6.1 INTRODUCTION (some may moveto ch 1)

The ideas of plate tectonics have been implicit in all of the topics discussed in earlier chapters,
because plate tectonics is a spectacular surface manifestation of Earth’s past and present evolution. In
many ways, plate tectonics is what makes Earth different from our neighboring planets. Thus we can
think of Earth as the plate tectonic planet.

The key aspect of plate tectonics is that Earth’s outer shell consists of moving plates. Hence the
theory of plate tectonics grew out of the recognition that continents had drifted, as proposed in its
modern form based on many lines of evidence by Alfred Wegener in 1915. This idea was an old one,
rooted in the striking fit of the coasts of South America and Africa noted first in the 1600’s.
Wegener’s classic work The Origin of Continents and Oceans offered a variety of evidence for conti-
nental drift beyond the fit of the coasts of South America and Africa (Fig 6.1-1). One relied on the
fact that glaciers moving on the earth’s surface leave characteristic scratches on rocks, showing the
direction the glacier moved, and identifiable sedimentary deposits at the glaciers’ edges. Although at
present glaciers exist in polar regions, 300 million years ago glaciers covered regions that are not at
the equator. The glaciated areas can be fit back implying that they were joined and near the south
pole. Another line of evidence used fossils of species that are now found in areas far apart, to argue
that these areas must have been joined in the past. For example, a 275 million year old reptile
(mesosaurus) is found both in East South America and West Africa, but nowhere else. Hence
Wegener argued that 300 my ago all the continents were joined in a supercontinent called "Pangaea"
(all land), which later drifted apart (Fig 6.1-2). This would explain the glacial data, the fit of the con-
tinents, and the fossils.

Although this theory was accepted by some geologists working in the southern hemisphere
who were familiar with these rocks, geophysicists and geologists working in the northern hemisphere
were highly critical of it. Skeptics pointed out that it seemed physically impossible, because it was
not recognized that the mantle could flow (Section 5.4), so such motions seemed physically impossi-
ble. Thus the geological evidence was discounted, and almost fifty years passed before many types of

data showed that all parts of the earth’s outer shell, not just the continents, were moving.
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fossils are found on different continents fit together (USGS).
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Hence the theory of plate tectonics® treats the earth’s outer shell as made up of about 15 major
plates, and about 40 minor plates, which move relative to each other at speeds of a few centimeters
per year.? The plates are rigid in the sense that little (ideally no) deformation occurs within them, so
deformation occurs at their boundaries, giving rise to earthquakes, mountain building, volcanism, and
other spectacular phenomena. These strong plates form the earth’s lithosphere, which is about 100
km thick, and move over the weaker asthenosphere below. The lithosphere and asthenosphere are
mechanical units defined by their strength and the way they deform. The lithosphere includes both the
crust and part of the upper mantle, which are regions identified by differences in seismic velocity
(chapter 3) that are thought to be chemically and mineralogically distinct.

Studies of plate tectonics are typically divided into plate kinematics, assessing the directions
and rates of plate motions, and plate dynamics, understanding the forces causing plate motions. The
first can be directly observed, as discussed in this chapter. The kinematics are the primary constraint
on the dynamics, together with inferences from topography, seismic velocity, heat flow, gravity, and

other data, which we discuss in Chapter 7.

6.1.1 Plate boundaries

Because plate tectonics is based on plate motions, plate boundaries are classified into three
types depending on the relative motion between the two plates at the boundary. At divergent bound-
aries the plates move away from each other, whereas at convergent boundaries the plates move
toward each other. At the third boundary type, transform faults, relative plate motion is parallel to the
boundary.

These are easiest to visualize for oceanic lithosphere (Fig 6.1-3). At divergent oceanic bound-
aries, known as mid-ocean ridges or spreading centers, warm mantle material upwells, cools, and is
added to the two plates. The material continues cooling as the lithosphere moves away from the

ridges, and eventually reaches divergent boundaries, known as subduction zones or trenches. Here it

Plate tectonics is a scientific theory in that it is a model of the physical world based on observations, and can
be tested using new data. It describes a wide range of phenomena, although it is not a full description, much as
Newtonian mechanics cannot fully describe some effects that can be described only by relativity or quantum
mechanics.

2This is about the speed at which fingernails grow.
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Fig. 6.1-3: Basic types of plate boundaries in oceanic lithosphere. Oceanic lithosphere is formed at

ridges and subducted at trenches. At transform faults, plate motion is parallel to the boundaries.

Fig 6.1-4: Most plate boundaries have a major topographic signature.
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descends in downgoing slabs back into the mantle, reheating as it goes. The three boundary types also
exist in the continents, but are more complicated.

Present and past plate boundaries are generally indicated by topography resulting from the
boundary processes Fig 6.1-4). As aresult, plate boundaries are sometimes described by their mor-
phology. Divergent and convergent boundaries can be described either as midocean-ridges and
trenches, emphasizing their morphology, or as spreading centers and subduction zones, emphasizing
the plate motion there. Neither nomenclature is perfect: there are elevated features in the ocean
basins that are not spreading ridges, spreading centers like the East African rift exist within conti-
nents, and continental convergent boundaries need not have a subducting slab.

Fig. 6.1-5 shows the relative motion at major plate boundaries. The relative motion at a point
on the boundary determines the nature of the boundary, which often has major topographic and geo-
logical consequences. For example, the Eurasian and African plates diverge from the North American
plate along the Mid-Atlantic Ridge, and convergence between the Indian and Eurasian plates pro-
duces the Himalayas and high plateau of Tibet.

An interesting consequence is that parts of the boundary between two plates can have different
relative motion and thus be different boundary types. Fig. 6.1-6 shows this concept for the boundary
between the Pecifi c and North American plates. In the south, the plates move away from the bound-
ary, forming the Gulf of California spreading center that is rifting Baja California away from the rest
of Mexico. Further north, the Pacifi ¢ plate moves northwestward relative to North America along the
San Andreas fault. The San Andreas fault system is essentially parallel to the relative motion, and so
is largely a transform fault. In Alaska, the Pacifi c moves toward the boundary along the Aleutian
trench and subducts beneath North America, forming the Aleutian volcanic arc. Thus this plate
boundary contains ridge, transform, and trench portions depending on how the boundary is oriented
relative to the plate motion.

Most plate boundaries are beautifully illustrated by the earthquakes resulting from the defor-
mation (Fig. 6.1-7). For example, the Mid-Atlantic ridge and East Pacifi ¢ rise can be followed using

earthquake locations for thousands of kilometers. The trenches are even more apparent in the lower



Fig. 6.1-5: Major plates and the relative motion at their boundaries. Arrow lengths are proportional to
the displacement if plates maintain their present relative velocity for 25 Myr. Spreading across mid-
ocean ridges is shown by diverging arrows. Convergence is shown by single arrows on the under-

thrust plate. Stippled areas are diffuse plate boundary zones. (Gordon and Stein, 1992)
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Fig. 6.1-6: Relative plate motion along the boundary between the Pacific and North American plates

varies from spreading, to transform, to subduction.
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panel showing earthquakes with focal depths greater than 100 kilometers, because mid-ocean ridge
earthquakes are shallow and thus do not appear. In addition to delineating the boundaries, the earth-
quakes show the motion that occurs.

The earthquake locations also show that plate boundaries in continents are often complicated
and diffuse plate boundary zones, rather than the simple narrow boundaries assumed in the rigid plate
model that are a good approximation to what we see in the oceans. For example, seismicity shows
that the collision of India with Eurasia creates a deformation zone which includes the Himalayas but
extends far into China. Similarly, the northward motion of the Pacific plate with respect to North
America creates a broad seismic zone, indicating that the plate boundary zone spans much of the
western U.S. and Canada.

In addition, intraplate earthquakes occur within plate interiors, far from boundary zones. For
example, Fig. 6.1-7 shows earthquakes in the central U.S., eastern Canada, northwestern Europe, and
central Australia. Such earthquakes are much rarer than plate boundary zone earthquakes, but are
common enough to indicate that plate interiors are not perfectly rigid. In some cases these earth-
quakes are associated with intraplate volcanism, as in Hawaii. Intraplate earthquakes are studied to

provide data about where and how the plate tectonic model does not fully describe tectonic processes.

6.1.2 Continents and oceans

Some plates contain both continental and oceanic portions. For example, much of the North
American plate consists of seafloor beneath the Atlantic Ocean. Thus the east coast of North America
is a passive continental margin, which is not a plate boundary. Little deformation and seismicity
occurs at these margins, because they are within the plate interior. There are also active continental
margins, which are plate boundaries, such as the west coast of South America where the Nazca plate
subducts beneath the South American plate, forming the high peaks of the Andes.

The continental and oceanic lithosphere have different histories due to their chemical differ-
ences. Compared to oceanic crust, continental crust is less dense (recall the differences between

granitic and basaltic rocks discussed in Chapter 4), thicker (Chapter 3), and has different mechanical
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properties (Chapter 7). The oceanic lithosphere is continuously subducted and reformed at ridges,
and so never gets older than about 200 Myr. In contrast, the less dense continental crust does not
subduct, so continental lithosphere can be billions of years old. Hence the continents preserve a com-
plex set of geologic structures, many of which can be sites of deformation, including earthquake fault-
ing. Thus both plate boundary and intraplate deformation zones within continents are more complex
than their oceanic counterparts.

Examining plate boundaries around the world gives us examples of the different stages through
which the continents and oceans have evolved. The basic process, known as the WIson cycle,3 is
illustrated in Fig. 6.1-8. A continental region undergoes extension, such that the crust is stretched,
faulted, and subsides, yielding a rift valley like the present East African Rift that is splitting the
African plate into Nubian (west African) and Somalian (east African) plates. Because the uppermost
mantle participates in the stretching, hotter mantle material upwells, causing partial melting (Chapter
4) and basaltic volcanism. Sometimes the extension stops after only a few tens of kilometers, leaving
afailed or fossil rift such as the 1.2 hillion year old Mid-Continent rift in the central U.S. In other
cases the extension continues and the continental rift evolves into an oceanic spreading center which
forms a narrow new ocean basin like the Gulf of California. With time, the ocean widens and deepens
due to thermal subsidence of oceanic lithosphere (Section 5.3.3) and thick sediments accumulate on
the passive continental margins, such as those on either side of the Atlantic today. Subduction often
begins along one of the passive margins, and the ocean basin closes, causing magmatism and moun-
tain building as seen along the west coast of South Americatoday. Continental collision like that cur-
rently occurring in the Himalayas eventually occurs, and the mountain building process reaches its
climax. If the continents stop moving relative to each other, the collision leaves a mountain belt
within the interior of a plate. At some future time, however, a new rifting phase can begin, often near
the site of the earlier rifting, and a new ocean will start to grow. Thus the Appalachian mountains
record a continental collision that closed an earlier Atlantic Ocean about 270 Ma, and remain despite

the opening of the present Atlantic Ocean during the past 200 Myr.

