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Faulting and Deformation Processes

Our task - Seed discussion about future directions in understanding 
earthquakes, seismic cycle, fault rheology, induced seismicity & volcanoes



Discussion via 
tantalizing examples 

Where are we now?



• Do major seismogenic “asperities” only slip seismically? 

• Role of conditional stability (e.g., near trench)? 

• Do creeping segments only creep? 

• Is pre-seismic creep (EQ swarms?) ubiquitous? 

• What are the relationships between post-seismic creep, transients, 
tremor and seismicity (rate, repeat intervals, location…)? 

• What happens immediately after a large earthquake - aseismic slip 
pulses? 

• What is the role of off-fault damage? 

• Can we constrain the role of fluids as a function of space and time? 

• Is there a relationship between short term behavior and geologic 
evolution?

Motivate Using Subduction Megathrusts
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A sampling of important intertwined questions



Complexity of slip behavior 
on a single fault

!
➡  Along strike variability in behavior 
!

➡  Little overlap between co-seismic / 
post-seismic / aseismic 
!

➡  Aftershocks surround the aseismic 
patch 
!
➡  Aseismic transient event downdip 
of main rupture superimposed on 
post-seismic after slip 
!

➡  Megathrust below the peninsula 
appears “aseismic” - coincidental?

Pritchard & Simons, 2006



Note	
  importance	
  of	
  joint	
  	
  
geodetic/seismic	
  inversions   

!
Co-seismic/post-seismic 

• Slip heterogeneous in space 
• Negligible (?) spatial overlap

2005 Mw 8.7 Nias, Sumatra

Hsu et al., 2006

2007 Mw 8.0 Pisco, Peru

4.2. The distribution of stick-slip frictional properties

Co-seismic slips of large subduction zone earth-
quakes are means for releasing strain energy accumu-
lated along the interplate contact due to relative plate
motion. This co-seismic slip is associated with stick-
slip frictional properties of the shallow interplate con-
tact. Slow slip on the plate interface such as afterslip or
episodic slip is the other way to release the accumulated
strain energy. A numerical simulation assuming a rate-
and state-dependent friction law showed that afterslip
occurs in a stable sliding region [28]. Hence, the after-
slip distribution enclosing its co-seismic slip area
shown in this study suggests that stick-slip frictional
properties are spatially surrounded by stable sliding
frictional properties. We conclude that stick-slip regions
which yield co-seismic slip are distributed in patches on
the interplate contact that exhibits stable sliding fric-
tional properties (Fig. 10a). Such a patchy distribution
has been suggested by previous works [29–31], but to
our knowledge has never been verified through the

direct observation of the afterslip as has been achieved
in this study.

Conversely, seismogenic zones that exhibit uniform
stick-slip frictional properties may be more typical
where there is subdcution of relatively young oceanic
lithosphere. For example at the Nankai Trough which is
a young subduction zone in southwest Japan, the co-
seismic rupture areas of the last two interplate earth-
quakes spread along the trench and adjoin each other
[32]. This means that the frictional properties are con-
tinuously stick-slip along strike, and the afterslip distri-
bution is predicted not to be U-shaped, but band-like
(Fig. 10b). Therefore, the thermal dominant hypothesis
[33] that temperature of the interplate contact controls
distribution of stick-slip frictional properties could be
valid since this hypothesis predicts a uniform seismo-
genic zone extending indefinitely along strike. Howev-
er, the existence of a patchy distribution of stick-slip
frictional properties along the southern Kuril Trench
indicates that these properties are not controlled by
temperature alone. For subduction zones where older

Fig. 9. Comparison between the 2003 co-seismic slip and the U-shaped afterslip distribution. Contours show the 2003 co-seismic slip distribution,

with a contour interval of 0.6 m, estimated from seismic inversion [7]. The co-seismic model includes one small (S) and three large (A–C) asperities.

Afterslip amount on the square subfaults during the year follows the color scale bar. Afterslip encircles these co-seismic asperities.

T. Baba et al. / Earth and Planetary Science Letters 241 (2006) 281–292290

Baba et al., 2006

2003 Mw 8.3 Tokachi-Oki, Japan

Sladen et al., 2009

Lin	
  et	
  al.,	
  2013
2010 Mw 8.8 Maule, Chile
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Co-seismic slip: 
• Amplitude and location of peak 

slip, frequency dependence? 
• Relationship to post-/inter-

seismic? 

