
9: SUBDUCTION ZONES
Understand kinematics & dynamics of boundary processes

Oceanic systems simpler than continental
Thermal evolution of oceanic lithosphere provides major plate driving 

force and hence plays major role in both oceanic and continental 
deformation

Major role in thermal, mechanical, chemical evolution of the earth

Van der Hilst, 1995Clift, 2004

Stein & Wysession, 2003

EARTHQUAKE LOCATIONS & MECHANISMS ILLUSTRATE TECTONICS

Plate boundary process

Plate driving force 2 



MOST OF THE LARGEST EARTHQUAKES ARE AT SUBDUCTION ZONES 
AND RESULT FROM THRUST FAULTING AT THE PLATE INTERFACE

Kanamori, 1978

Much of what is known about the geometry and mechanics of the interaction 
between plates at subduction zones comes from the distribution and focal 

mechanisms of shallow earthquakes at the interface between the plates
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How thrust earthquakes release 
accumulated plate motion is 
interesting  scientifically and 
important for assessing 
earthquake hazards. 

In many subduction zones, thrust 
earthquakes have  characteristic 
patterns in space and time.  Large 
earthquakes occurred  in the 
Nankai trough area of Japan 
approximately every 125 years 
since 1498 with similar fault areas

In some cases entire region 
seems to have slipped at once; in 
others slip was divided into 
several events over a few years.  

Repeatability suggests that a 
segment that has not slipped for 
some time is a seismic gap due 
for an earthquake.

GAP? 
NOTHING YET Ando, 1975 
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NOT ALL PLATE MOTION OCCURS SEISMICALLY

From  1952-1973 the Kurile trench slipped in six major thrust earthquake with 
average slip  2-3 m.  Since the previous earthquake sequence occurred  ~100 
years earlier, the average seismic slip rate is 2-3 cm/yr, ~ 1/3 of  plate motion 

predicted from relative motion models.  The remaining 2/3  occurs 
aseismically. 

Studies around the world find the fraction of plate motion that occurs as 
seismic slip, sometimes called the seismic coupling factor, is generally << 1, 

implying much of the plate motion occurs aseismically if time interval 
sampled is adequate. 

Kanamori, 1977 
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Nature, 2003 

LARGER, RARER, MULTISEGMENT RUPTURES? 
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Nature, 2003 

KURILES: LIKELY STILL HAVE ASEISMIC SLIP

80 mm/yr CONVERGENCE

M 8:  2.5 m  / 100 yr =         
25 mm/yr

Add
M 8.5:  5 m / 500 yr =           

10 mm/yr
Or
M 9:  10 m / 500 yr =           

20 mm/yr
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CHILE SUBDUCTION ZONE VARIABILITY

Seismic slip rate, estimated from 
slip in great 1960 earthquake and 

historical records indicating 
major earthquakes ~ every 130 

years in past 400 years, exceeds 
the plate convergence rate

Stein et al., 
1986

PLATE 
MOTION

Either frequency in past 400 
years higher than  long-term 

average, or earlier 
earthquakes were 

significantly smaller than 
1960 event: 

Confirmed paleoseismically
Cisternas et al., 2005 
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VARIABILITY CONSISTANT WITH PLATE MOTION

70 mm/yr  x  385 yr = 27 m

1960: ~ 24 m slip
1737 + 1837: ~ 3 m slip

No aseismic slip?

Cisternas et al., 2005 
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Efforts to interpret seismic slip
fraction in terms of physical 
processes of subduction have 
not yet been successful
 
Although the term "seismic 
coupling" implies a relation 
between the seismic slip fraction 
and the mechanical coupling,  
this has been hard to establish

Largest subduction zone 
earthquakes (Mw > 8.5) initially 
appeared to occur where young 
lithosphere subducts rapidly, 
where we might expect minimum 
"slab pull" effects  and strongest 
coupling

Didn�t work for Sumatra 2004
Mw

 increases
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USING NEW RATES, AGES  & MAGNITUDES 
MUCH OF THE CORRELATION VANISHES

Among problems: Don�t know if largest trench events were 
interplate thrusts, short historic record (Mw > 8.5 missed?) 