3Named after J. Tuzo Wilson (1908-1993), whose key role in developing plate tectonic theory included intro-

ducing the ideas of transform faults, hot spots, and that the Atlantic had closed and then reopened.
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Figure 6.1-8: The Wilson cycle spans the different stages through which the continents and oceans
have evolved. a-b) Continental stretching and rifting. ¢) Seafloor spreading begins, forming a new
ocean basin. d) The ocean widens and is flanked by sedimented passive margins. e) Subduction of
oceanic lithosphere begins on one of the passive margins, closing the ocean basin (f) and starting con-
tinental mountain building. g) The ocean basin is destroyed by a continental collision, which com-

pletes the mountain building process. At some later time, continental rifting begins again.



6.2 PLATE MOTIONSON A FLAT EARTH

6.2.1 Velocity space

As we discussed in the last section, plate boundaries are classified into three types depending
on the relatie notion between the twplates at the boundarffhus the rate and direction of the
motion on a boundary tells us a lot about its tectonizs.formulate this idea mathematicallye
begin by considering plate motions at a point on Earsiwface, or within a small ggon. Inthis case
we can nheglect the curvature of the planet and treat theceuas flat. Once we understand this case,
we can include the effects of the spherical earth.

The relatve notion between te plates at a gien point at their boundary is described by a
velocity vector As we will discuss, the velocity can be found fromvaml different types of data.
Space geodetic data, dexd using the Global Positioning System (GPS) or other systems, can
obsenre hoth the speed (rate) and direction (azimuth) of motion. In addition, rates of spreading are
found from sea-floor magnetic anomalies, which form as the hot rock at ridges cools and acquires
magnetization parallel to the eaghiagnetic field. Because the history of versals of the earth’
magnetic field is knon, the anomalies can be dated, so their distance from the ridge where the
formed shows he fast the sea floor med avay from the ridge.The directions of motion are found
from the orientations of transforradlts and the slip vectors of earthquakes on transforms and at sub-
duction zones.

A velocity wector,v, can be specified either by its north-south and east-west components or by

its rate (magnitude) and azimuth (direction) (Fig. 6.2-1). Thus

NS, VEW) (l)

v=(v
has rate
V= |V | — ((VNS)Z + (VEW)2)1/2 (2)

and azimuth, gien by the anglee measured clockwise from North

a = tan Y (vEVIVNS). (3)
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Fig. 6.2-1: A velocity vector V is specided either by its north-south and east-west components or by

its rate (magnitude) v and azimuth (direction) «.
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Corversely, the components arevgh by the rate and azimuth
v =vcosa and VW =vsna. (4)

Two points about this notation are worth noting. The N-S and E-W components are labeled
with superscripts, rather than the usual subscripts, so subscripts can be used to identify the plates
involved. Also, we use the geographical wariion of defining the azimuth, or angle clockwise from
North. Thisdiffers from the mathematical caamtion of measuring the angle clockwise from the
(in this caseE — W) direction.

Typical rates of plate motion are mm/yr or crern advantage of using mm/yr is that this is
the same as kilometers per million years, so it is easy to sethb@late motion causes significant
motions on the surface. For example, at a point on the San Andreas fault where the Pacific plate
maoves & 36 mm/yr relative o North America, rocks presently next to each other will be offset by 36
km after a million years.

We dot the relatve notion between plates inveelocity spaceliagram. The diagram’'axes ae
the north-south and east-west components of theuwelatition. For example, Fig. 6.2-2a shows that
plate B is moving eastward at a rate (or speggl) relative o plate A. To plot this, we put platéA at
the origin, because this plate is not moving re¢at itself. The motion of plat® relative o plate A
is shown by a ectorvg, whose "tail" is at the origin. Henega has a direction eastward and length
(magnitudelvga. To see this, imagine standing on plaeand seeing which way andwdast plate
B is moving relatie © you.

Because the plate motions are reftive @an also consider plat8 to be fixed and plot the
velocity digram (Fig. 6.2-2b) witlB at the origin. The velocity vector for platk with respect tdB

is the ngaive d that for plateB with respect toA

Vag = ~ Vga- ©)

This has the same magnitudexg = Vga) but the opposite direction, becauBenoves westward rel-
ative o B. All the plate motions and boundary types are the same, because it is arbitrary which plate

we consider figd. Which plate we fix changes the frame of reference, but not the mofibiss.

lThis is about the rate fingernails gto
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makes sense because the motions akesiphl entities described by vectors, that are not affected by
our choice of a reference frame.

What happens on a plate boundary depends warthm boundary section is oriented compared
to the relatre notion vector For example, in Fig. 6.2-2c plat is to the east and the boundary is
oriented north-south. Hence along this boundidwg eastward motion of plat® moves it avay from
plate A. This is then a dergent boundarya greading center or ridge. Such boundaries are indicated
by a double parallel-line symbol.

For the same relate notion, different boundary geometries can ocolirsecond case is illus-
trated in Fig. 6.2-2d, in which plat is to the north and the boundary is oriented east-west. Because
the eastward motion of plat® moves it dong the boundarthe boundary is a transforrauit along
which material is neither added or subducted. The motion is right-latera-shiplk which means the
motion occurs along the transforauft such that no matter which side we stand on, a point across the
fault moves to the right, as indicated by the arrows.

A third possibility is that the boundary has a north-south orientation butAlstéo the east.

In this case the eastward motion of plBteauses it to mee owad plateA (Fig. 6.2-2e-g). Thus the
boundary is a comrgent boundaryindicated by the hatched-line symbol. Either platsubducts
under plateB, or the reverse - both correspond to the same red¢atiotion. To denote the polarity of

the subduction, we use a line with "teeth” on the side that is not subducting.

6.2.2 Material motion

For a gven plate motion, what actually happens at the plate boundaaigssy Thesimplest
way this motion can occur is when the platesragil, which means thedo mot deform. Not deform-
ing means that points within the interior of a plate do notenelatve © each otherso he plate
maoves as a oherent entityln this case, all deformation and relatinotion occur at the boundaries
between plates. As we will seeyveal types of data skothat in general, plates beleapgetty much
as though thewere rigid. Hence we use thigid plate hypothesigh most studies of plate motions,

and include the effects of deformation as a correction when needed.
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At a divergent boundary where the plates are rigidytmeve gart and n& material is added
between them. This happens at almost all midocean ridges, whereaterial upwells as the plates
separate. Thaewly formed crust and upper mantle accrete to the plates on either side aad mo
awgy from the ridge. As themove avay the rock cools and contracts, leaving the ridge shetlo
than its surroundings. This is Wocean basins gvo with time, which is part of the Wilsorycle
(Fig. 6.1-8).

As discussed in the next chaptavesals of the earth’magnetic field recorded in the wky
formed rocks gie the age of the seaflodeafloor spreading is approximatelymmetricwith equal
amounts of n@ material added to either plat@husisochrons lines of constant age, are approxi-
mately symmetric about the ridge axis (Fig. 6.2-32jviding the distance between corresponding
isochrons in opposite sides of the ridge axis by their ags thiefull spreading ate,the arerage rate
at which nev material was added during that tim8imilarly, the distance between isochrons on one
side divided by their age differenceveg the half spreading ate,the average rate at which memate-
rial was added to that plate during that period. These let us lookvehbcspreading rate variedes
time. Comparing the distances to corresponding isochrons on opposite sides of the nidge sho
whether more materialas added to one plate than the gtheituation calledasymmetric sgading.

Fig. 6.2-3b illustrates a ridge spreading at the same full rate as in Fig. 612-@éthlthe half spread-
ing rate on the east side faster than that on the west.

The magnetic isochrons also demonstrate the motion on transform faults that gffisentse
of midocean ridgesAs the imaginary seafloor markers (stars) in Fig. 6.2-4vshelative notion
occurs only on the aee portion of the transform between the ridggmeents, where material on
opposite sides of the transform is onfeliént plates. The extensions of the transform beyond the
active portion are inactie fracture nes. No relative notion occurs, because material on both sides
of the fracture zone are on the same platewéder, there is a large scarp across fracture zones
because the material on opposite sides is of different ages, and thus at deepetbipihsately,
some transformafults named before this distinction became clear are known as “fracture zones"

along their entire length.
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A surprising feature of transfornadilts offsetting ridge segments results from the fact that the
relative motion across the transform results from the ridges addwgwaterial on either sideThus
the motion is not what produced thdset of the ridge crest. In the usual situation that spreading is
approximately symmetric, the offset between ridge segments - which is the length of the transform -
will not change with time (Fig. 6.2-5)Because transform faults offsetting ridge segments maintain
essentially the same length, midocean ridges retain about the same geometry from theytime the
formed when continents rifted apart. Hence the Mid-Atlantic ridge reflects the shape of the continents
on either side (Fig. 6.1-7).

The plate motion across a transform fault connecting spreading ridge segments results from the
spreading, and so is opposite from that on strike-slip faults whereftie¢ loétween features results
from motion on the fault (Fig. 6.2-5)-or example, the San Andreas transform fault does rfeebf
spreading ridge ggnents, so the offset between features on opposite sigedrélam beds gres
with time.

Although ridge sgments and transforms are usually about at right angles to eachtfuthey
not alvays the caseSpreading is usuallgrthogonal,or in the direction of plate motion. In some
cases, haever, obliquespreading occurs (Fig 6.2-6). In either case, transforms are oriented close to
the direction of plate motion, although small deviations ocsuch deviations are callgdanspres-
sion,where a small component of compression also arisésgrstensionwhere a small component
of extension arises.

Motion at spreading centers can alseolme a nmore complicated alternas, which we will
discuss laterin which some of the motion occur by deforming the plates. In this geqnadtigh
occurs when continents break apart, the continental plates on either side are stretched and thinned.

A similar situation occurs at cwargent boundaries where oceanic lithosphere subducts.
Because material from the subducting plate enters the trench vésdim points on the subducting
plate approach theverriding plate. This is he ocean basins shrink with time, which is part of the

Wilson cycle (Fig. 6.1-8).
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The more complicated alternagj which we will discuss lateiis for some of the motion to
occur by deforming the plates. This occurs when tantinental plates collide, as occurs in the

Himalayas.

6.2.3 Triplejunctions

Velocity space analysis is often used where three plates medtigiegunction. Fig. 6.2-7
shavs an example, using a velocity space plot with pBtéxed. PlateA moves outheast with
respect tdB as shown by g, and plateC moves eastward with respect B as shown by/g.

