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NSF GeoPRISMS Program 

GeoPRISMS investigates the coupled geodynamics, earth 
surface processes, and climate interactions that build and 
modify continental margins over a wide range of timescales 
(from s to My), and cross the shoreline, with applications to margin 
evolution & dynamics, construction of stratigraphic architecture, 
accumulation of economic resources, and associated geologic 
hazards and environmental management. 



•! Successor to the decadal NSF MARGINS Program 

•! Studies of origin & evolution of continental margins 
–! Community-driven, interdisciplinary, cross-divisional NSF-funded 
–! Integrating field, theory, experiment, and modeling 

•! Focus on rifts and subduction zones 
–! Active geodynamic processes; formation of continental crust 
–! Where geology and society intersect; many economic resources 

•! Shoreline-crossing, i.e., amphibious  
–! Where most rifts and subduction zones occur 
–! Geologic & geodynamic processes span the shoreline 
–! Where focused, cross-divisional efforts most needed 



 

•! Two broadly integrated initiatives 

•! Research at Primary Sites & through Thematic Studies 

Subduction 
Cycles & 

Deformation 

Rift 
Initiation & 
Evolution 



SCD Key Questions 

•! What governs the size, location and frequency of great subduction 
zone earthquakes and how is this related to the spatial and temporal 
variation of slip behaviors observed along subduction faults?  

•! How does deformation across the subduction plate boundary evolve 
in space and time, through the seismic cycle and beyond?  

Lay et al., 2012 
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continuum between normal earthquakes to creep 
[!"#"$%&!$!'$()., 2007] (Figure 4.1). We also do not 
fully understand the underlying physical processes 
that give rise to these slip phenomena, in terms of 
intrinsic fault rock properties, fault architecture, 
and conditions (e.g., pore pressure, stress state, and 
temperature) on the fault interface, or how these 
other slip processes may in  uence great earthquake 
occurrence. 

faults show a wide range of previously unknown 
fault slip behaviors and rates, from coseismic slip to 
silent earthquakes, slow slip events (SSE), episodic 
tremor and slip (ETS), low frequency earthquakes 
(LFE), and very low frequency earthquakes (VLF), 
in addition to “normal” fast-slip earthquakes. 
Although our community has made some progress 
in characterizing these phenomena, we do not know 
if these new observations represent a fundamentally 
new type of seismic moment release, or fall along a 
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SCD Key Questions 

Wada and Wang, 2009 

•! How do volatile release and transfer affect the rheology and 
dynamics of the plate interface, from the incoming plate and trench 
through to the arc and backarc?  

•! How are volatiles,  fluids, 
and melts stored, 
transferred, and released 
through the subduction 
system?  

 



The megathrust and tsunamis 



A comparison using relocation & tomography 

•  Sumatra 

–  Great megathrust events 

–  Very long subduction zone 

–  Regional/teleseismic data 

•  Costa Rica/Nicaragua 

–  No great earthquakes 

–  Small, highly variable region 

–  Local earthquake data 

convergent margins, then new crust must be generated at
faster rates if the current volume of the continental crust is
to be sustained.
[3] In this contribution we attempt to quantify the mass

flux through the major subduction zones of the Earth in
order to understand the controls that cause convergent
margins to either accrete continental material delivered by
the subducting plate or, alternatively, to subduct the trench
sediment pile and even erode the basement of the overriding
forearc. In practice, this means estimating the composition,
rate, and distribution of the sediment and rock input into the
major subduction zones and comparing this to the output
through the volcanic arc systems in each individual system
and on a global basis.
[4] Convergent margins appear to fall into one of two

classes, accretionary and erosive (Figure 1). Shortly after
the start of the plate tectonic revolution, it was recognized
that some active margins were associated with thick se-
quences of tectonized oceanic and trench sedimentary rocks
that were inferred to have been off scraped from the
subducting oceanic plate during active convergence [e.g.,
Seely et al., 1974; Hamilton, 1969; Ernst, 1970; Karig and
Sharman, 1975]. Similar sequences were recognized in
ancient orogenic belts and inferred, together with ophiolites,