R=0.8 R=0.4 

Stein & 
Okal, 
2006 
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Efforts to correlate seismic coupling (slip fraction) with subduction zone 
properties such as convergence rate or plate age find no clear pattern 

Seismic coupling (typically ~0.5) can be estimated from the seismic slip 
fraction, but:

- it�s difficult to estimate from the earthquake record

-its relation to the mechanics of plate coupling is still unclear

Pacheco 
et al., 
1993 
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The difficulty in estimating seismic coupling and aseismic plate motion 
has consequences for estimating the recurrence of earthquakes on a  

plate boundary and the seismic gap concept

It may be difficult to distinguish between gaps and areas where much of 
the slip is aseismic. For example, we would not want to say both that
areas with recent major seismicity have high seismic hazard and areas 
with little recent seismicity are gaps with  high seismic hazard

The observation that more bear 
attacks have occurred  in Montana 
than in Chicago might indicate either 
a perilous ``gap'' in Chicago or a 
greater intrinsic hazard in Montana.

Moreover,  the process of earthquake faulting may be sufficiently random 
that  it is hard to use the plate motion rate and seismic history to usefully 
predict how long it will be until the next large earthquake 13 

Bodine et al., 1981 Wiens and Stein, 1985

Some earthquakes appear to result from flexural bending of the downgoing plate as it 
enters the trench. Focal depth studies show a pattern of normal faulting in the upper 
part of the plate to a depth of 25 km,  and thrusting in its lower part, between 40-50 km.  
These constrain the neutral surface dividing the mechanically strong lithosphere into 
upper extensional and lower compressional zones.  

Some  normal fault earthquakes are so large that they may be ``decoupling'' events 
due to ``slab pull" that rupture  the entire downgoing plate.  Aftershock distributions  
and studies of the rupture indicate that faulting extended through a major portion, 
and perhaps all, of the plate. 

EARTHQUAKES & DEFORMATION OF OVERRIDING PLATE 
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SIMPLE ANALYTIC THERMAL MODEL

Stein & Wysession, 2003 15 

THERMAL MODEL 
PREDICTS  MAXIMUM 
DEPTH TO 
ISOTHERM IN SLAB 
VARIES WITH 
THERMAL 
PARAMETER

16 



THERMAL MODEL PREDICTS  MAXIMUM DEPTH TO ISOTHERM IN SLAB 
VARIES WITH THERMAL PARAMETER 

Deepest 
earthquakes never 
exceed ~700 km
Maximum depth 
increases with 
thermal parameter

Earthquakes below 
300 km occur only 
for slabs with          
φ > 5000 km
Ones below 300 km 
defined as deep 
earthquakes
Earthquakes 
restricted to upper 
mantle
Why?

Kirby et al., 1996
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TRANSITION ZONE  
BETWEEN UPPER & 
LOWER MANTLES 

BOUNDED BY 410 AND 
660 KM 

DISCONTINUITIES

Correspond to mineral 
phase changes

Deep earthquakes stop 
at 660 km, perhaps 
because:

Slabs equilibrate 
thermally

Slabs can�t penetrate 
660

Earthquakes related to 
phase changes

Ringwood, 
1979
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Coldest portion reaches only ~ half 
mantle temperature in about 10 Myr, 
about the time required for the slab 
to reach 660 km. 

Thus restriction of seismicity to 
depths < 660 km does not indicate 
that the slab is no longer a discrete 
thermal and mechanical entity.

From thermal standpoint, there is 
no reason for slabs not to penetrate 
into lower mantle.

If a slab descended through lower 
mantle at the same rate (it would 
probably slow due to the more 
viscous lower mantle), it would 
retain a significant thermal anomaly 
at the core-mantle boundary, 
consistent with some models of 
that region

EARTHQUAKES DON�T STOP BECAUSE 
SLAB EQUILIBRATED THERMALLY WITH 

SURROUNDING MANTLE

Stein & Stein,  1996 19 

Compare models for  younger 
and slower-subducting slab (φ ~ 
2500 km), approximating 
Aleutian arc, and older faster-
subducting slab (φ ~  17000 
km), approximating Tonga arc 

Slab with higher thermal 
parameter warms up more 
slowly, and is thus colder 

Prediction consistent with 
observation that Tonga has 
deep earthquakes whereas 
Aleutians do not

Test thermal models using 
earthquake locations (should 
be in cold interior) & seismic 
velocities from tomography 

Stein & Stein,  1996 20 



The fact that the image of a slab thermal model & and the tomographic result 
are similar suggests the model is a reasonable description of the actual slab. 

