
Initially, done by combining different types of
data from different boundaries over millions of 

years  

Spreading rates from sea-floor magnetic anomalies 

Directions of motion from orientations of transform 
faults and slip vectors of earthquakes on transforms 

and subduction zones

Recently, space-based geodesy gives motion over 
past decades

3. MEASURING PLATE 
MOTIONS
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We first consider plate motions at a point on 
Earth’s surface, or within a small region. In 
this case we can neglect the curvature of the 
planet and treat the surface as flat. Once we 
understand this case, we can include the 
effects of the spherical earth.
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Linear relative velocity

V

VEW

VNS

α

Ν

Ε

A velocity vector is specified 

either by its 

north-south and east-west 

components (VNS , VEW)

or by its rate (magnitude) 

V = (VNS
2 + VEW

2 )1/2

and azimuth (direction) 

α = tan -1  (VEW / VNS )

Note: α defined clockwise 

from north (geographic 

convention, rather than 

math convention)

3

Plate motion rates typically

quoted as mm/yr= km/Myr
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A

TRANSFORM

a) b)

c) d)

e)

f )
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E
BA

N

E
BA

VAB

BA

AB

VBA

SPREADING

SUBDUCTION

AB AB

g)

VELOCITY SPACE PLOT
Shows N-S and E-W components of relative motion. 

B

A

TRANSFORM

a) b)

c) d)

e)

f )

N

E
BA

N

E
BA

VAB

BA

AB

VBA

SPREADING

SUBDUCTION

AB AB

g)

Plate B moves eastward at rate VBA relative 

to plate A. Standing on plate A, the diagram 

shows which way B is moving.

Because plate motions are relative, we can 

also consider plate B to be fixed and plot 

the diagram with B at the origin. 

Which plate we fix changes the frame of 

reference, but not the motions, because 

the motions are physical entities described 

by vectors that are not affected by our 

choice of reference frame. 

VAB =−VBA
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Velocity space plots of relative motion between Pacific 
and North American plates at location of San Andreas 

fault
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With respect to North America, the Pacific 
moves at 46 mm/yr in azimuth 
α = 324�. This can also be stated as 
azimuth N36�W   (360� – 324� = 36 �). 
With respect to North America, the Pacific 
moves NW.

Equivalently, with respect to the Pacific, 
North America moves at 46 mm/yr in 
azimuth α = 324� – 180� =  144�. This 
can also be stated as azimuth S36�E  
(180� – 144� = 36�). With respect to the 
Pacific, North America moves SE.



What happens on 
plate boundary 
depends on how 
boundary section 
oriented compared to 
relative motion vector. 

All these have same 
relative motion, but 
different boundary 
geometries & thus 
boundary types

Arrows on overriding 
plate pointing in 
direction of motion/dip
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A

TRANSFORM

a) b)

c) d)

e)

f )

N
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VBA

SPREADING

SUBDUCTION

AB AB

g)

What happens on 
plate boundary 
depends on how 
boundary section 
oriented compared to 
relative motion vector. 

All these have same 
relative motion, but 
different boundary 
geometries & thus 
boundary types

Arrows on overriding 
plate pointing in 
direction of motion/dip

Can have 
either 
polarity

1
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E
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B A

A B
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SPREADING
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Wallace Creek, Carrizo Plain National 
monument, crosses the San Andreas 

Fault

San 
Andreas 

Fault

Wallace Creek is offset 
by 130 m

This offset developed 
over  3700 years
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Named after Robert 
Wallace,  NU 
Geology, BA 1938



Class question 10: Long term slip 
rate and earthquake recurrence on 

the San Andreas Fault

San 
Andreas 

Fault

Wallace Creek is offset 
by 130 m

This offset developed 
over  3700 years

What�s the average 
fault slip rate?

If this happens in large 
earthquakes with about 
4 m slip, how often on 
average should they 
occur?
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9

SPREADING RATES FROM MARINE MAGNETIC 
ANOMALIES

Identify anomalies, then use magnetic timescale to convert 
distances from ridge to rate
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ANOMALY:    2� 2             CENTRAL  

10Topic 3a

Spreading rate in 
Gulf of California 
gives motion of 
Pacific plate with 
respect to North 
America

Motion over a few 
Ma = millions 
of years before present



ANOMALY:    2� 2         CENTRAL SPREADING RATES 
FROM MAGNETIC 

ANOMALIES

Match observed profiles 
to synthetics (top and 
bottom) for different 
spreading rates

Look at central anomaly, 
2 (single peak), and 2’ 
(doublet)

Data are better fit by 48 
mm/yr rate than 58 mm/yr

GULF OF CALIFORNIA
PACIFIC - NORTH AMERICA

DeMets et al., 1987
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Science 2 
October 
1987: 
Vol. 238 no. 
4823 p. 30 
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Plate 
motion, 
and 
earthquake 
hazard to 
nuclear 
plants



Class Question 11: Different estimates of 
Pacific-North America plate motion

13

Wallace Creek offset 
on San Andreas 
Fault: 36 mm/yr

Magnetics in Gulf of 
California: 48 mm/yr

What are possible causes of the difference? 
How would you test these?
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Uncertainty issue 1: 
which anomalies to 
measure?