to mark the location of former oceanic tracts [e.g., Dewey
and Bird, 1970; Mitchell and McKerrow, 1975]. At the
same time it was recognized that at other margins oceanic
and trench sediments might be subducted [Coats, 1962]
along with fragments of crystalline crust tectonically re-
moved from the overriding plate [Miller, 1970; Murauchi,
1971; Scholl et al., 1977; Hilde, 1983]. Nonetheless, a
common view of active plate margins continued to depict
these as regions of dominant sediment accretion, even in
regions where the sediment cover of the oceanic plate was
very thin (e.g., Marianas [Karig, 1982]).
[5] However, during the late 1980s and 1990s, continued

seismic surveying, coupled with drilling by Deep Sea
Drilling Project (DSDP) and Ocean Drilling Program
(ODP) in a variety of forearc settings, began to reveal that
sediment accretion was by no means a ubiquitous feature of
convergent margins [Hussong and Uyeda, 1981; von Huene
et al., 1980; Nasu et al., 1980]. Dredging of oceanic
volcaniclastic, volcanic, intrusive, and even serpentinized
and fresh mantle peridotite rocks from the trenches of the
western Pacific [e.g., Fisher and Engel, 1969; Bloomer,
1983; Fryer et al., 1985; Bloomer and Fisher, 1987] dem-
onstrated that no long-term sediment accretion was occur-
ring in these areas (Figure 1). von Huene and Lallemand

Figure 1. Schematic cartoons showing the features common to the two basic types of active margin:
(a) accretionary and (b) erosive. Accretionary margins, such as Cascadia, are characterized by forearc
regions composed of thrusted and penetratively deformed trench and oceanic sediments that often
develop mud diapirism and volcanism because of sediment overpressuring. Gas hydrate zones are also
commonly associated with structures in the wedge; in contrast, erosive plate margins, such as Tonga, are
marked by steep trench slopes, composed of volcanic, plutonic, and mantle rocks. Sedimentary rocks are
typically limited to the forearc basin, where they may be faulted but are not strongly sheared in the
fashion of an accretionary wedge. In the Marianas, serpentinite mud volcanism is recorded.
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Erosional margin - Costa Rica/Nicaragua 

Accretionary margin - Sumatra 



Costa Rica/Nicaragua, Middle America 

Feng et al., 2012 



History of significant earthquakes 



Ba/LA ratios 

Along-strike variation 



An NSF Margins 
and German SFB 
Focus Site 





 

•! Oceanic plate varies in age and morphology. Changes in 
temperature and/or pore fluid pressure along-strike spatially 
correlate with changes to the updip limit of seismogenic zone 
microseismicity. 

•! Oceanic upper mantle is variably serpentinized, allowing for 
significant fluid input into the subduction system at depth (i.e.., 
Grevemeyer et al., 2007; Syracuse et al., 2008; van Avendonk et al., 2011)  

Nicaragua Northern Costa Rica 

from Van Avendonk et al. 2011 



 

•! Large-scale differences in slab and wedge velocities and 
hypocenter distribution along Nicaragua and northern Costa Rica 
suggest the upper plate plays a critical role in subduction and 
volcanic processes (MacKenzie et al., 2008; Rychert et al., 2008; Dinc et al., 2010; etc) 

Syracuse et al., 2008 

Nicaragua Northern Costa Rica 



 

•  Characteristics of the oceanic 
plate largely influence rupture 
extent within the seismogenic 
zone.  For example, seamount 
subduction controlled asperity 
locations the 1999 Quepos 
event. 