The remaining motion, that of plafewith respect to plat€, can be found by adding and sub-
tracting vectors. Graphicallyve an see that the motion & with respect toB is the sum of the
motion of A with respect t&C and the motion o€ with respect td3

Vag = Vac * Vca. (6)
Thus we can find the motion & with respect t&C from the difference
Vac = Vae ~ Vce- (7)

Rewriting this gives the condition ofriple junction closue, the requirement that the relainotions

sum to zero
Vac +Veg = Vag = Vac +Veg +Vea = 0. (8)

The vector addition and subtraction can be done graphicalyown, by adding ectors
"head to tail." They can also be done by adding and subtracting components, because the vector sum

w of two vectorsu andv
u= (NS UEY) v = (VNS vEW) (10)
is simply
w = (WS, WEW) = (UNS + yNS | (EW 4 EW) (11)

As in the example in Fig. 6.2-2, a set @locities can gie dfferent types of boundaries

depending on the plate geometfyplatesC and A are east oB as shown in Fig. 6.2-7b, both @
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Fig. 6.2-7: a) Relative velocities with respect to plate B at a triple junction. b)-d) The the type of
plate boundary depends on how the boundary is oriented compared to the relative motion vector,

shown with respect to plate B.
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awg from B so their boundaries witB are spreading centers. Moven becauseA moves avay
from C, their boundary is also a spreading cenfére spreading on th€B boundary is at right
angles to, or orthogonal to, the boundaviereas that on thAB and AC boundaries is oblique to
the boundary.

In contrast, if plateB is north of A andC, as $iown in Fig 6.2-7c, platéC’s motion with
respect to platd3 along their boundary makes this a transfowyith respect tdB, plate A moves
awgy from their boundarymaking this an obliquely spreading centdoweve plate A moves outh-
east with respect to plate, and so comerges on their boundarynaking this an oblique subduction
zone.

Finally, if plate B is east ofA andC as shown in Fig 6.2-7d, the eastward motion of pglate
with respect to plat® causes orthogonal ceergence along their boundarflate A's southeastward
motion with respect to platB makes the AB boundary obliquely corergent, and platéA’s motion
with respect to plat€ does the same on tH#&C boundary.

Triple junction analysis is often used when the redatidocities on two of the three bound-
aries are better known than on the third, to find the motion on the third. This simple analysis of the
geometry can soé/puzzling tectonic questions. For example, earthquakes (Fig. 6.2-8) and topogra-
phy (Fig. 6.1-4) clearly sha the portion of the Mid-Atlantic ridge where spreading occurs between
the Africarf plate to the east and the North and South American plates to theHuesgtver, there is
no clear evidence for the boundary between the North and South America plates. Nonetheless, analy-
sis of spreading rates, transform fault directions, and eartbcdipkvectors along the ridge, using
methods discussed in the next section, indicates that thesardvdistinct plates with a boundary
located approximately as shown by the dashed line. At the triple junction, both North and South
America mae east at about 23 mm/yr with respect to Africa. Subtracting these vectessagly a
small diference, about 1 mmlyiThis very slev motion on the boundary between the North and

South America plates producesvfearthquakes and no significant topogmaph

Because spreading across the East African rift iw, sidrica is sometimes treated as one plate, but more
detailed studies divide it into a Nubian plate west of the East African rift and a Somalian plate to the east.
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Fig. 6.2-8: a) Geometry of the triple junction between the African, North American, and South Amer-

ican plates. b) Relative motions at the triple junction.
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Triple junction analysis resadd a puzzling question during the early studies of plate motions
in western North America (Fig 6.2-9). The San Andreas fault was recognized to be a traaaform f
between the Pacific and North American plates. The Juan de Fuca adgecsgnized as a spread-
ing center from seafloor magnetic anomalieswel@r, transform &ults (labelled 3 and 4) fsktting
ridge sgments were not parallel to the San Andreas, whereas a transform fault to the noridws(#5) w
Because transfornadilts indicate the direction of plate motion, this difference meant that transforms
#3 and #4 could not be part of the Pacific - North America boundance it seemed likely that the
sea floor between the Juan de Fuca ridge and the coast was part of a separate plate, named the Juan de
Fuca plate. If so, then the spreading rates and transtariindrientations on the Juan de Fuca ridge
shaowv the motion between the Pacific and Juan de Fuca plates.

How the Juan de Fuca plate wes with respect to North America is sko by the relatie
velocities at the triple junction(Fig. 6.2-9b). Relatve o the Pacific, North America mes at 4
mm/yr to the southeast (azimuth 150°), and Juan de Fueesnmoa nore easterly direction (azimuth
114°) at 54 mm/yr The vector difference s that Juan de Fuca mes rorthwestvard (azimuth
56°) relatve © North America at 32 mm/yiThus the coast is a subduction zone boundary called the
Cascadia subduction zone.

This result seemed surprising, because some typical features of such subduction zones seemed
missing. Subduction zones typicallyveaceep trenches along the plate boundaryich was not
seen. The also are often the sites of great earthquakes at the interface between phetea; which
were not known to he happened. On the other hand, thewv&cttascade volcanos, BkMt. Saint
Helens, were andesitic straticanos typical of those orverriding plates. Investigators soon real-
ized that there was no obvious trench because sediments from the Coluenlfibed it. Even more
surprisingly geological studies found deposits produced by a great subduction eaethihagk
occurred in the year 1700, which generated a major tsunami that did serious damage/asdsr a
Japan. Finallythe fact that transform #2, the Mendocino transform, was not paralley @f #ve oth-
ers turned out to be because the southern part of the Juan de Fuca plate is deforming, and thus some-

times treated as a distinct Gorda plate.
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Triple junctions gie insight into hav plate boundary geometries change with time. In this
case, the Juan de Fuca plate is a remnant of the much larger Farallon plate that was subducting along
western North America 30 million years ago (Fig. 6.2-10). Becausedtaldn plate subducted
faster than ne Farallon crust was produced by spreading, the spreading center approached the coast.
About 25 million years ago the spreading center reached the coast, creatm@paundary between
the Racific and North American plates. Because the direction of motion between the Pacific and
North American plates &s parallel to this me boundary it formed a ne transform fault, the San
Andreas &ault. Thenorth end of the San Andreas was the newly formed Mendocino triple junction
where the northern portion of the Farallon platey malled the Juan de Fuca plate, met theifit
and North American platesSimilarly, its south end was the weRivera triple junction where the
southern portion of the Farallon plateyncalled the Cocos plate, met the Pacific and North Ameri-
can plates. As subduction continued, the San Andreaslgnger and the locations of the triple junc-
tions mwed to the north and south.

As this example shows, oceanic plates change size with time. The Pacific platehgecthe
Farallon plate shrank. These changes are part of tiftmol\Vcycle (Figure 6.1-8). This example also
shavs hav pieces of lithosphere can be transferred from one plate to andtheut 5 million years
ago, the southern portion of the Pacific-North America boundamednimland and formed a ne
spreading centethat opened up the Gulf of California and rifted the peninsula of Baja California
awgy from North America.Baja California, which had been part of the North American plate, then
became part of the Pacific plateeWll see in section 6.4 that GPS datawtibat this transfer is still
going on but almost completed. In addition, a piece of the Cocos plate became the\sreajRie.

We @n think of the area as a boundary zone betweerlamye plates, the Pacific and North
America, with smaller plates caught up in the boundary zone. The smaller plates are often called
microplates or blocks. There is@& precise definition as to when a small plate becomes a microplate.

Microplates are common in areaselikhis where a plate boundary igsobsing. They often
arise when a midocean ridge changes its geonfdgyre 11 shows hw a ®gnent of a ridge can

propagte and ta& over spreading from a neighboringgment. Because finite time is required for the
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new ridge segment to transfer spreading from the old one, both are a@dtie same time, so the area
between them becomes a microplate that [srt of either plate. The spreading rate on the ndge

is very slav at its tip and increasesvay from it. As a result, the microplate rotatdgltimately the

old ridge sgment will die, transferring lithosphere originally on one plate to the other aviddea
inactive fossil ridges on the sea flo&@oth V-shaped magnetic anomalies characteristic of ridge prop-
agation and fossil ridges are widely found in the ocean basins, showing that this is a comynon w

that ridges reg@anize.
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Fig. 6.2-11: Schematic model for the evolution of a rigid microplate between two major plates by rift
propagation. Successive isochrons illustrate the northward propagation of the east ridge, slowing of
spreading on the west ridge, the rotation of the microplate, and the transfer of lithosphere between

plates (Engeln et al., 1988).



6.3PLATE MOTIONSON A SPHERE

6.3.1 Rotations and the cross product

In the previous section we witoped the basic ideas of plate motions assuming the eagh w
flat. Because this approximation works only in small areas, weekiend these ideas to a spherical
earth.

To do this, we use a formulation that describes an olgjestation about an axis (Fig. 6.3-1).
In this, the object located by its positioectorr rotates about an axisvgh by the rotation vectorw
(also termed an angulaelecity vector). Themagnitude of this ector, |w|, is the angular velocity

giving the speed of the rotation in units of angle/ti’rﬂ'dne rotating object mas at alinear velocity
V=wXr (1)

given by the vector cross product of the rotation vector and the position vector.

By the definition of the cross product, the linear velocity vector is perpendicular to both angu-
lar velocity vector and the positiometor with direction gven by the familiar right handed rule (Fig.
6.3-1). As the object nves in the direction of the linearelocity, its position vector mees with it, so
the object mees in a drcle about the rotation axis if the angular velocity does not change with time.

The magnitude of the linear velocity vegtor the speed of linear motion, is
VI = lelfr[sny = el )

wherey is the angle between the position and rotation vectors| and| Sn y is the distance of the
point from the rotation axis. The magnitude of the positiectar that describes the circular motion
about the axis does not change, so the linelcity changes direction but its magnitude stays the
same. Note that for the same angukouity, the magnitude of the linear velocity depends on the dis-

tance from the axi%.

lA computers hard disk spins at about 10,000vgkitions per minute, whereas plates of earflthosphere
rotate at about 1 degree per million years.

2, .. . ) . .
A bicycle speedometer measures the wieekation rate and finds the speed using the wheatlius, so
moving a speedometer to another bicycle without correcting for wheel sizeveasildly inaccurate speeds.
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Figure 6.3-1: Left: The linear velocity v of an object rotating about an axis is the cross product of the

rotation vector @ and position vector r. Right: Right handed rule: if the first and second fingers of the

right hand point in the direction of the first and second vectors, the thumb points in the direction of
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To evaluate the cross product, we write thectorsw andr in terms of their components in a
Cartesian coordinate system wittyy, Zz axes. TheX, Y,z components of the resultingeetor

V = w X I can be written as awovector
— [l
(Vx’ Vy, Vz) = dwyl; — wzry)’ (wzrx - wxrz)’ (wxry - wyrx)D (3a)

or a column vector

uIXD qurz - wzry)D

S’ygz ngrx - wxrz)g- (3b)
V-0 dewxly — @0

A compact way is to write the cross product as the determinant

0é & & [0
v=a)><r=ga)xa)ya)zgI (4)
rx I’y r. 0O
The cross product of the twectors is perpendicular to botkaotors. Br example, ifw andr
are in thex — y plane, theiz componentso, = r, = 0, so by guation 3 the resulting vector has only

a z component. Hence the cross product is zero for parallel vectors.

