip vectors are only available for the past ~hundred years.  The time interval over which transform faults average motions is not well studied, but must be intermediate between those of slip vectors and those of spreading rates (Gordon, 1995).  

Tests of the plate tectonic model

Independent, quantitative and precise, and global tests of the velocity predictions made by plate tectonic models have recently become available, mainly through surveying technologies spawned by NASA’s space program and the U.S. Department of Defense.  These new measuring (surveying) techniques are referred to, collectively, as space geodesy.  

Initially, important plate motion test results came from the early space geodesy techniques of satellite laser ranging (SLR) and very long base line interferometry (VLBI) (Gordon and Stein, 1992; Stein, 1993).  But within the past ~10 years a new technology, GPS (the Global Positioning System), has revolutionized how Earth scientists study plate motions (as well as many other Earth processes).  GPS was initially designed for real-time (near instantaneous) military positioning and destructive military feats, such as guiding “smart” bombs in the Persian Gulf War.  But the system was quickly adapted by civilian scientists to measure the positions of points on Earth’s surface to a precision of ± a few millimeters, about the thickness of a paper match held on edge.  These high-precision measurements are attained by averaging out the “noise” in the positioning “signal” sent down by the GPS satellites to receivers set on Earth’s surface.  In practice, this is done by tracking the GPS satellites for long time spans, post-processing the data, correcting for atmospheric effects, and tracking the shortest wavelength signals sent by the satellites, something called the carrier phase.  Dixon (1990) provides a nice summary of the technical aspects of using GPS for geologic applications.  The GPS easily resolves Earth’s plate motions, as well as other horizontal tectonic motions, to the level of ± a few mm/yr.  A recent focus of GPS research is on measuring vertical tectonic signals (e.g., due to volcanic inflation, post-glacial rebound, tide loading, etc.; see e.g., http://www.geodesy.miami.edu/, Newman et al. 2001). 
GPS tests of plate motion predictions first began with experiments conducted along single plate boundaries (Tralli et al. 1988a, 1988b; Dixon et al. 1991), and have since become global in scope (Larson and Freymueller, 2000; Sella et al., 2002).  The GPS results, as well as earlier results from SLR and VLBI, are striking.  In general, the plate motions predicted by models such as NUVEL-1, built mainly using geologic data from the ocean basins, and averaging over a time interval of millions of years, match very closely those measured directly over just the last ~10 years using GPS, SLR, and VLBI.  In general, this implies that the plate tectonic model is accurate, and that plate motion is steady and uniform over millions of years.  
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Figure 3.  A comparison of predicted and observed plate motion rates.  Rates predicted by NUVEL-1 model plotted against corresponding independently determined rates using space geodesy (SLR) for the interiors of 5 major plates.  The slope value of 0.95 ± 0.02 indicates that the space geodetic observations are in excellent agreement with the model predictions.  From Stein (1993); original data from Smith et al. (1990).

Current plate motion research now focuses on questions regarding the small, but interesting and significant misfits to plate motion models.  No materials are perfectly rigid, so to what extent are the plates practically rigid (Argus and Gordon, 1996; Dixon et al. 1998; Gordon, 1995; Weber et al. 2001)?  Why is it that motion and deformation tend to be distributed and also partitioned across wide, diffuse continental plate boundary zones (Teyssier and Tikoff, 1998; Liu et al. 2000)?  Where can we add new plates (micro-blocks, micro-plates) to make the models better (Dixon et al. 2000; Sella et al. 2002)?

Exercise

1. One assumption that goes into making a plate tectonic model is that Earth is a perfect sphere.  Calculate how much Earth differs from a perfect sphere using the following data and formulae.  Do two calculations, one for each true value.  Determine whether this assumption is a terribly bad one or not.  (Hint: One percent difference means that for each 100 km of Earth distance our approximation is off by 1 km.)