Spakman et al., 1989 21 

COLD SLAB 
TRANSMITS SEISMIC 
ENERGY WITH LESS 
ATTENUATION THAN 
ITS SURROUNDINGS 

Seismograms from deep 
earthquake at  station 
NIU,  to which waves 

travel through  
downgoing slab,  have 

more short period 
energy than at  VUN , to 

which waves arrive
through surrounding 

mantle.

Short period energy 
more absorbed on the 
path to VUN than on

the more rigid slab path 
to NIU

Oliver and Isacks, 1967
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Stein & Wysession, 
2003

Seismicity
decreases to 
minimum ~300 km, 
and then increases 
again

Deep earthquakes 
below ~ 300 km
treated as distinct 
from intermediate 
earthquakes with 
depths 70-300 km
 
Deep earthquakes 
peak at about 600 
km, and then 
decline to an 
apparent limit at      
~ 600-700 km

23 

Vassiliou et al., 1984 

Slab focal mechanisms vary with depth; intermediate (< 300 km) depth show 
generally down-dip tension, whereas deep ones (> 300 km) show generally 

down-dip compression

24 



Thermal model gives force driving 
subduction due to the integrated 

negative buoyancy (sinking)  of cold 
dense slab from density contrast 

between it and the warmer and less 
dense material at same depth outside

Negative buoyancy associated with cold 
downgoing limb of convection pattern.

Depends on thermal density contrast so 
increases for 

Higher v, faster subducting & hence 
colder plate

Higher L,  thicker & hence older & 
colder plate

Expression similar to that for �ridge 
push� since both thermal buoyancy 

forces

�SLAB PULL� PLATE 
DRIVING FORCE

25 

Significance for stresses in slab and 
for driving plate motions depends on 
its size relative to resisting forces at 

the subduction zone:

As slab sinks into viscous mantle, 
material displaced causes force 

depending on the viscosity of mantle 
and subduction rate

Slab also subject to drag forces on its 
sides

 and resistance at interface between 
overriding and downgoing plates, 

which is manifested as earthquakes

�SLAB PULL� PLATE 
DRIVING FORCE

26 



``RIDGE PUSH'� AND SLAB PULL" FORCE BOTH ARE THERMAL 
BUOYANCY FORCES DUE TO THE DENSITY CONTRAST  RESULTING 
FROM THE TEMPERATURE DIFFERENCE BETWEEN THE PLATE AND 

ITS SURROUNDINGS 

Ridge push is due to oceanic lithosphere cooling after it forms; slab pull 
is due to  the cooled lithosphere heating up again as it subducts. 

 Although it is useful to think of the forces separately, both are parts of 
the net buoyancy force due to mantle convection.

Analogy: rain occurs by 
negative buoyancy of the 
drops relative to 
surrounding air, as part of 
the process by which 
solar heat evaporates 
water which rises as 
vapor due to positive 
buoyancy and is 
transported by wind to the 
point where it 
cools,condenses into 
drops, and then falls.

27 

Stein & Wysession, 2003 

ANALOGY:  DIFFERENT 
STRESSSES RESULT  IF 
WEIGHT OF COLUMN OF 

MATERIAL SUPPORTED IN 
DEIFFERENT WAYS

Similar to what focal 
mechanisms show 

28 



Forsyth and Uyeda, 1975

1) Average absolute velocity of plates increases with the fraction of their area 
attached to downgoing slabs, suggesting that slabs are a major determinant of 
plate velocities 
 
2) Earthquakes in old oceanic lithosphere have thrust mechanisms showing 
deviatoric compression 

IDEAS ABOUT THE FORCES WITHIN SUBDUCTION ZONES 
CONSISTENT WITH TWO PIECES OF DATA:

29 

Thus net effect of the subduction zone on remainder of the plate is not 
a ``pull,'' so term�slab pull� is misleading. 