Post-seismic afterslip:  
• Total time = 1.5 years 

• Mutually exclusive time windows 
of increasing duration using a 
fixed color scale 

Minson et al., 2014 F. Ortega, Ph.D. thesis

2011 Tohoku-Oki, Japan



Mapping effective seafloor displacement 
using just tsunami observations

Junle Jiang



High resolution imaging of distant high frequency seismic 
radiation with large and dense seismic arrays 
2011	
  Tohoku-­‐Oki	
  earthquake	
  as	
  seen	
  by	
  USArray	
  data	
  

Array	
  processing	
  and	
  back-­‐projection	
  to	
  track	
  migration	
  of	
  
the	
  high	
  frequency	
  component	
  of	
  the	
  rupture:	
  
Fault	
  zone	
  rheology	
  /	
  prestress	
  /	
  strong	
  ground	
  motions

t=3	
  
t=2	
  
t=1

Earthquake	
  
source

Seismic	
  rays

Seismic	
  
array

(Meng	
  et	
  al,	
  2011)
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Geodesy:  Pattern of after-
slip is more or less constant 
(?) but time scales are really 
days to years.  
!
Seismology: Rapid spatial 
expansion of after-slip over 
short time scales? 
!
!
!

What about shorter 
time scales?

Lengliné et al., 2012.
For application to Parkfield, see: Peng and Zhao, 2009

Decay and expansion of the early aftershock activity 
following the 2011, Mw 9.0 Tohoku earthquake 



Slip transients and Tremor: Cascadia

than the minimum detectable tremor amplitude.
Because of the emergent nature of the tremors,
they are difficult to locate as precisely as nearby
earthquakes using standard earthquake location
procedures. Arrival times of coherent bursts
detected across the network suggest source
depths of 20 to 40 km, with uncertainties of
several kilometers. Deeper solutions are to the
northeast, and all solutions are near or just
above the subduction interface. The fact that
surface displacement patterns have been satis-
factorily modeled using simple dislocations of 2
to 4 cm on the plate interface bounded by the
25- and 45-km depth contours (3) strongly sug-
gests a spatial correlation with the source region
of tremors.

To establish the temporal correlation be-
tween the slip events and the tremor activity
(Fig. 2), we established the timing of six slip
events observed on southern Vancouver Is-
land since 1997 by cross-correlating changes
in the east-west component of the Victoria
GPS site (ALBH) with a symmetric 180-day
sawtooth function, which replicated an aver-
age slip time series (8). This approach al-
lowed the resolution of the midpoint of the

slips to within 2 days. The duration of the
slips, estimated from slope breaks in the
ALBH time series, varied from 6 to 20 days.
Seismic data were then examined at corre-
sponding times to check for tremor activity.
In each case, it was observed that sustained
tremor activity on southern Vancouver Island
coincided with the occurrence of slip (Fig. 2).
For five of the slip events, tremors continued
to migrate north along the axis of Vancouver
Island, moving beyond the region of diagnos-
tic GPS coverage.

To test a one-to-one correspondence, we
examined continuous digital seismic data
from the beginning of 1999 to the end of the
2003 tremor event to look for tremor activity
outside the time windows of the slip events.
No substantial activity was found for south-
ern Vancouver Island, although a few periods
with scattered low-amplitude tremor activity
were observed in most months. Sustained
large-amplitude tremor events have also been
observed in northern and mid-Vancouver Is-
land, as continuations of tremors migrating
from the south and as independent tremor
events. This implies that the ETS process

occurs over the full length of the northern
Cascadia subduction zone, but GPS coverage
at the northern end is sparse, and surface
displacements indicative of slip at depth have
not been identified.

The cause of the tremor is not clear. Obara
(6 ) has suggested fluids as a source for sim-
ilar tremors in Japan. Because the tremor
observed in Cascadia is mainly composed of
shear waves, and because it correlates with
slip that is relieving stress due to convergence
(3), a shearing source seems most likely.
However, because of the abundance of avail-
able fluids from the subducting plate in the
subduction forearc (9), fluids may play an
important role in the ETS process by regulat-
ing the shear strength of rock.