Formulae: Percent difference = 100 x (True value – Approximate value)







True value

True values:
Radius of Earth at equator = 6,378 km



Radius of Earth at poles = 6,357 km

Approximate value: Radius of spherical Earth = 6,371 km

2.  From what you just read about plate tectonics and the scientific method, design, draw, and label a flow chart blow showing how scientific data, model, truth, and tests are related, and how science “ebbs” and flows” forming a complete “circle of science”.

3. Compare the map of worldwide earthquakes (Fig. 2) over the past ~30 years with that showing the plate boundaries used in the NUVEL-1 plate motion model (Fig. 1).  In a few sentences comment on any correspondences, and whether assumptions (2) and (3) discussed above seem well or poorly justified.

4.  Figure 3 is a graph showing predicted model (NUVEL-1) plate motion rates plotted against those measured independently using SLR, a space geodetic (satellite surveying) technique (similar to GPS) discussed above.  Explain why the graph show “excellent agreement” between the model predictions and actual measurements as the figure caption claims.  Do the results from this test support the plate tectonic model or suggest that we need to “build” a new model?  Do they suggest that the plates are rigid or non-rigid?

5.  Carefully redraw or photocopy the divergent plate boundary in the south Atlantic from Figure 1.  What are the names of the two neighboring plates there?  The arrows on Figure 1 show the spreading direction (relative to the mid-ocean ridge).  Carefully color each plate using two different colored pencils.  Cut your colored drawing with scissors along this plate boundary and move the two plates apart as shown.  Think about and discuss two other possible reference frames that could describe this same relative motion.  Identify and label all of the spreading ridges (SR) and transform fault (T) segments on your drawing.  Discuss how they work together to take up the relative plate motion. 

6.  Do the map-view “bands” of earthquakes shown on Figure 1 tend to be widest along convergent or divergent plate boundaries?  Formulate a hypothesis (or use any preexisting knowledge you may have) to explain the pattern you see.  Could you test your hypothesis?  How?  Does it make falsifiable (vulnerable) predictions?  Is it a scientific hypothesis or not?  If not, keep trying until you have crafted it into a scientific hypothesis. 

7.  Compare Figure 1 with a shaded surface relief map of the world (that your instructor can provide).  Discuss any relations you see between surface relief (topography) on the continents and the continental zones of diffusely distributed plate motion (shown by the dark stipple pattern) on Figure 1.  How do geologic mountains form? 

8.  Go to the USGS and Harvard Seismology Lab website listed above.  Why do some geoscientists refer to focal mechanisms as “beach balls”?  Figure out and explain how to read “beach balls” as data plotted on three-dimensional protractors.

9.  Go to the University of Miami Geodesy Lab website listed above.  Discuss one specific example of how these researchers use GPS data to study plate motion or monitor volcanic activity.  What is a GPS time series?  What important information do researchers extract from a GPS time series?

10.  Go to your campus library, locate, and obtain any two of the following papers: Minster and Jordan, 1978b; Argus and Gordon, 1991; and Humphreys and Weldon, 1994.  Read the papers carefully and critically, to the best of your ability, extracting what you can.  (You may wish to photocopy the papers so that you can reread them several times, scribble notes and make sketches, highlighting important parts, etc.) Using and citing specifically what you learned from your readings, write a few clear, succinct well-supported paragraphs challenging or supporting the statement “the San Andreas fault is the plate boundary between the Pacific and North American plates”.      

REFERENCES CITED

Argus, D. F., and Gordon, R. G., 1991, Current Sierra Nevada-North America motion from very long baseline interferometry; implications for the kinematics of the Western United States: Geology, v. 19, n. 11, 1085-1088.

Argus, D. F., and Gordon, R. G., 1996, Test of the rigid-plate hypothesis and bounds on intraplate deformation using geodetic data from very long baseline interferometry: Journal of Geophysical Research, B, Solid Earth and Planets, v. 101, n. 6, 13,555-13,572.

Cox, A., and Hart, R. B., 1987, Plate tectonics; how it works: Blackwell Scientific Publications, 452 pp.

