
10: PLATE 
BOUNDARY 
ZONES & PLATE 
MOTION CHANGES

Yellowstone National 
Park, Wyoming, USA
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Plate boundaries initially viewed as narrow 
Now recognize that many plate boundaries - especially continental -  are 

deformation zones up to 1000 km wide, with motion spread beyond 
nominal boundary

PLATE BOUNDARY ZONES (PBZ)

Space geodesy, 
seismology,
topography & 
geology give 
increasingly
better views of  
PBZ kinematics: 
how motion varies 
in space and time

Results improve 
understanding of 
PBZ dynamics & 
hazards

15% earth�s 
surface; 40% of 
population

Gordon & Stein, 1992 
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Gordon & Stein, 1992 

Although the basic relationships between plate boundaries, plate interiors, and 
earthquakes apply to continental and oceanic lithosphere, continents are more 

complicated.  
Continental crust is much thicker, less dense, and has different mechanical 

properties than oceanic crust.  Thus plate boundaries in continental lithosphere 
are generally broader and more complicated than in oceanic lithosphere

We seek to first 
describe the 
motion 
(kinematics) 
within boundary 
zones, and then 
combine the
kinematics with 
other data to 
investigate their 
mechanics 
(dynamics)
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Find Euler vector using 
GPS, earthquake slip 

vector, magnetic, geologic 
data 

Motion described by Euler 
vector predictions (small 
circles about pole, rate 

increases as  sin Δ)

Assess rigidity via fit of 
data to Euler vector 

predictions

Little (< 1 mm/yr rms) 
internal deformation

Deformation where fit to 
Euler vector prediction 

fails

Add Euler vectors for other 
plate motions

Stein & Sella, 2002 

PBZ KINEMATICS 

RIGID 
DEFORMING 
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Studies of 
continental 
plate 
boundary 
zones 
provide 
important 
insights into 
fundamental 
geological 
processes 
controlling 
evolution of 
continents 
 
Study 
phases of 
the Wilson 
cycle in 
different 
places

East African 
Rift
Gulf of 
Aden, Gulf 
of California

Andes

Southern 
Europe

Himalaya          
Zagros

Continental  
rifting
Young ocean

Closing 
ocean

Continental 
collision

Ocean-continent convergence

Stein & 
Wysession, 
20035 

WESTERN NORTH AMERICA PLATE BOUNDARY ZONE - 
DEFORMATION INWARD OF NOMINAL BOUNDARY

Hebgen Lake, Montana  1959 Ms 7.5

Owens Valley, California 1872 Mw ~7.5Stein & Wysession, 2003
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GPS site 
velocities

relative to North 
America

San Andreas 
Fault system

Stable Sierra 
Nevada block

Great Basin

Intermountain 
seismic belt

Eastern 
California 
shear 
zone

Colorado 
Plateau

PACIFIC - 
NORTH 

AMERICA 
PLATE 

BOUNDARY 
ZONE

Central Nevada 
seismic belt

Bennett et al., 1999
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PACIFIC-NORTH AMERICA PLATE BOUNDARY 
ZONE: PLATE MOTION & ELASTIC STRAIN~ 50 mm/yr  

plate motion  
spread over      
~ 1000 km
~ 35 mm/yr 
elastic strain 
accumulation    
from locked San 
Andreas  in  
region                 
~ 100 km wide 
Locked strain  
will be released 
in earthquakes
Since last 
earthquake in  
1857  ~ 5 m slip 
accumulated

Elastic 
strain

Broad 
PBZ

Stein & Wysession, 2003
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VISCOUS FLUID MODEL

Interpolate smoothed geodetic  & geologic velocity field 

Determine effective viscosity by dividing the magnitude of the deviatoric 
stress tensor by the magnitude of the strain rate tensor 

Shows deforming vs rigid regions

Flesch et al., 
2000
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CONTINENTAL CONVERGENCE ZONES
Of the three boundary types, continental convergence zones may be 

the most complicated compared to their oceanic counterparts. 

One primary difference is that, because continental crust is much 
less dense than the upper mantle, it is not subducted and a Wadati-

Benioff zone is not formed. As a result,  continental convergence 
zones in general do not have intermediate and deep focus 

earthquakes. 

However, the plate boundary tectonics occur over a broader and 
more complex region than in an oceanic case.