Can’t resolve within 
central anomaly (780 Ka)
Ka= 1000 years before 
present

Resolution depends on 
spreading rate

Fine structure easiest to 
see at faster rates

Have to carefully chose 
what to fit DeMets et al 1994
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Uncertainty issue 2: 
surprising source of 
uncertainty

Inferred rate depends 
on paleomagnetic 
timescale – age 
assigned to anomalies

Changing age of 
Brunhes/Matuyama
boundary from         
730 Ka to 780 Ka 
reduces inferred  
spreading rate by 
730/780 = 0.936
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AGE 
(Ma)

Pacific - Antarctic Ridge  64�S

LDEO 
website

RIDGE STREAM
a) b)Plate motion across a transform 

fault connecting spreading ridge 
segments results from the 
spreading, and so the offset stays 
constant with time if spreading is 
approximately symmetric.
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Geometry of ridge-transform system

Click for 
animation



AGE

0 5 1 01 0 52 0 1 5 2 01 5

0 5 1 01 0 52 0 1 5 2 01 5

1 0 1 5 2 02 0 1 5
AGE

1 0 1 5 2 02 0 1 5

INACTIVE FRACTURE
ZONE

ACTIVE
TRANSFORM

INACTIVE FRACTURE
ZONE

a)

b)

Magnetic isochrons demonstrate the motion 
on transform faults that offset segments of 
midocean ridges.

As the imaginary seafloor markers (stars) 
show, relative motion occurs only on the 
active portion of the transform between the 
ridge segments, where material on opposite 
sides of the transform is on different plates. 
The extensions of the transform beyond the 
active portion are inactive fracture zones. 
No relative motion occurs, because material 
on both sides of the fracture zone are on the 
same plate. However, there is a large scarp 
across fracture zones because the material 
on opposite sides is of different ages, and 
thus at deeper depths. Unfortunately, some 
transform faults named before this 
distinction became clear are known as 
‘‘fracture zones" along their entire length.

10 Ma

Now

17Topic 3a

Transform faults and fracture zones



Because transform faults 
offsetting ridge segments 
maintain essentially the 
same length, midocean 
ridges retain about the same 
geometry from the time they 
formed when continents 
rifted apart.

Hence the Mid-Atlantic ridge 
reflects the shape of the 
continents on either side.
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RIDGE STREAM
a) b)

The plate motion across a transform fault 
connecting spreading ridge segments results 
from the spreading, and so the offset 
between ridge segments stays constant with 
time if spreading is approximately symmetric.

This is opposite from that on strike-slip faults 
where the offset between features results 
from motion on the fault.  For example, the 
San Andreas transform fault does not offset 
spreading ridge segments, so the offset 
between features on opposite sides like 
stream beds grows with time.
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Ridge transform fault versus San Andreas transform fault



0 5 1010 5

AGE

RIDGE RIDGE

SYMMETRIC

0 5 1010 5

AGE

ASYMMETRIC

FOR A GIVEN SPREADING RATE,
SPREADING CAN BE SYMMETRIC OR ASYMMETRIC

Dividing the distance between 
corresponding isochrons in opposite 
sides of the ridge axis by their age 
gives the full spreading rate, the 
average rate at which new material 
was added during that time. 

The distance between isochrons on 
one side divided by their age 
difference gives the half spreading 
rate, the average rate at which new 
material was added to that plate
during that period. 

In some places spreading is 
asymmetric, with different half 
spreading rates on the two sides of the 
ridge.
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Fig. 1 Abyssal hill fabric formed at the intermediate-spreading Chile Ridge. 

J.-A. Olive et al. 
Science 2015;
350:310-313

Midocean Ridge – Vertical dikes
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Midcontinent Rift – continental rift flood basalt – horizontal flows

Gooseberry 
Falls State 
Park, MN
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0 5 1010 5
AGE

0 5 1010 5

ORTHOGONAL

OBLIQUE

ORTHOGONAL

ORTHOGONAL  OR OBLIQUE 

SPREADING

Although ridge segments and 
transforms are usually about at right 
angles to each other, this is not always 
the case. Spreading is usually 
orthogonal, or in the direction of plate 
motion.

In some cases, however, oblique 
spreading occurs. In either case, 
transforms are oriented close to the 
direction of plate motion, although 
small deviations occur. Such deviations 
are called transpression, where a small 
component of compression also arises, 
or transtension, where a small 
component of extension arises.
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Class Question 12: Compare anomalies 
between 2 and 5 on the east and west sides. 