6.3.2 Euler vectorsfor plate motions

We wse the rotation geometry to describe plate motions, because a basic principle of plate tec-
tonics is that the relat notion between antwo plates can be described as a rotation abouder
pole3 (Fig. 6.3-2). Thus at grpointr along the boundary between plaind platej, with latitude A

and longitudey, thelinear velocityof plate j with respect to plateis
Vji = wji Xr. (5)

Herer is the position gctor to the point on the boundaand wj; is the rotation vector deuler vec-

tor (also termed an angular velocitgator). Bothvectors are defined from an origin at the center of

3This term comes from Euler's theorem, which states that the displacement rigidrbody (in this case, a
plate) with one point (in this case, the center of the earth) fixed is a rotation about an axis.
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center of the earth, and thiler poleis the point where the Euleestor intersects Earth'aur-
face.

The relatve notion can be visualized using a geographic coordinate system whose pole is
the Euler pole (Fig. 6.3-3). The direction of motion at point on the boundary is a small circle,
a parallel of latitudeabout the Euler polénot a geographic parallel about the North Pol&®r
example, in Fig. 6.3-3t¢p right) the pole shown is for the motion of plate 2 with respect to plate
1. Thecorvention used is that the first named plaje=(2) moves counterclockwise (in a right
handed sense) about the pole with respect to the second namedplHte Thesegments of the
boundary where relat notion is parallel to the boundary are transfoaults. Thudransforms
are small circles about the pole. Othegrasents hee relatve notion avay from the boundary
and are thus spreading centers. Fig. 6.Be@t@m righ) shows an alternate @se. Thepole here
is for plate 1 { = 1) with respect to plate 2 € 2), so plate 1 mas toward some segments of the
boundarywhich are subduction zones.

The magnitude, or rate, of relainotion increases with distance from the pole because
Vil = wjilIr| sn y, (6)

wherey is the angle between the Euler pole and the site (corresponding to a colatitude about the
pole). All points on a plate boundaryJeate same angularelocity, but the magnitude of the
linear velocity varies from zero at the pole to a maximum 8@§.a

Finding the motion at a point on Eaglsirface ivolves a bit of algebra, because three dif-
ferent coordinate systems areralved (Fig. 6.3-2).We locate the point and the Euler pole in
spherical , 8, ¢ ) coordinates using their latitude and longitud@ find the linear &locity, we
then auate the cross product (Egn 5) by writing the components of the position and éasler v
tors in Cartesianx y, z) coordinates. W then cowert the linear velocity to its more useful
north-south and east-west components. The reason this procedure is that (as we discussed in
Chapter 2) the, y, z axes point in the same direction atygoint, but the east-west, north-south
and up-down axes point in tBfent directions at different places. Thus we cannot use the east-

west, north-south and up-down axesvdate the cross product.
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We dart by writing the position vector in Cartesian coordinates
r = (acosA cosu, acosA siny, asinA), @)

wherea is the eartls radius. Similarlyif the Euler pole is at latitud®2and longitudep, the Euler

vector is written (neglecting thig subscripts for simplicity) as
w = (Jw| c0SE cosy, |w| cOSH sing, |w| SN 6) (8)

where the magnitudegl|, is the scalar angular velocity or rotation rat®. find the Cartesian
components of the linearelocity v, we evaluate the cross product using its definition (Eqn 3),

and find

V= (an Vy' VZ)’ (9)
vy = alw| (cosh sing sinA — sind cosA sin y)
Vy = alw| (SiN@ coSA cosu — cos cosy sinA)

V, = a|w| 00S8 cosA sin(u — ¢).

However, it is more useful to write these Cartesian components as north-south and east-west

components. @do his, we use the north-south and east-west unit vectorsednichapter 2

&NS = (=sinA cosy, —sinA siny, cosA) (10)

&W = (=siny, cosy, 0).

Because the component of orextor in the direction of another vector is their scalar or dot prod-
uct, we find the north-south and east-west componentdytaking dot products of its Cartesian

components (Egn 9) with the unit vectors (Egn 10), so

VNS = v @S = g|w| cosé sin(u - ¢) (11)

vEW = v [8FW = alw| [cosA sing - sinA cose cos(u — @)].
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We @n then find the rate and direction of plate motion,
rate= |v| = (VNS)Z + (VEW)2 (12)

azimuth= 90° - tar [(vNS)/(vEW)],

such that azimuth is measured in the usualation, degrees clockwise from North.

Note that there is no vertical (upwio) component of plate motion. Because the linear
velocity is a cross product, it is perpendicular to the positiectorr, and so in the plane of
Earths aurface. Hovever, real plates subduct into the earth and are uplifted during mountain
building. Thuswe use Eqns 12 to describe ideal platesingpon the surface while recognizing
that vertical motions occur.

In evaluating expressions 12 for plate motions it is important to be careful with dimensions.
Although rotation rates are typically reported irgaees per million years, theshould be con-
verted to radians per yedrhe resulting linear velocity will he the same dimensions as Earth's
radius. By serendipitycorverting radius in km to mmx(10°) and Myr to years X 10°°) cancel
out, so only the dgrees to radians(77/7180°) cowersion actually needs to be done to obtain a lin-
ear velocity in mm/yrPlate motions are often quoted as mmbhacause a year is a comfortable
unit of time for humans and 1 mm/yr corresponds to 1 km/kgking it easy to visualize what
seemingly-sla plate motion accomplishes@ geologic time.

To e hav this works, consider Fig. 6.3-4, which shows the North Amerazfie bound-
ary zone. The map is drawn in a projection about the Euler pole, so the expectes melibin
is parallel to small circles likthe one shen. By analogy to Fig. 6.3-3, this geometry predicts
NW-SE oriented spreading along ridge segments in the Gulf of California, which are rifting Baja
California avay from the rest of Mdco. Furthernorth, the San Andreas fault system is essen-
tially parallel to the relatie motion, and so is lgely a transform fault. In Alaska, the eastern
Aleutian arc is perpendicular to the plate motion, so the Pacific plate subducts beneath North
America. Thusghis plate boundary contains ridge, transform, and trench portions depending on

the geometry of the bounddhin addition, the boundary zone contains the small Juan de Fuca

4A good way to visualize the plate motion is to photgcBigure 4, cut along the boundary of thecfic plate,
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varies from spreading, to transform, to subduction, along small circles about the Euler pole like the one shown.
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plate, which subducts beneath the Pacific Northwest.

Equation (12) lets us find thothe motion aries. Thepredicted motion of the Pacific plate
with respect to the North American plate at a point on the San Andreas fault (36°N, 121°W) has a
rate of 46 mm/yr at an azimuth of N36°Whe predicted direction agrees reasonably well with
the average trend of the San Andreaault, N41°W Thus to first order the San Andreas is a
Pecific-North America transform plate boundary with right lateral motionwévder, there are
some deviations from pure transform baba As we will see, the rate on the San Andreas is
less than the total plate motion because some of the motion occurs elsewhere within the broad
plate boundary zone.

Similarly, at a pint on the Aleutian trench near the site of the great 1964 Alaskan earth-
qualke (62°N, 148°W), we predictdific motion of 53 mm/yr at N14°W with respect to North
America. Thismotion is into the trench, which is a Pacific-North America subduction zAse.
we noted in the previous section (Fig. 6.2-2), forvemiconvergent relatve notion either plate
can be subducting. Maver, the relatve drection is important, so the plates cannot be inter
changed: if N14°W were the direction of motion of North America with respect to the Pacific, the
motion would be way from the boundarywvhich would then be a spreading center with the same
rate. Asfor the San Andreas, the actual boundary zone shown by earthquakes and other deforma-

tion is wider and more complicated than the ideal.

6.3.3 Global plate motions

At this point you may be andering hav Euler poles are found. Until recentlthis was
done by combining three fi#frent types of data from different boundaries. The rates of spreading
are found from sea-floor magnetic anomalies, which form as the hot rock at ridges cools and
acquires magnetization parallel to the eartmagnetic field (Chapter 7). Because the history of
reversals of the earte’magnetic field is known, the anomalies can be dated, so their distance from

the ridge where theformed shows he fast the sea floor med avay from the ridge. The

and then photocgpthe "Pacific" onto another papéutting the "Rcific" beneath "North America" and rotating
around a thumbtack through the pole shows the ridge, transform, and trench motions both forward and back-
ward in time.
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directions of motion are found from the orientations of transf@uttd and directions of slip in
earthquaks (Chapter 8) on transforms and at subduction zones. Euler vectors are found from the
relative notion data, using geometrical conditions weéehdscussed.

The process is easy to visualize (Figure 6.3-5). Becauseesliprg and transform faults lie
on small circles about the pole, the pole must lie on a great circle at right angles to them (Figure
6.3-3). Similarly the rate of plate motion increases with the sine of the distance from the pole
(Egn 6). These constraints neakt possible to locate the poles. This was first done graphically
and is nav done on a computer by finding Eulezctors for all the plates that best describe the
data.

Such sets of Euler vectors are called global redgtiate motion models.Because these
models use spreading rates determined from magnetic anomaly data thatvepsnngion
years, thg describe plate motionsreraged ver the past fe million years® Another way to do
this, discussed in the xtesection, is to use space-based observationsvgogemodels that
describe plate motionver the past f& years. Comparing the twshows places where plate
motions may be changing.

Table 1 gives suich a model, known as NUVEL-1Awhich specifies the motions of plates
(Figure 4) with respect to North Americ&he vectors follw the cowention that each named

plate moes munterclockwise relate © North America.

5 The most recent magnetioveesal occurred about 780,000 years ago, sopite model based on paleomag-
netic data mustvarage at leastver that interval.