Ni and Barazangi, 1984
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COLLISION BETWEEN INDIAN AND EURASIAN 
PLATES: SPACE GEODETIC MOTIONS. Mountain building by 

continental collision 
produced  boundary 
zone extending 1000�s 
of km northward from the 
nominal plate boundary 
at the Himalayan
front.  

Total plate convergence 
taken up several ways. 
About half occurs 
across locked Himalayan 
frontal faults such as the 
Main Central Thrust

These faults are part of 
the interface associated 
with the underthrusting 
Indian continental crust, 
which thickens crust 
under high Himalayas.

Larson et al., 1999 11 

COLLISION BETWEEN INDIAN AND EURASIAN 
PLATES: SPACE GEODETIC MOTIONS. 

GPS data also show 
along-strike motion 
behind the convergent 
zone, in the Tibetan 
Plateau, presumably 
because the uplifted and 
thickened crust spreads 
under its own weight. 

Extension is part of
a large-scale process of 
crustal "escape" or
"extrusion" in which large 
fragments of continental 
crust are displaced 
eastward by the collision 
along major strike-slip
faults.

Larson et al., 1999 12 



COLLISION 
BETWEEN INDIA 
AND EURASIA 

PLATES: 
EARTHQUAKES

Large destructive 
thrust earthquakes 
reflect convergence  
on Himalayan frontal 
faults such as Main 
Central Thrust 

Normal faulting 
earthquakes occur 
behind convergent 
zone in the Tibetan 
Plateau, due to along 
strike extension from 
gravitational collapse

Strike slip earthquakes 
occur further north

Ni and Barazangi, 1984
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Collision process is thought to involve a complex interplay between forces 
due directly to the collision, gravitational forces due to the resulting uplift and 

crustal thickening, and forces from the resulting mantle flow

Crustal "escape" or "extrusion" in which large fragments of continental crust 
displaced eastward by the collision along major strike-slip faults has been 
modeled assuming that India acts as a rigid block indenting a semi-infinite 

plastic medium (Asia), giving rise to a complicated  faulting and slip pattern. 
 

Also modelled numerically as thin viscous sheet flow

Tapponnier et al., 1982 14 



EASTERN MEDITERRANEAN COLLISION ZONE  
ARABIA - EURASIA CONVERGENCE

Complicated 
situation involving
African, Arabian, 
and Eurasian 
plates. 

Northern portions 
of Arabia move 
approximately 
N40°W, 
consistent
with global plate 
motion models.

Eastern Turkey 
driven northward
into Eurasia, 
causing 
compression  & 
thrust fault 
earthquakes in 
Caucasus 
mountains. McClusky et al., 2000 GPS site velocities relative to Eurasia

NUBIA SINAI
ARABIA

EURASIA
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EASTERN MEDITERRANEAN COLLISION ZONE  
ARABIA - EURASIA CONVERGENCE

At

Anatolia (At) 
rotates as rigid 
microplate about 
pole near Sinai

Motion across 
North Anatolian 
fault, ~ 25 mm/
yr, gives right-
lateral strike-slip 
earthquakes like 
1999 M 7.4 
Izmit, about 100 
km east of 
Istanbul that 
caused more 
than 30,000 
deaths.

McClusky et al., 2000 GPS site velocities relative to Eurasia

NUBIA SINAI
ARABIA

EURASIA
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EASTERN MEDITERRANEAN COLLISION ZONE  
ARABIA - EURASIA CONVERGENCE

McClusky et al., 2000 GPS site velocities relative to Eurasia

NUBIA SINAI
ARABIA

EURASIA

W. Anatolia & 
Aegean 
interpreted as 
diffuse 
extension, 
shown by 
steadily  
increasing 
rates

Region may be
"pulled" toward 
Hellenic arc, 
perhaps by an
extensional 
process similar 
to oceanic 
back arc 
spreading
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Extension

Strike Slip

Thrust

Strike 
Slip

McClusky et al., 2000 19 



ALTERNATE 
MODEL

Aegean also 
interpreted    
as microplate
Two other 
microplates 
proposed

Nyst & Thatcher, 2004 Velocities relative to Eurasia 22 
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Q1: What are the advantages and disadvantages of 
a microplate and a continuous deformation model for 
the Aegean? How would you decide which is more 
appropriate? 