What are the differences? 
What could have caused them?
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PROPAGATING RIDGES & 
MICROPLATES AT EVOLVING RIDGES
Microplates often form between major plates 
as ridge geometry changes and/or near 
triple junctions

Engeln & 
Stein, 1984

Seismicity concentrated at 
microplate boundaries -
indicating rigidity -
focal mechanisms show 
motion directions
Motions obey rigid plate 
kinematics

Recorded in 
oceans by                     
magnetic 
anomalies, 
earthquakes 
&                                 
topography
One ridge 
grows, other 
slows and 
dies
Block 
rotations 
occur
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Mi Microplates in continental rift plate boundaries

Stein et al., 2018



LABEL PLATE 
BOUNDARY 

TYPES

27Topic 3b

Triple junction:  A point where three plates meet.  
If we know the motion of two plates, we use vector 
addition (or subtraction) to find the motion of the 
third.

For example

VAB = VCB  + VAC or    VAC = VAB  - VCB

The junction ”closes”, so relative velocities sum to 
zero

VCB + VAC  - VAB = 0
VAC

T

LB

A

C

VAB

VCB

B
A

C

B

A
C

B

C

A

Case 1

Case 2

Case 3



LABEL PLATE 
BOUNDARY 

TYPES

VAC

T

LB

A

C

VAB

VCB

B
A

C

B

A
C

B

C

A

Case 1

Case 2

Case 3

28Topic 3b

Class Question 13:  Given 
the velocity diagram, draw 
the relative motions of the 
plates for each of the three 
cases shown and explain 
what type each boundary is. 



EURASIA - NUBIA (West Africa) motion
Primarily derived from small 
differences in spreading rate & 
direction between North America -
Eurasia and North America - Nubia 
motion at Mid-Atlantic Ridge

NORTH 
AMERICA

EURASIA

NUBIA

Eurasia - Nubia 
spreading at Azores 
Triple junction

Argus et al., 1989
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CHALLENGE:  NUBIA - SOMALIA: EAST AFRICAN RIFT 
OPENING
Boundary geometry & motions 
unclear 

Geologic models infer opening from 
small and poorly constrained 
differences in 

-Nubia-Arabia (Red Sea) & 
Somalia-Arabia (Gulf of Aden) 
motion

REVEL 2000

REVEL 2003

NUBIA

ARABIA

SOMALIA

ANTARCTICA

Chu & 
Gordon

ARABIA

SOMALIA

NUBIA

?

-or Nubia-Antarctica &   
Somalia-Antarctica (SW 
Indian Ridge) motion

Afar Triple 
Junction
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AFRICA

SOUTH
AMERICA

NORTH
AMERICA

ARE NORTH AND SOUTH AMERICA DIFFERENT PLATES?

2

-2 0 -1 0
0

mm/yr

m
m

/yr

SA

NA AF

No clear evidence for boundary in 
topography, some scattered 
earthquakes

Slight difference in spreading 
directions on MidAtlantic Ridge
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WESTERN NORTH AMERICA

Three 
Plates:

Juan de Fuca

Three 
Boundaries:
Cascadia 
subduction 
zone
San Andreas 
transform
Gulf of 
California 
spreading 
center

North 
America

Pacific
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San Andreas fault has relative 
motion ~ 46 mm/yr at azimuth 
150�

Juan de Fuca ridge spreads at 
54 mm/yr at azimuth 114�

Transform faults  3 and 4 offset 
ridge segments.

There are also faults 2 and 5.

Draw a velocity diagram to 
show what’s going on

CQ14: Use velocity space to figure out the 
Pacific Northwest

33

Cox & Hart
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CASCADE 
VOLCANOES INDICATE  

Juan De Fuca 
subduction beneath 

North America

USGS

Mt Saint Helens
1980 eruption (57 

deaths;   $2B 
damage)
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Click for video



San 
Francisco 
Bay Area

SAN 
ANDREAS 
FAULT Pacific 

plate

North 
American 

plate
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Click for video

San 
Andreas

Hayward



SAN FRANCISCO 
EARTHQUAKE
April 18, 1906

�The whole street was 
undulating as if the waves  of 
the ocean were coming 
toward me.�
�I saw the whole city 
enveloped in a pile of dust 
caused by falling buildings.�
�Inside of twelve hours half 
the heart of the city was 
gone�

3000 deaths
28,000 buildings 

destroyed (most by fire)
$10B damage
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SAN ANDREAS FAULT
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Click for video
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San Andreas 
Fault at Point 
Reyes 
National 
Seashore, 
California

Click for 
video



Pacific-North America - Farallon (Juan de Fuca) evolution 
caused formation of San Andreas and opening of Gulf of 

California

USGS
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Atwater website

HOW DID THE 
TRANSVERSE 
RANGES FORM?

LA

SAF
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Click for 
video



EVOLUTION OF NE 
PACIFIC

Plates & triple 
junctions  evolve & 
migrate with time

Start off with Kula, 
Farallon, Pacific, and 

North American plates

Watch the video to 
see what happens

Atwater website
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North 
America

Click for 
video



Class Question 15
a) What happened to the Kula plate?

b) How do we know it existed?

c) What pieces of the Farallon plate survive today? What are their plate 
names? 

d)  How did the present Cocos-Nazca spreading center form?

Atwater website 42Topic 3d