SNUVEL-1 (Northwestern Uniersity VELocity) was deeloped as a ne ("nouvelle”) model PeMets et al.,
1990]. Themultiyear deelopment prompted the suggestion that "OLDVEL" might be a better name. Due to
changes in the paleomagnetic time scale the modsl revised, to NUVEL-1AeMets et al.1994]. This
change caused a slight difference in the rates ofvelatition, but not in the poles and hence directions of rel-
ative notion.
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Table 6.3-1: Euler vectors with respect to North America (NA)
plate poldatitude (°N)  longitude (°E) d| (degrees/my
PACIFIC (PA) -48.709 101.833 0.7486
AFRICA (AF) 78.807 38.279 0.2380
ANTARCTICA (AN) 60.511 119.619 0.2540
ARABIA (AR) 44.132 25.586 0.5688
AUSTRALIA (AU) 29.112 49.006 0.7579
CARIBBEAN (CA) 74.346 153.892 0.1031
COCOS (CO) 27.883 -120.679 1.3572
EURASIA (EV) 62.408 135.831 0.2137
INDIA (IN) 43.281 29.570 0.5803
NAZCA (N2) 61.544 -109.781 0.6362
SOUTH AMERICA (SA) -16.290 121.876 0.1465
JUAN DE FUCA (JF) -22.417 67.203 0.8297
PHILIPPINE (PH) -43.986 -19.814 0.8389
RIVERA (RI) 22.821 -109.407 1.8032
SCOQOTIA (SC) -43.459 123.120 0.0925
NNR* 2.429 93.965 0.2064

After DeMets et al[1994]

*No net rotation, defined in §6.6

Although the table lists only Euler vectors with respect to North America, the motion of

plates with respect to other plates is easily using vector arithnfeti@xample,
wj =~ wj, (13)

so we reerse the plate pair using thegagve d the Euler ector The pole for the ne plate pair

is the antipole, with latitude of opposite sign and longitude increased by 180°. The magnitude
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(rotation rate) stays the samee\tan also reerse the plate pair by keeping the same pole and
making the rotation rate gdive (clockwise rather than counterclockwis&lthough we usually
use positie mtation rates, rgative anes sometimes help us visualize the motibor example,
the table shows theakific-North America pole at about -49°N, 102°E, so the North America-
Pecific pole is at about 49°N, (102 + 180 = 282)°E, which is in eastern Caiada. about this
pole, North America rotates counterclockwise with respect to the Pacific, or the Pacific rotates
clockwise with respect to North America, as shown in Figure 4.

For other plate pairs, we assume that the plates are rigid, so all motion occurs at their

boundaries. \& can then add Euler vectors,
Wik = Wji + wik (14)

because the motion of plajawith respect to platk equals the sum of the motion of plgtevith
respect to platé and the motion of platewith respect to plat&. Thus if we start with a set of

vectors all with respect to one plate, &,gve wse
Wik = Wji ~ Wy (15)

to form ary Euler vector needed. These operations are easily done using the Cartesian compo-
nents (4), as shown in this chapsgroblems.

Adding and subtracting Euleewutors is lilke what we did for linear velocity vectors in sec-
tion 6.2.3. We @an add and subtract linear velocity vectors only in small areas, such a triple junc-
tions between three plates, where the velocities \aleaged at points near each othkr this
case, the east-west and north-south directions are the same, so we can add and subtract the east-
west and north-south componentdowever, adding and subtracting Euler vectors is valid for
entire plates.To e this, consider wvpointsr, on the boundary between plates 1 and 2,rgnd

on the boundary between plates 2 and 3. The linear velocities attpeitts are
Vig = W12 X Iq V32 = W32 X T . (16)
If the two points are the same, then

Vip = Va2 = (w12 — w3p) XTI = wyg XTI (17)
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Euler vector addition is important because we onlehmrtain types of data for inddual
boundaries (Fig. 6.3-6). Although spreading centersigeorates from the magnetic anomalies
and azimuths from both transformults and slip vectors, only the direction of motion is directly
known at subduction zones. As a result,\agence rates at subduction zones are estimated by
global closure, combining data from all plate boundaries. Thus the predicted rate at which the
Cocos plate subducts beneath North America, giving risege &arthquakes in Mexico, depends
on the measured rates of Cocos-Pacific spreading on thedeé#at fise and Pacific-North Amer
ica spreading in the Gulf of Californidn some cases, such as refatimotion between North and
South America, no direct data were used because the boundary location and geometry are unclear
so the relatie notion is inferred entirely from closure. Not surprisinghe motions of plate pairs
based on both rate and azimuth data appear to be better known.

Fig. 6.1-5 shass the predicted relat notions at plate boundaries around thald. Aswe
will discuss in Chapter 8, these motions cause earthquakes and determine the geometry of slip in
the earthquakes. Thus we can use the plate motions ® infekences about future earthqaak
For example, as we sain Fig. 6.2-9, @en though we do not v ®ismological observations of
large earthquakes along the boundary between the Juan de Fuca and North American plates, the
plate motions predict that such earthquakes could result from the subduction of the Juan de Fuca
plate beneath North America. Evidence for this subductionven diy the presence of the Cas-
cade volcanoes (such as Mount Saint Helens and Mount Rainier) and geologic recemdg sho
evidence of large past earthquakes.

We rote in section 6.1.1 that boundaries between plates are often diffuse zones. In addition
to seismicity active faulting, and ebleated topograpyy plate motion data prkade another method
of studying them.mary of which are themselves earthqeakp vectors. Br example, Fig. 6.1-5
showvs zones of seismicity in the Central Indian Ocean as boundaries between distinct Indian and
Australian plates, rather than as within a single Indo-Australian plate, because spreading rates
along the Central Indian Ocean ridge are better fit byogptate model. A similar argument justi-

fies the assumption of a smallv®ia plate distinct from the Cocos plate. Another approach is to
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use the global plate circuit closures (Fig. 6.3-Becall that forming an Euler vector fromdw

others (Eqn 10) assumes that all three plates are rigid. Hence this assumption can be used to test
for deviations from rigidity To do this, we form abest fitting vectofor a plate pair using only

data from that pair of plates’ boundaend aclosue fitting vectorfrom data elsewhere in the

world. If the plates were rigid, the bawectors would be the same. Mever, a sgnificant difer-

ence between the twindicates a deviation from rigidityor another problem with the plate

motion model.

A variant on this approach is to examine the Eutmtars for three plates that meet at a
triple junction, compute best fitting Euleeators for each of the three plate pairs, and sum them.
For rigid plates, Eqn 14 skns that the sum should be zero. This procedure is analogous to the
way the linear elocities should sum to zero (section 6.2 Bpwever, when this was done for the
junction in the Central Indian Ocean, assuming that it was where the African, Indo-Australian,
and Antarctic plates met, the Eulexctor sum differed significantly from zero, indicatinyide
tions from plate rigidityAs plate motion data impke, it seems that what was treated as a three-
plate system may include as maas $x resolvable plates (Antarctica, distinct Nubia W

Africa) and Somalia (East Africa), India, Australia, and Capricorn (between India and Arabia)).



6.4 SPACE GEODESY

6.4.1 Motivation

As we hae ®en, plates me veay slowly, a few eentimeters per yeaMeasuring such sho
motions is a challenge. Until recently this could only done by measuring theeelafilacement of
features such as magnetic isochrons or stream beds that had accunwaatedgoperiods of time
and could be dated. Dividing the offset distance by the tiwes die average rate of motionFor
example, motion between thaéific and North American plates along the San Andreas fault fias of
set the stream called Wallace ereely 130 m (Figure 1). Radiometric dating of charcoal (section
5.5.3) in the stream bed shows that this occurvedtbe past 3700 years. Thus the plate motion here
is 130 m / 3700 years, or 34 mm/yr.

Although such measurements are extremely valuabhg htheetwo limitations. First, thg can
only be made at places where dated features are offset. Secondivéhthe arerage motion wver
long periods of time. Hoever, we would like to measure plate motions at nygplaces and wer short
periods of time, to see wahey compare to thewerage rates.

Alfred Wegener suggested doing this when he proposed the theory of continental drift in 1915.
To test his theory that continents had drifted apeet bundreds of millions of years, he tried to mea-
sure the changing distance between continedteh measurementsviolve geodesythe science of
measuring the shape of the earth and distances oor isckentific purposes, we use very high preci-
sion \ersions of the techniques used by syovs to measure positions to establish lanahership,
locate roads, and other applications.

Most geodetic techniques rely on detecting the motion of geodetic monuments, which are
markers in the ground. The mostrhiliar monuments are the metal disks attached to rocks often seen
at mountain peaks. In soft sediment, monuments are often steel rees dep into the earth.
Although the popular term for monuments is "benchmarks," geodesistserd¢sgsrierm for monu-

ments used to study vertical motions.

1 . .
Named after geologist Robert Wallace, who first made these measurements here.
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Figure 6.4-1: Wallace Creek, on the San Andreas fault. The 34 mm/yr rate of motion across the
fault, and thus between the Pacific and North American plates, is measured here using the offset
of stream channels resulting from motion across the fault. These measurements are confirmed by

space geodesy. (USRA)

Optical leveling

Height difference = h,—h,

Figure 6.4-2: Measurement of vertical positions using leveling. (Davidson et al., 2002)
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Until recently such measurements were typically made by triangulation, which measures the
angles between monuments using a theodelite, or trilateration, which measures distances with a laser
Vertical motion was measured bywveling, using a precise Vel to sight on a distant measuring rod
(Figure 2). Havever, such sureying methods offered no hope of measuringvsiootions between
continents, because the continents were too far apart for measurements to be made between them.

To get around this problem, &gener tried using astronomical observations. Instead of measur
ing positions on either side of the Atlantic relatio each otherhe tied to measure hotheir posi-
tions were changing relaé o gars. This idea - measuring motions refato something in space - is
now called space geodedy has a long historyIn aout 230 BC Eratosthenes found the Eartize
from observations of the sunposition at diferent sites (section 2.2) andvigators hae found their
positions by observing the sun and starowever, because measuring continental drift required
detecting small changes in positiongoa few years, it called for measurement accuracies far greater
than possible at the timéMegeners dtempts failed, and the idea of continental drift wagdir
rejected.

By the 1970 the story was quite different. Geologists accepted continental drift,gia part
because paleomagnetic measurements - ones based on the resgtietic field recorded in rocks
(section 7.2.3) - showed that continents had in factechaver millions of years. Moreeer, pace

technology waswlving to the point where it could measure continental motieesafew years.

6.4.2 Methods

Space geodesy is one of the most compéehnologies used in the earth sciencksuses
electromagnetic aves to locate a geodetic monument irays analogous to locating an earthcuak
with seismic vaves. Onetechnique, Very Long Baseline Interferometry (VLBI) uses radio signals
from quasars, mysterious radio sources that are thought to result from black holes at the center of dis-
tant galaxies. Quasars are incredibly energetic, producing morgyehan entire galaxies from a
volume about the size of the solar system. The signals are recorded by radio telescopes, which are

highly sensitve large radio receirs like the one used in the film "Contact” to detect signals from
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extraterrestrial life. Radio ewes arive & telescopes separated by long distances - hence "Very Long
Baseline" - at different times depending on théedéince in the length in their paths to the tele-
scopes (Figure 3)The time difference is measured very precisely by shifting the signals until their
sum is lagest. Becausthe phase of a sineaweoscillates through 360° (Chapter 3), the sum af tw
waves is maximum when peaks and troughs line up. This condition is called constrintérference

or being in phase. Their sum is minimum wherythe 180° apart and cancel out, which is called
destructve interference or being out of phase. Multiplying the timéed#éince by the speed of light
gives the path difference in the directiontard the quasaObserving mawy radio sources at dérent
telescopes ges their relatve positions to amazing precision. Measuring the positiovs tme
yields the rates and directions of motion between the telescopes and thus plate motions.