  

Wells and Simpson, 2001

NORTHWEST NORTH 
AMERICA

OREGON

SIERRA

BASIN & RANGE

Complex interaction of 
subduction of Juan de Fuca 
plate and Pacific-North America 
strike slip

Paleomagnetic, geologic, and 
earthquake data suggested rigid 
Oregon and Sierra Nevada 
microplates

GPS data show this and resolve 
motion

Basin & Range may be rigid or 
diffuse extension zone - GPS 
data interpretations differ
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REMOVING ELASTIC 
STRAIN ACCUMULATION 

SHOWS OREGON MICROPLATE 
ROTATION 

 
Velocity field from campaign and 

continuous GPS sites. 
Reference frame is North America and 

ellipses are 1σ.
Data dominated by elastic strain on 

locked subduction zone
Use geodetic, earthquake, and geologic 

data to estimate simultaneously block 
angular velocities, coupling on block-
bounding faults, and GPS reference 
frame

Removing estimated elastic strain     
shows microplate rotation

McCaffrey et al., 2003 
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FOREARC SLIVERS FOR 
OBLIQUE (NOT TRENCH 
NORMAL) CONVERGENCE

Motion partitioned into along-
strike and trench normal
Thrust earthquake slip vectors 
at trench rotate toward trench 
normal
Caused biases in global  plate 
motion models
GPS records sliver motion
Partitioning can be total or 
partial, presumably due to 
force balance between  thrust 
and strike-slip faults

TOTAL

PARTIAL

Sliver moves distinctly from 
both plates

26 

ANDES:
NAZCA - 
SOUTH 
AMERICA 
PBZ

ALTIPLANO

FTB

27 lecture 8 



DEFORMATION IN NZ-SA PLATE BOUNDARY ZONE

Integrate GPS, 
earthquake, plate 
motion & geologic 
data
Elastic strain from 
trench - primary 
boundary segment 
- & permanent 
deformation      
away from it
Altiplano acts as 
rigid block 
between forearc & 
thrust belt

GPS site vectors relative to stable South AmericaNorabuena et al., 1998 28 lecture 8 

USING GPS 
VELOCITY PROFILE 

TO ESTIMATE 
LOCKING RATE AT 

TRENCH AND 
SHORTENING RATE 

IN FORELAND 
THRUST BELT

Norabuena et al., 1998
29 lecture 8 



PARTITIONING 
OF PLATE 
MOTION IN  
BOUNDARY 
ZONE

Klosko et al., 2002
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DEFORMATION IN PLATE BOUNDARY ZONE

Why is GPS velocity across orogen much higher than  
long-term crustal shortening?

Vinstaneous   =  Velastic           +         Vpermanent    
         (GPS)         (earthquakes)     (topography/shortening)

Chaco 
region, 
Foreland 
thrust belt

31 



ANALOG MODEL FOR 
TIMESCALE DEPENDANT 

DEFORMATION

Frictional plates model effects of 
earthquake cycle at the trench

Dashpot and spring make Maxwell 
viscoelastic body with both viscous 
flow leading to permanent 
deformation and elastic strain that 
will be recovered by earthquakes 
(sliding of frictional plates)

GPS records instantaneous velocity

Geology records long-term rate

Liu et al., 2000

GPS

Earthquake

lecture 8 

Liu et al., 
2002

33 



 NAZCA - SOUTH AMERICA: 
CONVERGENCE SLOWS AS 

ANDES RISE

Marine magnetic, NUVEL-1, 
and GPS data show slowing of 
Nazca - South America 
convergence 
Slowing associated with rise of 
Andes & accelerated 
shortening in thrust belt,  
implying complicated 
feedbacks

Gregory-Wodzicki et al., 2000

Norabuena et al., 1999
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Site motions relative to stable 
South America

GPS & geologic directions similar
GPS rates similar to 0-10 Ma 

geologic
Faster than 10-25 Ma geologic

Geologic shortening accelerated

Hindle et al., 2002
35 



Sum earthquakes' moment tensors to estimate seismic strain rate 
                                                 .

eij  = ∑Mij / (2 µ V t )

where t is the time interval and µ  is the rigidity. 

V, the assumed seismic source volume, is the product of the length and width of 
the zone of seismicity and the depth to which seismicity extends.  The thrust belt 

is ~ 2000 km long, 250 km wide, and faulting extends to ~ 40 km depth. 

We diagonalize the result and consider the eigenvalue associated with the P-
axis. Scaling this value by the assumed zone width gives an estimate of the 

shortening rate.

The resulting value, ~ 2 mm/yr, is significantly less than the approximately 10-15 
mm/yr indicated by the GPS data. Thus even given the usual problem that the 

seismic history is short and may have missed the largest earthquakes, an effect
one can attempt to correct for using earthquake frequency-magnitude data,

it looks like much of the shortening occurs aseismically.