DeMets C., Gordon, R. G., Argus, D. F., and Stein, S., 1990, Current plate motions: Geophysical Journal International, v. 101, 425-478. 

DeMets C., Gordon, R. G., Argus, D. F., and Stein, S., 1994, Effect of recent revisions to the geomagnetic reversal timescale on estimates of current plate motions: Geophysical Research Letters, 21,2191-2194.
Dixon, T. H., 1990, An introduction to the Global Positioning System and some geological applications: Reviews of Geophysics, v. 29, 2, 249-276.

Dixon, T. H., Tralli, D. M., Blewitt, G., and Dauphin, J. P., 1991, Geodetic baselines across the Gulf of California using the Global Positioning System, in, Dauphin, J.P. et al., editors, The Gulf and Peninsular Province of the Californias: AAPG Memoir

47, 497-507.

Dixon, T. H., A. Mao and S. Stein, 1996, How rigid is the stable interior of the North America plate? Geophysical Research Letters, v. 23, 3035 - 3038.

Dixon, T.H., Miller, M., Farina, F., Wang, H., and Johnson, D., 2000, Present-day motion of the Sierra Nevada block and some tectonic implications for the Basin and Range province, North American Cordillera: Tectonics, v. 19, p. 1-24.

Fichter, Lynn S., and David Poche, 1993, Ancient Environments and the Interpretation of Geologic History: 2nd Edition, Macmillan Publishing Company.
Gordon, R. G. and Stein, S., 1992, Global tectonics and space geodesy: Science, v. 256, 333-342.

Gordon, R.G., 1995, Present Plate Motions and Plate Boundaries, in, T.J. Ahrens, editor, A Handbook of Physical Constants: Global Earth Physics (Vol.1) AGU Reference Shelf Series, Volume 1.

Gordon, R. G., C. DeMets, and J. Y. Royer, 1998, Evidence for long-term diffuse deformation of the lithosphere of the equatorial Indian Ocean: Nature, v. 395, 370-374.

Humphreys, E. D., and Weldon, R. J., 1994, Deformation across the Western US: A local estimate of Pacific-North America transform deformation: Journal of Geophysical Research, v. 99, 19,975-20,010.

Liu, M., Y. Yang, S. Stein, Y. Zhu, J. Engeln, Crustal shortening in the Andes: Why do GPS rates differ from geological rates? Geophysical Research Letters, v. 27, 3005-3008, 2000. 

Norabuena, E., L. Leffler-Griffin, A. Mao, T. Dixon, S. Stein, I. S. Sacks, L. Ocala and M. Ellis, Space geodetic observations of Nazca-South America convergence along the Central Andes: Science, v. 279, 358-362, 1998.

Newman, A. V., T. H. Dixon, G. Ofoegbu & J. E. Dixon, Geodetic and Seismic Constraints on Recent Activity at Long Valley Caldera, California: Evidence for Viscoelastic Rheology Journal of Volcanology and Geothermal Research, v. 105 3, 183-206, February 2001

Newman, A., Stein, S., Weber, J., Engeln, J., Mao, A., and Dixon, T., 1999, Slow deformation and lower seismic hazard at the New Madrid seismic zone: Science, v. 284, p. 619-621.

Larson, K. M., Freymueller, J. T., and Philipsen, S., 1997, Global plate velocities from the Global Positioning System: Journal of Geophysical Research, B, Solid Earth and Planets, v. 102, n. 5, 9961-9981.

Le Pichon, X., 1968, Sea-floor spreading and continental drift: Journal of Geophysical Research, v. 73, n. 12, 3661-3697.

Le Pichon, X., 1970, Correction to paper by Xavier Le Pichon, 'Sea-floor spreading and continental drift' (1968): Journal of Geophysical Research, v. 75, n. 14, 2793.

Chase, C. G., 1978, Plate kinematics; the Americas, East Africa, and the rest of the world: Earth and Planetary Science Letters, v. 37, n. 3, 355-368.