Instead, as implied by slab stress models, �slab pull'' force is balanced by local 
resistive forces, combination of the effects of viscous mantle and the interface 

between plates. This situation is like an object dropped in a viscous fluid, which 
is accelerated by its negative buoyancy until it reaches a terminal velocity 

determined by its density and shape, and the viscosity and density of the fluid. 

Wiens & Stein, 1984

Forsyth and Uyeda, 1975 30 



SLABS ARE BOTH THERMALLY & MINERALOGICALLY DIFFERENT FROM 
THEIR SURROUNDINGS

Slabs extend through transition zone between upper & lower mantles bounded by 410 
and 660 km discontinuities

Mineral phase changes occur at different depths in cold slab

Olivine (α phase) → spinel (β 
phase) gives 410 km 
discontinuity outside slab 

Ringwood, 
1979 
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CLAPEYRON SLOPE DESCRIBES HOW MINERAL PHASE 
CHANGES OCCUR AT DIFFERENT DEPTHS IN COLD SLAB 

Use thermal model to find dT, phase relations 
to find γ  and thus dP,  convert to depth change 

32 



410 km discontinuity attributed to change with increased 
pressure from olivine to denser spinel structure

Because spinel  is denser,  ΔV < 0.  This reaction is 
exothermic (gives off heat) so ΔH < 0  is also negative, 
causing a positive Clapeyron slope. The slab is colder 
than the ambient mantle (ΔT<0 ), so this phase change 
occurs at a lower pressure (ΔP<0), corresponding to 

shallower depth

In contrast, the ringwoodite (γ spinel phase) to 
perovoskite plus magnesiowustite transition, thought to 

give rise to the 660 km discontinuity, is endothermic 
(absorbs heat) so ΔH > 0. Because this is a  

transformation to denser phases (ΔV < 0), Clapeyron 
slope is negative, and the 660 km discontinuity should 

be deeper in slabs than outside
OPPOSITE DEFLECTION 
OF PHASE BOUNDARIES 

IN COLD SLAB

�breathing�

These opposite effects - upward deflection of the 410 and 
downward deflection of the 660 km discontinuities have been 

observed in travel time studies

Negative buoyancy associated with elevated 410 km 
discontinuity helps subduction, whereas positive buoyancy 
associated with depressed 660 km discontinuity opposes 

subduction 
33 

POSSIBLE COMPLICATION: MINERALS MAY SURVIVE METASTABLY 
OUTSIDE EQUILIBRIUM STABILITY FIELDS DUE TO SLOW REACTIONS IN 

COLD SLAB

Kirby et al., 1996
34 



Predicted mineral phase 
boundaries and 

resulting buoyancy 
forces in slab with and 

without metastable 
olivine wedge

For equilibrium 
mineralogy cold slab 
has negative thermal 
buoyancy, negative 

compositional buoyancy 
from elevated 410 km 

discontinuity, and 
positive compositional 

buoyancy from 
depressed 660 km 

discontinuity 

Metastable wedge gives 
positive compositional 

buoyancy and 
decreases force driving 

subduction 

Stein and Rubie, 1999

Buoyancy

negative

positive 

neutral 

Negative buoyancy favors subduction, 
whereas positive buoyancy opposes it. 35 

DEFLECTIONS OF PHASE BOUNDARIES IN SLABS HAVE SEVERAL 
POSSIBLE CONSEQUENCES

1) Phase changes affect thermal structure of the slab due to the heat of the phase 
change.  Thus the exothermic olivine-spinel change should add heat to slabs. 

2) Although net buoyancy must be negative because slabs subduct, phase boundaries 
cause additional mineralogical buoyancy. For example,  metastable olivine may 
help regulate subduction rates.  Faster subduction would cause a larger wedge of 
low-density metastable olivine, reducing the driving force and slowing the slab.

3)  Phase change may be important for the causes of slab earthquakes.  

36 



DEEP EARTHQUAKES FROM TRANSFORMATIONAL FAULTING IN 
METASTABLE OLIVINE?

If so, physics very different from slip on a fault, as in shallow earthquakes37 

Vassiliou et al., 1984

Depth distribution & stresses perhaps due to slabs encountering either much 
higher viscosity or barrier to motion at 660 km discontinuity  

Predicted stress orientations similar to those implied by focal mechanisms. 
Moreover, magnitude of the stress varies with depth in a fashion similar to the depth 
distribution of seismicity - minimum at 300-410 km and increase from 500-700 km.