These measurements require almost unmllg precise atomic clocks, that use tlaetfthat
atomic transitions emit electromagneti@awes with characteristic frequencies (Chapter 1Gor
example, sprinkling salt on a flamevgs an wange glav due to transitions in sodium. Arprocess
that happenswver and over again at a rgular speed can be used as a clock. Because the pendulum in
a gandfther clock swings back and forth at the same rate, counting swings can be @esgtiné.

In a atomic clock, transitions of atoms asytineove kack and forth between twenemy levels are

counted to kep time. These are so precise that the fundamental unit of time, the second, is defined as
the time needed for a number of transitions betweenaweigy levels of the ground state of the
cesium-133 atomThe clocks are accurate to avfpicoseconds (1 picosecond is a trillionth of a sec-

ond, or 1072 s), so the positions can be found to precision of about
3x10P m/sx 3x10%2s=10°sor 1 mm. Because speed is distanagdéid by time, obsen

tions over a period of years can measure plate motions to a precision of millimeters per year.

The technique of interferomefryneasuring times and differences very precisely from the
phase differences betweenotwaves, is used widely in space geodesy andyrather applications.

As we sav in Chapter 4, crystal structure is found using X-rayfrddtion, in which interference
between X-rays gis the spacing between crystal planes. The Michelson-Maskperiment in

1887, one of the most famous experiments iysjus, used interferometry to shahat the speed of
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Figure 6.4-3: Left: Very Long Baseline Interferometry (VLBI) uses the difference in the times
radio waves from quasars arrive at two telescopes to measure the distance between them.
(www.leeds.ac.uk/../active_tectonics/vlbi.gif) Right: The time difference is measured by interfer-

ometry, that uses the phase difference between the signals.
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Figure 6.4-4: Interferometry was used to show that the speed of light was the same in all direc-

tions in the Michelson-Morley experiment. (Wikipedia)
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light was the same in all directions (Figure 4). This diggiidhe theory that light propated in the
"luminiferous ether" that was hypothesized to fill interplanetary space, because in that case the speed
would vary from day to night or between seasons depending writi®light mawed relative o the

ether Discarding the ether idea led in 1905 to Einsgethéory of special relatity, which assumes

that all observers measure the speed of light to be the same no matter what their linear motion is.

A second technique, Satellite Laser Ranging (SLR), uses the time required by light from
ground lasers to bouncefdatellites (Figure 5). Repeated measurements goth the satellites’
orbits and the positions of the ground stations as a function of time. The satelliteseaee wath
special corner reflectors that refleety well because by Snedllaw the ray reflected twice is parallel
to the incident ray A similar technique has been used to study the msoobit, using reflectors
installed by the Apollo missions. Often corner reflectors are used wheramtetavbe seen, as on
bicycles and boatsCorversely, corners that could act as reflectors amided when we dohwant to
be seen, as in radaveading stealth aircraft that are designed with smooth surfaces (Figure 6).

Although VLBI and SLR yield xcellent data, the observing systems ageasve, heavy and
hard to mee © remote locations. Hence most plate motion measurements are made using the Global
Positioning System (GPéb)r similar systems using the weghtime of radio signals between satellites
and receiers on the ground. Theseusathe advantage that much of the comjiieof the system is
in the satellites, making the reeeis much less expens and easier to transport.

GPS was deloped in the late 1978’by he U.S. Department of Defense for real-time posi-
tioning and naigation. Aconstellation of satellites orbit the earth, so at least founerbdead most
of the time anywhere in the world. Th#ansmit radio signals that are recorded by ketgion the
ground and used to find the raees’ position from the time the signals agifFigure 7). The process
of finding a position with radio signals from féifent satellites is lik locating an earthquakfrom
arrivals at multiple seismometers (Chapter 3PS positions are 2-3 times more precise in the

2Space geodesy greup in the world of space and military technolaggo here are lots of acronyms. In addi-

tion to their official meanings there are uimél alternatves. Because of the mapeople needed, VLBI is said

to be "Very Large Bunch of Wrestigators.” Since GPS resrs are set up to record data for hours whilesti-

gaors hang around, peopleveasiggested "Great Places to Sleep." There are also sea@hddeonyms
involving other acropms, such as IGS for International GPS Service. A mark of true space technology gurus is
using third-leel acronyms.



Figure 6.4-5: Satellite Laser Ranging (SLR), uses the time required by light from ground lasers to

bounce off satellites. (NASA)

Figure 6.4-6: Rays reflected from a corner reflector emerge parallel to the incident ray (left).
(Wikipedia) Top right: A metallic reflector with corners used on boats to make them more visible
to radar. Bottom right: Aircraft built to be difficult to detect with radar have as few corners as

possible.
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horizontal than vertical, because signalsvarmnly from abae, just as earthquakiocations are less
precise in depth because seismave arive anly from belav.

Using GPS for tectonics is amtension of the way GPS is used bydrs, boaters, and heks.
The satellites transmit signals that containigation data that identifies the satellite and describes its
orbit, and a coded timing signal containing the time from an atomic clock. These signals are used to
adjust, or modulate, much higher frequericarrier" signals. This operation is similar to thayw
radio stations transmit music by modulating the amplitude (AM) or fregqug@id) of carrier vaves,
whose frequengcis the setting on a radio dial. Just as a radio extracts music from the,@R%r
recevers etract the timing and ndgation signals. The recgr compares the timing signal arinig
from a satellite to one it generates, and finds the time difference. Multiplying the time difference by
the speed of light ges the distance, or pseudorange, between thevea®id the satellite. The term
"pseudorange” is used because during the time the sigesl tiakeach the reeer the satellite has
moved. Fromthe pseudoranges to a minimum of four satellites and the satellite orbit information, a
small inxpensve GPS receier can determine its 3-dimensional position to a precision ofwa fe
meters (Figure 8).

The impravement to mm-lgel or better precision is obtained using morgpensve GPS
recevers and comparing the carrier signals to a carrier generated in theere@scause the carriers
have hgher frequencies and thus shortemwdengths than the modulations, using their phase can
yield more precise locations. The carriemwdengths are 19 and 24 cm, so precise phase measure-
ments can resodvpositions to a fraction of theseamdengths. Anumber of other methods imme
the precision wen more. Combiningsignals from multiple satellites recorded at multiple nessi
reduces the effect of uncertainties in the clocks in the satellites aneerec€ombining both carrier
frequencies remus the effects of the passage of the radio signals through the ionosphere, the upper
layer of the atmosphere that is ionized by radiation from the sun. Position errors that result from the
radio signals being delayed by watapwer in the lower atmosphere can be reduced by solving for the

delays using methods &khose used to find seismic velocity structure.
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Figure 6.4-7: Use of GPS satellites to locate a receiver. (Davidson et al., 2002)

Code amving
from satellite
[ Replica of code
2o “ I[ II " 'I II I I I IJ gencrated in
receiver

| | Time delay
l": At }I

Figure 6.4-8: An inexpensive GPS receiver finds the time talen by the signal to arrive from each

satellite by comparing it to one generated in the receiver.



6.4 Space geodesy 28 August 2008 6.4-6

The final element for high-precision sayg is provided by continuously operating global GPS
tracking stations and data centers. Thesgigeohigh-precision satellite orbit and clock information
and a global reference frame. Using this information GPS studies can measure positionsmma fe
SO measurementy@ time yield relatve vdocities to precisions of aemm/yr or bettereven for
sites thousands of kilometers apart.

GPS data are collected indwvays (Figure 9). In susy node, GPS antennas are set ugro
monuments for short periods, and the sites are reoccupiedAdtiematively, continuously recording
GPS receiers are permanently installed. Continuous GPS provides significantly more precise data at
higher cost.For plate motion studies either works well, but continuous data are .b&gter lesult,
global plate motion models from space geodetic data primarily usesliwties of continuous sites
to find Euler vectors. Continuous data alseehthe advantage that thean detect transient motions
over short times, such as those after a major earthquake, that making a measuverdaiveyears

would miss.

6.4.3 Precision and Accuracy

The challenge for space geodesy is to measure positions so well that thenosions can be
detected in a fg years. Thids like using a scalewvery morning to see if a diet is working. The scale
should be both precise and accurate. The precisionsdmeatable the weight you get from stepping
on the scale seral times, controls he long it takes to see if yo& losing weight. If the scale is only
precise to a pound, it may @kevaal weeks to tell if the diet’working. Aless precise scale means
you would need longerThe scale should also be accurate, in thatvissgyour true weight. If the
scale g¥es to-high values, you may not need to be on a diet at all.

This example shows wtelthough we talk of "measuring” quantities, a statisticiauly say
that we're really "estimating" them. Thatecause the number we get is dediby combining mea-
surements under certain assumptiomle uncertainty in the estimate comes from both random and
systematic errorsWe describe the part of the uncertainty coming from random errors by the preci-

sion, which measures the uncertainty resulting from the measurement systemvdés ihoth the



Figure 6.4-9: Left: In survey mode, a GPS antenna is set up over a geodetic marker. Right: A per-
manent GPS site. The antenna is under the protective dome and the solar panel provides power in

this remote location.
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Figure 6.4-10: Illustration of the concepts of precision and accuracy (Taylor, 1997)
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equipment and o it is used. Inthe diet @ample, some uncertainty is intrinsic to the scale, and
some results from kocarefully you use it. ¥u'd get different answers with and without shoes am. T
assess the precision, you would weigh yourse#ra¢times and estimate the precision fromvhibe
results scatter around theeeage.

We describe the other part of the uncertainty coming from systematic errors by the yaccurac
Ideally, we @librate our measurements by comparing our results to a known standaestet;ioften
we dont havea known value to compare to. In that case, we estimate the agdoyammparing the
results of different measurements. Thus to see doxurate our scale is, the best thing would be to
weigh the international standard kilogram, a cylinder of platinum and iridephik a locked safe
near Rris’. Because this ish’practical, we could weigh some objects whose weight we think we
know. If we didn't haveary, we ould weigh ourselves on&ral scales and estimate the accyrac
from haw the results scatter around therage.