If the one-to-one correlation between tran-
sient slip and seismic signatures proves to be
robust, then the tremorlike seismic signals
can provide a real-time indicator of the oc-
currence of slip. Because slip events on the
deep slab interface increase the stress across
the locked plate interface located up-dip, it is
conceivable that a slip event could trigger a
large subduction thrust earthquake (10, 11).
Consequently, the onset of ETS activity
could lead to recognized times of higher
probability for the occurrence of megathrust
earthquakes in the Cascadia subduction zone.
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Fig. 1. (A) Map of seismic network sites (numbered circles) and approximate source region (shaded
ellipse) for tremors used for correlation with observed slips. It has been observed that tremors and slip
migrate parallel to the strike of the subduction zone to the north and south, as well as through this
shaded region. (B) Sample seismic records of tremor activity at selected sites. It is the similarity of the
envelope of the seismic signal on many seismographs that identifies ETS activity.

Fig. 2. Comparison of
slip and tremor activity
observed for the Victoria
area. Blue circles show
day-by-day changes in
the east component of
the GPS site ALBH (Vic-
toria)with respect to the
GPS site near Penticton,
which is assumed to be
fixed on the North
America plate. The con-
tinuous green line shows
the long-term (inter-
seismic) eastward mo-
tion of the site. Red line
segments show the
mean elevated east-
ward trends between the slip events, which are marked by the reversals of motion every 13 to 16
months. The bottom graph shows the total number of hours of tremor activity observed for southern
Vancouver Island within a sliding 10-day period (continuous seismic data were examined from 1999
onward). Ten days corresponds to the nominal duration of a slip event. The graph ends 10 March 2003,
with the slip and tremor activity that was predicted for the spring of 2003.
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Cascadia 2010 SSE: Slip rate + tremor

Issues!

• Controls on location and temporal evolution? 
Role of fluids?  Ubiquitous, yes/no/why? 

• Relationship to regions of big EQ and 
eventual post-seismic deformation? 

• Relationship to forearc/slab structure? 

Approach!

• Detect/reconstruct/model transient ground 
deformation in GPS time series due to SSE 
using sparsity-based approaches 

• Time-dependent slip using Network Inversion 
Filter: Segall and Matthews (1997) 

• Slab interface: McCrory et al. (2004) 

• Tremor epicenter locations: Pacific Northwest 
Seismic Network (http://www.pnsn.org/tremor)

Analysis and models: Bryan Riel

http://www.pnsn.org/tremor
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Hydrologic control of forearc strength and!
seismicity in the Costa Rican subduction zone!
Audet and Schwartz, 2013!



Zhan et al., 2012

Structure of the Nankai SZ
Complex Faulting on the 

N. Japan Megathurst

Sakaguchi et al., 2011

Caveat Emptor



Trench'Parallel''
Gravity'Anomaly'

(TPGA)'
'
TPGA'<'0'in'region'of'large'
earthquakes'

Song & Simons, 2003 

Also Wells et al., 2003 
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Going Forwards: Assumptions 
(will need some effort)

• Existing GPS/seismic networks (particularly those we are 
responsible for) must continue to exist and be maintained 

• USArray in Alaska (most active region in the U.S.) exists and 
a subset is permanent 

• Sub-weekly InSAR data easily available to all 



http://earthquake.usgs.gov/earthquakes/world/seismicity_maps/world.pdf

A Global Perspective !
Increasing the number of natural laboratories/examples



Multimermaids
located with chirps

Vince Cronin A Draft Primer on Focal Mechanism Solutions for Geologists

Quick-and-dirty eyeball interpretation of FMS beachball diagrams

FMS beachball diagrams are lower-hemisphere stereographic projections
that show two black quadrants and two white quadrants separated by great-
circle arcs oriented 90° from each other. The great-circle arcs are the nodal
planes, one of which coincides with the fault surface that generated the earth-
quake. The strike of the fault is indicated by a line connecting the two points at
which the great circle corresponding to the fault intersects the outer edge of the
beachball diagram (i.e., where the fault great circle intersects the primitive circle
-- the dashed line in the illustration at left). The dip direction is 90° from strike,
in the direction indicated by the bold arrow from the center of the plot to the
middle of the great circle arc.

Strike-slip faulting results in FMS beachballs with a distinctive cross pat-
tern. The beachball at right (a) has vertical auxiliary planes that strike north-
south and east-west. At the instant the earthquake occurred, motion of the P
wave through the material around the focus caused particles in the black quad-
rants to move away from the focus, while particles in the white quadrants were
drawn toward the focus (b). This could have resulted either from right-lateral
slip along an east-west fault (c), or it could have resulted from left-lateral slip
along a north-south fault (d). Field data is needed to differentiate between
these two options.