38 



Alternatively, numerical 
models including the 
buoyancy effects of the 
phase changes also 
predict similar variation 
in stress magnitude and 
orientation with depth 
without invoking barrier 
or higher viscosity in 
lower mantle.

In such models, deep 
earthquakes need not be 
physically different from 
intermediate ones, 
because minimum in 
seismicity reflects a 
stress minimum.

Bina, 1997 39 

SLABS ARE COMPLICATED: DEEP SEISMICITY "PATCHY� & VARIABLE

It shallows dramatically at the cusps between the Marianas, Izu-Bonin, NE
Japan, and Kurile-Kamchatka arcs.  Moreover, largest earthquakes occur at 

edges of the regions of deep seismicity, like the northern edge of the Izu-
Bonin seismicity. These sites may reflect tears in downgoing lithosphere at  

junctions between arcs, where hot mantle material penetrates slabs. 

Kirby et al., 1996 40 



SEISMICITY 
SHOWS SLABS 

ARE 
CONTORTED 

41 
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Some deep earthquakes occur in unusual locations off the down-dip 
extension of the main Wadati-Benioff zones  and have focal mechanisms 

differing from the deepest earthquakes in the main zone. Other deep 
earthquakes are isolated from actively subducting slabs  (1954 Spain 

earthquake) 

These earthquakes may occur in slab fragments where metastable olivine 
survives, and have mechanisms related to local stresses rather than those 

expected for continuous slabs

Lundgren and Giardini, 1994

P axes 

ISOLATED DEEP 
EARTHQUAKES

43 

Upper plane seems to coincide 
with conversion plane for ScSp, 
a sharp velocity contrast 
presumably near the slab top 
 
Focal mechanisms suggest 
upper plane  in down-dip 
compression, and lower one in 
down-dip extension 
 
Various models proposed: 
 
-  double plane results from 
``unbending'' slab,   release of 
bending stresses produced 
when the slab began to 
subduct.  

-  slab ``sags'' under its own 
weight, because at depth it 
runs into a more viscous 
mesosphere 

DOUBLE SEISMIC ZONE
In some subduction zones, Wadati-Benioff 

zone is made up of two distinct  planes, 
separated by 30-40 km

Explaining the phenomenon is 
complicated because only some 

subduction zones have double zones. 

Tohoku, Japan 
Hasegawa et al., 1978
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Simplest explanation for cessation of deep seismicity is that slabs cannot penetrate  lower 
mantle. 

However, tomographic studies indicate that although some slabs are deflected at  660 km, 
they eventually penetrate deeper. Hence models in which earthquakes stop either because 
the stress is not high enough or because the phase changes causing them no longer occur 

seem more likely. 

Van der 
Hilst et al., 
1998
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Penetration issue is important because heat & mass transfer between upper and lower 
mantles have major implications for the dynamics and evolution of the earth . 

Some slabs are  deflected at 660 km discontinuity, warm further, lose any buoyant 
metastable wedge,  and then penetrate into the lower mantle. Thus slab geometry likely 
reflects a complex set of effects. Some  flat-lying slabs at 660 km discontinuity may be 

caused by the trench "rolling backward" in the absolute (mantle) reference frame.

Van der 
Hilst et al., 
1998
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INTERMEDIATE DEPTH EARTHQUAKES

Oceanic crust should undergo two important mineralogic transitions as it subducts.  
 

Hydrous (water-bearing) minerals formed at fractures and faults warm up and dehydrate.  
 

Gabbro transforms to eclogite,  rock of same composition composed of denser minerals 

Kirby et al., 1996

Under equilibrium 
conditions, eclogite 
should form by the time 
slab reaches ~70 km 
depth. However, travel 
time studies in some 
slabs find low-velocity 
waveguide interpreted 
as subducting crust 
extending to deeper 
depths. Hence eclogite-
forming reaction may be 
slowed in cold 
downgoing slabs, 
allowing gabbro to 
persist metastably. 47 

INTERMEDIATE DEPTH EARTHQUAKES

In this model intermediate earthquakes occur by slip on faults, but phase changes 
favor faulting. The extensional focal mechanisms may also reflect the phase 

change, which would produce extension in the subducting crust.