As this example shows, we carvhareasurements that are precise but not accurate, or accu-
rate but not precise. Getting on a precise but miscalibrated seatal 4Bnes will gve vey similar
but inaccurate weights. Comparingveel accurate it imprecise scales will yield a gootiesage
weight with a lot of scatteAnother vay to see this is to compare results from shooting a gun at a tar
get (Figure 10). If the shots cluster tightllge random errors are small, so precision is high. if the
cluster around the tget's center the systematic error is small, so accyrechigh. Although ideally
the shooting is precise and accurate, we car Héferent combinations. The trick is that in the real
world we dont know where the target is - we're trying to figure that out from the measurements. Thus
it's easy to assess the precision of the measurements, but hard to assess thejr accurac

Because is easier to address, we usually focus first on the precision of measurefiguie
11 shows the results of 50 measurements of the positionsoaites on the Northwestern campus
using simple GPS recats. For each site, we takhe usual approach of describing tNemeasure-

mentsx; by their aerage, ormean

3Remember that a kilogram is a unit of mass, not weight.
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Figure 6.4-11: Histograms comparing the latitudes found in 50 GPS measurements of the posi-

tions of two sites on the Northwestern campus.

Gaussian distribution

0.4

N n
et 0.2

§ i , :
-3 -2 -1 0 1 2 3

z=(Kx-wlo

Figure 6.4-12: Probability density function for a Gaussian distribution with mean g and standard
deviation o. Ranges within one and two standard deviations of the mean are shown by vertical

lines.
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o is called the standard dation of the distribtion. Thehistograms of the number of measurements
with values in a certain range sha peak near the mean and smaller numbers on either side.

Because the data at the "Rock" are more scattered than those at the "PgiigVéaelarger
standard daation. This occurs because the "Rock" is surrounded by buildings that interfere with the
satellites radio signals, whereas the "Point" is in an open area on the shoreeoMictkgan. The
two dtes’ average standard d@tion is 0.000055 degrees, so multiplying by the 111 km ingaede
shows that the standard deviation is 6 meters. This is the precision of these measurements.

In geodesywe dten are trying to decide whether a site is moving, and if se,fhst. This
requires deciding whether the change in thessiesition from an earlier time is Ige enough to
malke it likely that it maed. To answer this, we turn the question around by comparing the apparent
motion to the uncertainty in the previous position and asking lhely is it that the change is not
real. In other words, holikely is it that we wuld see an apparent changereif the site were not
moving, simply because of the uncertainty in the sgpesition?

To aldress this question, we use concepts from probability and statMiecirst assume that
the values we measured are random samples from a "parenutisttildescribed by the probability
density functionp(x) that gives the probability of observing a certaialue. Becauséhe measured
values are spread abouwtealy on either side of the meamye assume that the parent distribution is a
Gaussian distribution. This distribution is also called the "normal distribution” becausey itlffemn
ent sets of data ranging from earthqeiitkvel time to 1Q test scores.

For a Gaussian distrilstion, the probability that thid" measurement would yield a value in the

interval X; + dx, in the limit asdx — Ois
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The distritlution thus is characterized by dvparameters, the megm and the standard dation o.
The most probable measurement is the mean value, and values on either side of it asdyléiss lik
further from the mean tlgeare. The distrintion is often written as a function of the normalizedi-v

ablez = (x — y)lo,

-l 2
P(2) = o~ eP[-Z12]. 4)

Figure 12 shows the familiar "bell curve" that results.
Because of the uncertainties, the measurements scatter around the mean. Although we can’
predict the alue of a gien measurement, we can estimateviikely it is to be within a range from

the mean.To do this, we integrate the probability density function to find the cunvelgtbbability

A@) = [ Py = v% [eot-yiralay. ©)

For z=1, we et A(2) = 0. 6§ indicating that there is a 68% probability that a measurement will be
within one standard #@&tion of the mean, or betweetr— g and X + g. Corversely, there is a 32%
probability that it will be outside this range. Thus if wedia £t of measurements, one-third or 32%
will appear different from the mean at 68% confidence, purely by ch&ioglarly, A(2) = 0. 95,
indicating a 95% probability that a measurement will be withim #&ndard deviations of the mean,
or a 5% probability that it will be outside this rang&(3) = 0. 997,so there is greater than a 99%
probability that a measurement will be within three standard deviations.

This concept is important in geodetic studies or @her experimental science. It shows that
we hae 1 be areful not to werinterpret results.For any gven ste, we cart say with confidence
that a site has nved unless the n& position differs by at least twsandard deviations from an ear
lier one. There may e been some motion, but we cabe onfident that there as. Morewer, if
we measure the positions of sites thatehd actually moved at dl, 32% will appear to hze noved &

68% confidence, and 5% will appear toedaoved at B% confidence.
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We @an extend this analysis to figure ouththe uncertainty in the site’position maps into
the uncertainty in itselocity. A useful result called the propagation of errors says thaisifa func-

tion of two variablesx andy that vary independently

v=1(xy), (6)

then its variance is related to the variances ahdy by

,_ Lovih | ovd
= o+ . 7

N Mo T YipyD 0

The amount that eaclanable contributes to the uncertainty in the function depends on the partial

derivative d the function with respect to that variable.

Thus the rate of motion of a monument that started at positkoend reachey in timeT is
v=(~y-xIT. (8)
If the uncertainty in each position is/gn by o, the resulting uncertainty in the rate is
o, = 2Y20IT. ©)

This equation shows thatWw@recisely we can measure a stabtion depends on oprecisely we
measure its position at different times and the length of time between the measuréiherityee
components of the siteelocity are found by fitting a least squares line to the positions as a function
of time (Figure 13).The precision of a rate measurement impsddy king a longer time inteal,
even if the positions do not become more precise. Graphically (Figure 14) this is because the rate is
the slope of a line, so measurements further apegt @inore precise slope. An important conse-
guence of this result is that older geodetic data, for example those taken shortly after the 1906 San
Francisco earthquake, can be of great valee & their errors are larger than those of more modern
data.

Geodesy usually deals witkeetor quantities: positions, velocities, or Euler vectors. Each com-
ponent has an uncertainty so thectors uncertainty is a three dimensional ellipsoid Visualize

this, we typically plot the uncertainties in the horizontal components as an ellipse.



Slope= 2.5 +/- 1.0 mm/yr; WRMS= 7.4 mm; xszOF: 0.67
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Figure 6.4-13: Top: The velocity of a space geodetic site is found from the slope of its position over
time. Bottom: The precision of the rate estimate increases with length of time over which it is mea-
sured, as shown by the decreasing error. The vertical positions are the most uncertain. Because the

satellites' orbits are closer to north-south, the north-south rates are more precise than east-west ones.
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Figure 6.4-14: The precision of a rate estimate can be improved by using older data even if they

are less precise than newer data, because the older data lengthen the duration of measurements.
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6.4.4 Results

Space geodesy measures both the rate and azimuth of the motions between sites, and can thus
be used to compute rekati date motions. This lets us see geological processes happerimafew
years rather than waiting millions of years. Seeing geology taking place on human timescales is a
very powerful tool.

Space geodetic results are shown imesd ways. Figurel5 shevs hav a line from Mas-
sachusetts to Germyameasured by VLBI has been lengtheningrothe years. Although there is
some scatter and a yearly variation due to the seasons, the slope clearly shows the opening of the
North Atlantic. Hav in detail this occurs is sk by the motion of GPS sites in Iceland, through
which the Mid-Atlantic Ridge passes. The vectorsasbite motion velocities with respect to the west
coast, which is on the North American plate. The ellipses at the end of each vewsttresB6% con-
fidence limits on the horizontaklocity. If the vectors were inside the ellipses, theoaildl be a 95%
chance that thedid not shav any motion. The sites are clearly wing because the velocityegtors
are well outside the ellipses. The vectors and their projection on a cross sectahahatension
is occurring on both the east and west rift zones thatrapkhe Ridge. Thuswer 200 km, the full
opening between the North American and Eurasia plates, about 20, meofys. This rate, measured
over a few years, is consistent with theesage North Atlantic opening rate measured from magnetic
anomalies wer 80 million years (Section 6.3.4).

One of the most important results of space geodesy for seismology is that plate metons ha
remained about the same for the past faillion years. This is shan by the striking agreement
between motions measuredep a few years by space geodesy and the predictions of global plate
motion models thatv@rage wer the past fe million years (Figure 16). The agreementegi us onfi-
dence in both types of data, and interesting insight imothe earth warks. Itshavs that although
motion at plate boundaries can be "jetlas in large earthquakes, the viscous asthenosphere damps
out the transient motions and causes steady motion between plate interiors. Tleighis lilay a

shock absorber damps out a sdduncing as it goesver bumps in the road.
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Figure 6.4-15: Space geodetic data showing the opening of the Atlantic. Top left: VLBI data

showing lengthening of a line from Westford, Massachusetts to Wettzell, Germany. (Ryan et al.,

1993) Lower left: GPS site velocities showing motions across Iceland, which straddles the Mid-

Atlantic Ridge. Lower right: GPS site velocities plotted along a profile in the spreading direction.

(Lafemina et al., 2005)
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Figure 6.4-16: Comparison of rates determined by space geodesy with those predicted by the
NUVEL-1 global plate motion model. The space geodetic rates are determined from sites located
away from plate boundaries to reduce the effects of deformation near the boundaries. The slope of
the line is 0.94, indicating that plate motions over a decade are very similar to those predicted by

a model averaging over 3 million years. (Robbins et al., 1993)

Figure 6.4-17: Comparison of Euler poles for the motion between the Pacific and North American
plates. GPS and VLBI poles are derived from space geodetic data, whereas the NUVEL-1a pole

comes from geological data. (Argus and Heflin, 1995).
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In some places we can sedfeliénces between th@easage motions wer the past fe million
years and thosever a few years.The data are good enough that we thinkewsseing plate motions
changing. Figurel7 shows the Euler pole positions for motion between the North American and
Pacific plates from tw space geodetic techniques, GPS and VLBI. The poles are siamthieach
lies within the othes dlipse of 95% uncertaintyso we can rgyard them as about the same. Thetf
that the tvo techniques agree is nice, because although both use radio signals the method of finding
the positions has important differences because GPS signals come from satellites asddrh&!’
from quasarsin contrast, the pole from the NUVEL-1 model ded from data that\erages motion
ove the past three million years is somewhat different, though close to the space geodetic ones. In
addition, the rotation rate for the space geodetic Ewdetovs is a f& percent &ster These difer-
ences occur because during the pastridion years seafloor spreadingdaa in the Gulf of Califor
nia (Fig. 6.2-10). This rifting transferred Baja California from the North American plate t@difecP
plate. Havever, this transfer didr’occur instantaneoushput took some time. Thus theeaage rate
of motion recorded by the magnetic anomalies from the Gulf of California is less than the motion
today that the space geodetic data meas@GieS sites in Baja shothat there is still some motion
between Baja and the rest of the Pacific plate, so the transtaroisipletely finished,

In addition to measuring motions taking place todpgace geodesy surmounts a majofi-dif
culty faced by models [&kNUVEL-1A. In the geologically based models, the data (spreading rates,
transform azimuths, and slip vectors) used to calculate Euler vectors between plates are on their
boundaries, so the Euleeator provides only the net motion across a boundary betweepldtes
that are assumed to be rigid. In contrast, space geodesy also measure the motion of sites within plate
boundary zonesFor example, Figure 18 shes the motions of GPS and VLBI sites within the North
America-Racific boundary zone. Sites in eastern North Americaenso dowly - less than 2 mm/yr -
with respect to each other that their motig@ctors cannot be seen on this scale. These sites thus
define a rigid reference frame for the stable interior of the North American plate. Thecidesv
shaw that most of the plate motion occurs along the San Andreas fault system, but significant motions

occur for some distance eaand. Thesites directly across the San Andreasvenae the rate
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Figure 6.4.18: Top: Velocities of space geodetic sites across part of the Pacific-North America
boundary zone relative to stable North America. (Bennett et al., 1999) Bottom: Schematic geo-

logic cross section of the Basin and Range. (www.gly.uga.edu/railsback)
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measured geologically (Figure 1), whereas theradl motion across the boundary zone is that pre-
dicted by a global plate motion model ded from space geodetic data (Figure 6.3.Wjithin the
boundary zone, the site motions shie extension across the Basin and Range province tlest gi

rise to north-south trending topogrgpand faults. Thegeodetic motions thus are consistent with
both the plate motionsver the past f& million years, with geological data, and the motions that
occur in earthquads. Henceas we discuss in Chapter 8, the different data types are used together to
study hav the seismic and aseismic portions of the deformatiog \n space and time in the fdi$e
deformation zones that characterize yng@fate boundaries. This is done both on large scales, as
shown here, and for studies of smaller areas and individual earthquakes.