So how can a mere mortal remember how to interpret the sense of slip along a particular
fault surface represented in a beachball diagram? Using the strike-slip mechanism at left,
assume that we know that the active fault strikes toward the east-northeast (along the gray
line). In my mind’s eye, I place myself on one of the white quadrants, and look parallel to
the fault at the dark quadrant that becons just beyond the auxiliary plane. And I hear the
immortal words of Darth Vader, “Come to the dark side.” The direction I would move if I
heeded his nefarious call indicates the sense of slip along the fault, from white quadrant to
black quadrant.

Pure dip-slip faults include normal faults and thrust faults. Only three of
the four quadrants are observable in the beachball diagram for pure dip-slip
faults, as shown at right. The center of the beachball plot is white for normal-
fault mechanisms (a), and the center is black for reverse-fault mechanisms (b).
Reverse-fault FMS diagrams look like my cat’s eyes.

Oblique-slip faults have both strike-slip and dip-slip components. All four
quadrants of a FMS beachball diagram are included for oblique slip earthquakes,
as shown at left. If the center of the beachball plot is in a white quadrant (a), the
fault has a normal component of slip, regardless of which of the two nodal
planes is the fault; if the center is in a black quadrant (b), the fault has a reverse
component of slip.

Practice with basic interpretation

Some FMS beachball diagrams are presented below. For each one, identify the general type of faults depicted
(strike-slip, reverse, normal, oblique normal, oblique reverse) and sketch a map of each of the two possible faults, repre-
senting their proper strike and indicating their dip direction if any and sense of displacement. The first one is done for
you as an example.
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Record P waves of foreshocks/aftershocks!
— Track relative locations via sending/receiving chirps!
— Surface to transmit data (say every week) !
— Relative locations become absolute

Permanent/Temporary !
Offshore Observations

Slide courtesy of G. Nolet



What we thought we knew 

•          

• Laplacian ….  

• Rake 

• Magnitude

exp − 1
2
(m−mprior )

TCM
−1(m−mprior )

⎡
⎣⎢

⎤
⎦⎥

Formally or informally, we are engaged in the inverse 
problem of improving our image of fault slip:!
• Refine spatial and temporal resolution !
• Describe both what we know & don't know!
• Go beyond 1st order estimates P(θ |D)∝P(D |θ )P(θ )

IRIS 
UNAVCO 

USGS 
NASA 

…

Misfit Covariance: 
Observational and modeling components 

Cχ = Cd +C p

• Theory & Computation 
• “Physical Regularization”

Improve: 
•  Fault geometry  
•  Elastic structure

IRIS 
USGS 

…

What we learned
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• Do major seismogenic “asperities” only slip 
seismically? 

• Role of conditional stability (e.g., near trench)? 

• Do creeping segments only creep? 

• Is pre-seismic creep (EQ swarms?) ubiquitous? 

• What are the relationships between post-seismic 
creep, transients, tremor and seismicity (rate, 
repeat intervals, location…)? 

• What happens immediately after a large 
earthquake - aseismic slip pulses? 

• What is the role of off-fault damage? 

• Can we constrain the role of fluids as a function of 
space and time? 

• Is there a relationship between short term behavior 
and geologic evolution?

Motivate Using Subduction Megathrusts

1 sample/sec GPS
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m

e 
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A sampling of important intertwined questions



Assumptions

• Existing GPS/seismic networks (particularly those we are 
responsible for) will continue to exist and be maintained 

• USArray in Alaska (most active region in the U.S.) exists 
and a subset is permanent 

• Sub-weekly InSAR data available   



Recommendations
• Ensure previous assumptions hold - if not, jettison what follows! 
• Large-N arrays to capture spatial and temporal variations in fault zone and 

broad scale structure (faults, damage zones, bulk…) 
• Suites of offshore observatories for megathrust related questions 
• Rapid response capabilities to chase suspicious foreshock & big aftershocks 

sequences, volcanic crises 
- Precise locations & mechanisms  
- Lower magnitude thresholds 
- Increased resolution of big events 

• Improved analysis tools  
- Data processing 
- Forward/inverse modeling 
- Common workbench environment 
- Access to sufficient compute power at different scales using different 

strategies  
• Consider decoupling observatories and mechanism for funding analysis in 

order to ensure vibrant research support that is not overly concerned with 
consensus vision