ASEISMIC SHORTENING IN THRUST BELT

36 lecture 8 

PLATE BOUNDARY ZONE HAS 
SIGNIFICANT ASEISMIC 

DEFORMATION 
In Andes foreland thrust belt, geologic, 
earthquake & GPS data show similar 
shortening directions
GPS & recent geologic (10 Ma) rates similar,  
seismic rate much less (10%)
Much deformation may be aseismic even 
accounting for short seismic record
Other slow plate boundary areas may be 
similar (East African Rift)
Seems to differ from intracontinental case, 
where most deformation seems seismic

Klosko et al., 2002 37 lecture 8 



SHORTENING MODELS
Model A based on the history of 
crustal shortening compiled by 
Kley & Monaldi (1998) in which 
Andean mountain building 
occurred mainly since Miocene. 

Model B based on the 
reconstruction of McQuarrie 
(2002), which shows significant 
pre-Miocene crustal shortening 
starting in the Bolivian Andes.

Explore role of proposed (Kley & 
Monaldi, 1998) lateral (along-
strike) crustal  flow to produce 
topography 38 

TOPOGRAPHIC 
EVOLUTION MODEL 

Predicted elevation (color 
background) and velocity field 
at the surface (arrows) for the 
two shortening models.  

Lower crust assumed weak 

In model A material flows from 
north & south, where strain rates 
are higher, to center 

In model B material from center 
flows south first due to earlier 
shortening,  reversed in past 10 
Ma 

Yang et al., 2003
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Comparison of predicted 
and observed long-
wavelength elevation at 
S20º.

Thin dashed , solid and thin solid 
lines are  results with crustal 
density of 2890, 2870, and 2840 
kg m-3.
Lower crustal density predicts 
higher elevation. 

Comparison of predicated 
and observed crustal 
thickness (Beck et al., 1996). 
Difference due to crustal density 
is indistinguishable on this scale.
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Plate motions over a few years 
observed by space geodesy very 
similar to predictions of NUVEL-1 
or similar geologic models 
describing average motions over 
past 3 Ma

Hence plate motions are 
generally steady, presumably 
because viscous asthenosphere 
damps episodic motions at plate 
boundaries 

However, in places  NUVEL-1 
and space geodesy disagree.

Why?

SPACE GEODESY & GEOLOGIC 
PLATE MOTION MODELS 

GENERALLY AGREE

Robbins et al., 1993
41 



 
EITHER, APPARENT DIFFERENCES DUE TO MODEL PROBLEMS

Geologic models 
- Can�t account for motion off nominal plate boundary
-  Rely on plate circuit closure on boundaries where rate, direction     

or both data types aren�t available

GPS models 
- Too few sites or too short time series

OR, REAL CHANGES IN PLATE MOTIONS

- May be part of long-term trends
- Can be associated with changes in plate boundary geometry: 

mountain building, rifting, slab detachment, etc.

DIFFERENCES BETWEEN SPACE GEODESY & GEOLOGIC 
PLATE MOTION MODELS MAY REFLECT:

42 

NUBIA-SOUTH 
AMERICA SLOWING

GPS (REVEL) 
rate slower than 
NUVEL (0-3 Ma 
spreading rate)

Sella et al., 2002

Sa

Nu
Azimuth hasn�t 
changed
(transforms 
match GPS)

lecture 8 



NUBIA-SOUTH AMERICA

REVEL GPS rate 
slower than 
NUVEL-1 
0-3 Ma spreading 
rate fits long-term 
slowing shown by 
marine magnetic 
data

Sella et al., 2002 44 lecture 8 

ARABIA- NUBIA: 
RED SEA 

SPREADING 
SLOWING (?)

REVEL slower than 0-3 
Ma marine magnetic data 
Perhaps associated with 
Arabia-Eurasia slowing
Better GPS data needed 
to confirm

Sella et 
al., 2002

45 lecture 8 



ARABIA- EURASIA: CONVERGENCE 
SLOWS (?) AS ZAGROS RISE

REVEL GPS slower than NUVEL (derived 
from closure only)
Slowing consistent with long-term trend 
inferred from marine magnetic data 
Perhaps associated with rise of Zagros

McQuarrie et al., 2000

Sella et 
al., 2002
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REGIONAL TECTONICS OF THE MEDITERRANEAN

Oldow et 
al., 2002

Nubia-Eurasia convergence causes complex geometry, many possible 
blocks/microplates, boundaries & motion directions often unclear