Minster, J. B., and Jordan, T. H., 1978a, Present-day plate motions: Journal of Geophysical Research, A, Space Physics, v. 83, B11, 5331-5354.

Minster, J. B., and Jordan, T. H., 1978b, Vector constraints on Western U.S. deformation from space geodesy, neotectonics, and plate motions: Journal of Geophysical Research, B, Solid Earth and Planets, v. 92, 6, 4798-4804.

Sella, G. F., Dixon, T. H., and Mao, A., 2002, REVEL; a model for recent plate velocities from space geodesy, Journal of Geophysical Research, B, Solid Earth and Planets

107, 4, 17 pp.

Shea, J. H., 1988, Understanding magnetic anomalies and their significance: Journal of Geological Education, v. 36, n. 5, 298-305.

Schweig, E. S., and Ellis, M. A., 1994, Reconciling short recurrence intervals with minor deformation in the New Madrid seismic zone: Science, v. 264, n. 5163, 1308-1311.

Smith, D. E., Kolenkiewicz, R., Dunn, P. J., Robbins, J. W., Torrence, M. H., Klosko, S. M., Williamson, R. G., Pavlis, E. C., Douglas, N. B., Fricke, S. K., 1999, Tectonic motion and deformation from satellite laser ranging to Lageos: Journal of Geophysical Research, B, Solid Earth and Planets, v. 95, n. 13, 22,013-22,041.

Stein, S., Space geodesy and plate motions, Contributions of Space Geodesy to Geodynamics: American Geophysical Union Geodynamics Series 23, 5-20, 1993.

Stein, S., and Wysession, M., 2003, Introduction to Seismology, Earthquakes, and Earth Structure: Blackwell Publishing, with downloadable figures available at: http://epscx.wustl.edu/seismology/book.

Teyssier, C., and Tikoff, B., 1998, Strike-slip partitioned transpression of the San Andreas fault system; a lithospheric-scale approach, in, Holdsworth, R. E., Strachan, R. A., and Dewey, J. F., editors, Continental transpressional and transtensional tectonics, Geological Society Special Publications, 135, 143-158.

Tralli, D. M., and Dixon, T. H., 1988a, A few parts in 108 geodetic baseline repeatability in the Gulf of California using the global positioning system: Geophysical Research Letters

v. 15, n. 4, 353-356.

Tralli, D. M., Dixon, T. H., and Stephens, S. A., 1988b, Effect of wet tropospheric path delays on estimation of geodetic baselines in the Gulf of California using the Global Positioning System: Journal of Geophysical Research, B, Solid Earth and Planets

v. 93, n. 6, 6545-6557.

Weber, J., Stein, S., and Engeln, J., 1998, Estimation of intraplate strain accumulation in the New Madrid seismic zone from repeat GPS surveys: Tectonics, v. 17, n. 2, p. 250-266.

Weber, J., Dixon, T., DeMets, C., Ambeh, W., Jansma, P., Mattioli, G., Bilham, R., Saleh, J., and Perez, O., 2001, A GPS Estimate of the Relative Motion between the Caribbean and South American Plates, and Geologic Implications for Trinidad and Venezuela: Geology, v. 29, p. 75-78.

Wilson, J. T., 1965, A new class of faults and their bearing on continental drift: Nature, v. 207, n. 4995, 343-347. 

Wiens, D., C. Demets, R. Gordon, S. Stein, D. Argus, J. Engeln, P. Lundgren, D. Quible, C. Stein, S. Weinstein and D. F. Woods, 1985, A diffuse plate boundary model for central Indian Ocean tectonics: Geophysical Research Letters, v. 12, 429-423.

Wiens, D., S. Stein, C. Demets, R. Gordon and C. Stein, 1968, Plate tectonic models for Indian Ocean ``intraplate" deformation: Tectonophysics, v. 132, 37-48.

PAGE  
5