Kirby et al., 1996

Support for this 
model comes 

from the fact that 
the intermediate

earthquakes 
occur below the 

island arc 
volcanoes, 
which are 

thought to result 
when water 

released from 
the subducting 

slab causes 
partial melting in 

the overlying 
asthenosphere 48 



Kirby et al., 1996

2001 NISQUALLY, WASHINGTON EARTHQUAKE  (M 6.8, $2B damage)  
Within subducting Juan de Fuca plate

Intraslab earthquakes 
now recognized hazard

49 

PACIFIC NORTHWEST EARTHQUAKE HAZARD HAS THREE 
COMPONENTS:

Large interplate thrust (rare, but paleoseismology & tsunami history from 
Japan find big one in 1700): largest earthquakes but further away

Overriding (North American) plate: smaller but closer to population
Intraslab (Juan de Fuca) earthquakes: smaller but closer to population

50 



Challenge: understand 
complex thermal structure, 

mineralogy, rheology, & 
geometry of real slabs. 

Deep subduction process is 
chemical reactor that brings 
cold shallow minerals into 
temperature and pressure 

conditions of mantle 
transition zone where these

phases are no longer 
thermodynamically stable 

Because we have no direct 
way of studying what is 

happening and what comes 
out, seek to understand

system by studying 
earthquakes that somehow 
reflect what is happening. 

We have a long way to go.
Kirby et al., 1996 
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Kanamori and Cipar, 1974

21 m of slip on a fault 800 km long along strike, and 200 km wide down-dip

Mechanism shows thrusting of the  South American plate over the subducting 
oceanic lithosphere of the Nazca plate.  Aftershock zone was 800 km long, and
the surface deformation was dramatic, reaching six m uplift in places.  Thrust 
earthquakes of this type, although smaller, make up most of the large, shallow 

events at subduction zones.  

Such interplate earthquakes release the plate motion that has been locked at 
the plate interface.

M0 2 x 1030 dyn-cm 
Ms  8.3    Mw 9.5  
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SUBDUCTION SYSTEM: DETAILS COMPLICATED AND VARIABLE

53 

SUBDUCTION 
AZIMUTH FROM 

TRENCH THRUST 
FAULT MECHANISM 

SLIP VECTORS
CONVERGENCE  - 

ALEUTIAN TRENCH
54 mm/yr

PACIFIC

NORTH AMERICA

Common problem: for oblique (not trench 
normal) convergence
Forearc sliver moves distinctly from both 
plates
Slip vectors record motion of sliver relative 
to oceanic plate, not major plate motion

Fault plane

Stein & Wysession, 200354 



Difficult to infer seismic slip from historical seismicity owing to 
problems including the variability of earthquakes on a given plate 

boundary, the issue of whether the time sample is long enough, and the 
difficulty in estimating source parameters for earthquakes that 

predated instrumental seismology, using historic records or 
paleoseismology. 

Issue can be crucial for earthquake hazards; only records for Juan de 
Fuca - North America subduction thrust earthquakes are from 

paleoseismology & historic tsunami accounts

Alternative approach to estimating plate coupling  uses GPS to 
measure the deflection of the overriding plate, which will be released in 

future large earthquakes. This deflection depends on the mechanical 
coupling at the interface, and so directly measures what we infer 

indirectly from the earthquake history.

However, the GPS data only sample the present earthquake cycle,
which may not be representative of long-term behavior.
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However, efforts to correlate seismic slip fraction with subduction zone 
properties such as convergence rate or plate age find no clear pattern 

Seismic coupling may be lowest for sedimented trenches and where normal 
stress on the plate interface is low, although these plausible ideas have yet to 

be tested.

Thus although seismic coupling can be defined from the seismic slip fraction, 
its relation to the mechanics of plate coupling is still unclear. 

Most subduction zones seem to have significant components of aseismic 
slip, as do oceanic transforms and many continental plate boundaries . Hence 

even given the considerable uncertainties in such estimates, it appears 
common for a significant fraction of  plate motion to occur aseismically.  

Pacheco 
et al., 
1993 
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