Major challenge to sort out

47 lecture 8 



Calais et al., 2003 Anderson & Jackson, 1987

CHALLENGE: 
ADRIATIC 
BOUNDARIES 
& MOTIONS
Is Adria a 
microplate?
What other 
blocks exist?
How do their 
motions relate 
to Nubia-
Eurasia 
motion?
GPS, earthquake 
& geological data 
being integrated

Oldow et al., 200248 

ADRIA MICROPLATE: NOW MOVES 
NORTHEAST WRT EURASIA

Focal mechanisms and GPS find Adria 
bounded by convergent boundaries in the 
Dinarides and the Venetian Alps, 
extensional boundary in the Apennines 
and moving northeast away from western 
Italy (Eurasia).

Adria

GPS wrt Eurasia

Nubia

Eurasia

49 



Adria subducted  
southwestward beneath Italy.

Apennines part of thrust belt 
extending south to Sicily.

Arc evolved in association with 
opening of  Tyrrhenian sea 
since  ~ 5 Ma, interpreted as 
back arc spreading associated 
with rollback of Adria slab.

As subduction migrated 
eastward, western Italy 
microplate rotated 
counterclockwise with respect 
to Eurasia Nubia

Adria

Eurasia

MIO-PLIOCENE TIME: SOUTHWEST CONVERGENCE

After Rosenbaum & Lister, 2004

Western  Italy

50 

GPS & EARTHQUAKES vs. GEOLOGY 
SHOW PLEISTOCENE MOTION CHANGE

Subduction and back 
arc spreading ceased 
within past 2 Ma, 
making Italy west of 
the Apennines part of 
Eurasia. 

S l a b  m a y  b e 
detaching (Wortel & 
Spakman, 2000)

Adria - Eurasia motion 
then caused shift from 
c o n v e r g e n c e t o 
e x t e n s i o n i n t h e 
Apennines. 

AdriaEurasia

Stein & Sella (2004); modified from  
Malinverno and Ryan (1986)

W. ItalyEurasia Adria
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Amatrice, Italy 
M 6.2 August 2016

EARTHQUAKE 
HAZARD IN PLATE 
BOUNDARY ZONES

Hazard extends over 
broad region

Seismicity is diffuse

Strong ground motion decays 
rapidly with distance, so 

smaller nearby earthquake off 
nominal boundary can cause 

greater shaking than larger one 
on the boundary 

GSHAP

MAJOR DAMAGE ONSET
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East African rift is spreading 
center between the Nubian 
(West Africa) and Somalian 
(East Africa) plates. 

Extension  is so slow,   < 10 
mm/yr, that it is hard to 
resolve  in plate motion 
models, so two plates are 
often treated as one.  

Topography, active faulting, 
and seismicity show a 
boundary zone broader, more 
diffuse, and more complex 
than at mid-ocean ridges.

For example, seismicity ends 
in southern Africa with
no clear connection the 
Southwest Indian ridge, where 
the boundary must go Stein & Wysession, 

2003 54 lecture 8 

Some of the complexity of 
continental extensional zones 
results from the fact that, unlike 
mid-ocean ridges, lithosphere 
starts off with reasonable 
thickness and then is stretched 
and thinned

Rifting can progress far enough 
that new oceanic spreading 
center forms, as  in Gulf of 
Aden and Red Sea, which are 
newly formed (and hence 
narrow) oceans separating 
Arabia from Somalia and Nubia 

Whether EAR will evolve this 
far is unclear:  geologic record 
shows rifts that, though active 
for some time, failed to develop 
into oceanic spreading centers 
and died. Fossil rifts can be loci 
for intraplate earthquakes. Stein & Wysession, 

2003 55 lecture 8 



  

SUMMARY

Boundary zone occurs where motion extends beyond elastic deformation 
associated with earthquake cycle at nominal plate boundary

Boundary zones include discrete microplates and perhaps diffuse 
deformation zones

Integrating plate motion, GPS, earthquake & geologic data can resolve 
geometry and rates of motion 

Differences between space geodesy & geologic plate motion models are 
increasingly able to resolve changes in plate motions

Inferred changes often appear to be part of long-term trends

Can be associated with changes in plate boundary geometry: mountain 
building (Andes, Zagros (?)), rifting (East Africa), slab breakoff (Adria), 
etc.

Better distribution of space geodetic sites and longer time series will 
improve ability to identify & confirm such changes
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