Space geodesy is also used to study thevelatiare, but sometimes large, earthquakes within
plates. Globaplate motion models gé ro idea where or he often intraplate earthquakes should
occut beyond the trivial prediction that tigeshould not occur because there is no deformation within
ideal rigid plates.Space geodesy is being combined with earthguasations, focal mechanisms,
and other geological and geophysical data wesitigate the motions and stresses within plates and
how they give rise to intraplate earthquakes. Faample, GPS lets us measure the effects of post-

glacial rebound that is one of the possible causes of intraplate earthquakes (Figure 5.4.9).



6.5 FINITE ROTATIONS

6.5.1 Formulation
So far, we haveused Euler vectors to describe plate motions todayesrtibe past fev mil-
lion years. On geological time scales, these are "instantaneous" motions described by small or
"infinitesimal” rotations around the Euler pold/e dso use Euler vectors to describerhaates
move ove long periods of time. In this case, the motion of a plate from one position to another
on the surface of the earth is described by a finite rotation througieaalagle around the Euler
pole. Thusnstead of computing velocities, we findWpositions changewar time.
Figure 1 shwrs the idea for te platesa andb that rifted apart, forming a memidocean
ridge and ocean basin. Points on the opposite coastlimeA Bkd A or B and B’ are nav sepa-
rated. Similarlymagnetic anomalies on theavplates that formed at theweidge mae gart as
the ocean continues to open.
To describe this motion, we write a pomtosition before it rotated as As in equation
6.3.7, we write the position vector in Cartesian coordinates for a point at latituut longitude

uas
r = (acosA cosu, acosA siny, asinA). Q)

The rotation is described by a matRx
R(6, 9. Q1) = R(e, Qf) )

representing a finite rotation by an an@le about an Euler pole at latitudeand longitudep. A

unit vector from the center of the earth to the pole is
e = (&, &y, €;) = (COS Cosy, cosé sing, Sin 6). 3)

This is like the Euler vector defined in equation 6.3.8 but defines only the pole, without the rota-
tion rate.

Using this notation, we describe the motion of the pototits nev positionr’ by

rr=Rr. @
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Fig. 6.5.1: Illustration of two plates that separated by a finite rotation about a pole. (Dewey, 1975)
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Fig. 6.5.2: Magnetic anomalies in the Atlantic ocean. The anomaly numbers indicate ages: 5 is
about 10 Ma, 6 is about 20 Ma, 13 is about 33 Ma, 21 is about 47 Ma, and 34 is about 100 Ma.
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Some algebra, which we omit, shows that the rotation matrix is

0 €2(1-cosQ;) + cosQs ecey(1-cosQy) —e,sinQ; e, (1-cosQ;) +eysinQ¢L]
R=€,e/(1-cosQ¢) +e,sinQ; ef,(l—cosQf) +cosQ¢ eye,(1-cosQy) — e, sianE.(5)
[exe,(1-cosQy) — eysinQ;  eye,(1-cosQy) + e, sinQy e2(1-cosQ;) + cosQ¢ ]
The finite rotation meed two features apart that used to be at the same placealculate
the rotation, we ngerse the process mathematically and put features back together amain. F
example, the Atlantic Ocean opened as North and South Americedramay from Eurasia and
Africa. As a result, magnetic anomalies of the same age, called isochrons, on opposite sides of
the Mid-Atlantic ridge are ne separated (Figure 2)To describe this, we chose one plate to be
fixed, and use computer programs to find a rotation that brings the isochrons on the other plate
together with those on the fixed plate. Applying this rotation closes up the Atlantic part way by
removing the effect of seafloor spreading during that irgerv hisoperation going backward in
time is called using a reconstruction pole and is specified by the jailaide and longitude and
the angle of rotation. Often for ceanience the term "pole" also includes the andkeversing
this rotation gres the forward motion pole for which time goes fang and describes the open-
ing.
Doing this for a series of isochronveg a €t of stage poles that describe the finite rotation
over each of the time intemds. Thetotal rotation is represented using equation 4 and multiplying
at each stage by the rotation matrix for that time interval. Thus if veetiva gages such that the

pointr moves first tor’ and then to"’,
r=Rr r"=Rr'=RRr=Tr. )

whereT = R'Rr is the total rotation matrix. From the total rotation matrix, we can compute a
total rotation pole and angle.

Total rotation poles ha two tricky aspects. First, although thelescribe the total rotation
between the starting and final positionsyten’t specify hav it took place. The actual motion
occurred by a set of stages with different poles. Second, it is importae¢pariack of the order

of the rotations. Matrix multiplication does not commute, so in general thenbtrix products
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R'R andRR' are diferent. PRsically this is because doing rotations in a different ordessgi
different results. Figure 3 shows an example of a book that was rotated about the horizontal in

two different orders and so ends up in different positions.

6.5.2 Comparison with infinitesimal rotations
We @n think of the infinitesimal rotations that describe plate motions today as finite rota-
tions that describe plate motiongepa dhort time. To se that, consider othe rotation matrix

(5) would look if the rotation angl@; were so small that we could approximate
sinQf = Q¢ cosQf =1 1-cosQ; =0. (8)

In this case, the matrix becomes

0 1 -eQ¢ Q0
R:gezQf 1 —eXQfB 9)
T eyQs  eQg 1o

which we can write as a matrix sum
R=1+¢. (10)

| is the identity matrix with ones on the diagonal and zeroew/letse, that has the property that
multiplying ary vector by it does not change thector The matrixe contains the remaing terms

involving Q¢, 0

1 0 0 00 -e0; €00
=0 1 0O ‘e—zgeZQf 0 —eXQfg. (11)
o o 10 TeQr 60 0

This lets us write the small change in the position of the point frm’ in vector form as
Ar=r'"—r=(+&r—-r=er. (12)

Multiplying out the productr into its components makes this equation
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Fig. 6.5.3: Rotating a book rotated about the horizontal axes in two different orders yields two

different results, illustrating that the order of rotations is important. (LePichon et al., 1973)
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Fig. 6.5.4: Comparison of the present plate geometry to a 100 Ma reconstruction, illustrating the

opening of the Atlantic. (Lawver et al., 2001)
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(Ar, O [0 (eyr, —ery)0
Byygz glf(ezrx — &l7) B (13)
A0 Rr(exry —eyry)no
If we divide both sides of this equation by the duration of the finite rotation, it becomes the

same as the vector cross product (equation 6.3.3) equation for the éfediyvat a point on a

plate boundary
V=wXr . (14)

This is because dding the components of the small change in position on the left side of equa-
tion 13 by the duration of the finite rotatiorveg the component of the linear velocity Simi-

larly, dividing the finite rotation angl@; by the duration of the finite rotationvgs the magni-

tude of the angular velocityw], and multiplying this by the componentseofjives the angular
velocity vectorw. Thus the vector components on the right side of equation (13) are also the ones
that appear in theeetor cross product (equation 14). As a result, this small finite rotation is the
same as the familiar infinitesimal rotation.

These ideas are illustrated by comparing rotations for the motion of Eurasigerddati
North America. These are called "Euler vectors" for instantaneous motion described by infinitesi-
mal rotations and "poles" for finite rotations. The pole location and rate in the REVEL model,
derived from space geodetic data spanningeseyears, is quite similar to that in NUVEL-1A,
derived from data spanning the past 3 Myhe finite rotation for the past 10 million years, 0-10
Ma, is similar because the pole location is similar and an angular change of 2.44° in 10 Myr is an
avaage rate of 0.24°/Myr Finite rotations for the total motiorver longer times dfer more
from the instantaneous ones. Even soy #hew that oser these times the opening of the Atlantic
(Figure 4) has been similar to what we see to@ais makes sense because theyvong frac-
ture zones extending from the aetiransform faults indicate that the opening of the Atlantic has

occurred in a geometry similar to today’s.

IRemember that "Ma" is millions of years before the present, whereas "Myr" is a time interval of a million
years.
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Table 6.5-1: Rotations for motion of Eurasia with respect to North America
pole latitude (°N) longitude (°E) rate or angle

Instantaneous

REVEL (7 yn)* 68.05 136.42 0.24°/Myr

NUVEL-1A (3 Ma) 62.41 135.83 0.21°/Myr

Finite

(0-10 Ma)** 65.38 133.58 2.44°

(0-49 Ma) 67.19 137.74 10.91°

(0-105 Ma) 66.85 152.34 21.49°

*Slaet al. (2002)

** Royer et al. (1992)

Because plate motions changensig plate reconstructions typically form the total motion
using stage poles that span about 10 million ye&wen when plate motion has beeirlfy
smooth, the stage poles/gia nore accurate description of the actual motion than the total pole.

In general, pole positions changesotime. To e this, consider a system of three plates,
j, and k. The Euler vector describing the motion of plateith respect t is just the diference

of their Euler vectors with respect to plate
Wik = Wji ~ Wi - (14)

This means that if the motion ¢fand k with respect td stays constantver time, so will the
motion of j with respect tdk. Because we are dealing with relatinotions, we consider plaie
to be fixed and describe motions relatio it. Relatve © platei, none of the Euler vectors mea
However, because platek and j are moving relatie o platei, the Euler vector describing the
motion between them must n® relatve © them. Thus viewed from platgsand k, the pole

position forwjy is changing.