•  Downdip limit may be 
controlled by the presence of 
fluids along the plate interface 
or serpentinization of the 
mantle wedge (Van Avendonk et al., 
2010; DeShon et al., 2006) 

 

Image modified from DeShon et al. 2006; Schwartz and 
DeShon, 2007 

Nicoya Peninsula 



 
•! Geodetic modeling suggests highly 

variable locking along the 
megathrust (Norabuena et al., 2004; 
LaFemina et al., 2009; Feng et al., 2012) 

•! Tremor and slow slip processes 
have been identified at the updip 
and downdip edge of the 
seismogenic zone (Brown et al., 2005; 
Brown et al., 2009, Outerbridge et al., 2010, etc.) 

•! Geodesy, large magnitude 
earthquakes, thermal constraints 
and microseismicity constrain 
different seismogenic zone “limits.” 

Feng et al., 2012 



Double-Difference Tomography 

P & S data to 
derive Vp, Vs, or 
Vp/Vs images 
 
 

Absolute times, differential times, and waveform cross-correlation 
differential times 

 



Data and Model Setup 

 
Osa CRSEIZE  
        2 months 1999 
!
Nicoya CRSEIZE ! !            

!1.5 years 1999-2001 
!
Jaco & Quepos SFB        
        ~1 year 2002-2003 
!
Nicaragua SFB  
         8 months 2005-2006 
!

Results from Melissa Moore-Driskell, U. Memphis Ph.D. dissertation, 2012 



Velocity Results 
Cross-section locations 



A: Southern Nicaragua 

1. Slow slab P-wave velocities consistent with active source 
data 

Vp       Vp/Vs 

Distance from Trench (km) 



B: Santa Elena Peninsula 

2. Abrupt transition to a fast slab and a more continuous 
seismogenic zone associated with reduced Vp. 

Vp       Vp/Vs 

Distance from Trench (km) 



C: Northern Nicoya  
BGR44 Heat Flow data 

Thermal model provided by Rob Harris 

3.  Narrowing of the microseismically defined seismogenic 
zone, though Vp anomaly remains broad. 

Vp       Vp/Vs 

Distance from Trench (km) 



D: Southern Nicoya  
CR15 Heat Flow data 

Thermal model provided by Rob Harris 

4.  Imbricated seismogenic zone limited at the downdip edge 
by high Vp/Vs 

Vp       Vp/Vs 

Distance from Trench (km) 



E: Central Costa Rica,  
     offshore Jaco 
 

4.  Broad, very thin seismogenic zone associated with 
extensive upper plate faulting just at or above the Moho 

Vp       Vp/Vs 

Distance from Trench (km) 



F: 1999 Quepos  
     Aftershock Sequence 
CR5 heat flow data 

Thermal model provided by Rob Harris 

5.  Temperature limited seismogenic zone with extensive 
intraplate faulting, including along the outer rise 

Vp       Vp/Vs 

Distance from Trench (km) 



6.  Seismogenic zone associated with low Vp along most of 
the Costa Rica and Nicaragua margin 



From Saffer & Tobin, 2011 

Summary of Observations 

•! The seismogenic zone is 
associated with a low Vp 
and low Vp/Vs anomaly 
along the plate interface.  



melting of sediments (Becker et al., 2000; Spandler et al., 2004). Water
liberated by the dehydration reactions within the subducting plate
might intrude into the overlying forearc mantle wedge, resulting in
the formation of hydrous minerals, such as talc and brucite (Peacock
andWang, 1999). Note that fluids will migrate into the overlain mantle
and decrease the seismic velocity in the forearc mantle by the hydra-
tion process. Our estimated seismic velocity and Poisson's ratio images
show strong low-velocity and high Poison's ratio anomalies along the
aftershock sequence, which correspond to the fluid-bearing forearc
mantle associated with the hydrous oceanic crust and/or dehydration
of the subducting slab (Figs. 5 and 6). Therefore, it is believed that
large volumes of aqueous fluids are released upwards by dehydration
reactions in the subducting oceanic crust and sediments; the subduc-
tion of the oceanic lithosphere will then cool the overlying forearc
mantle such that low-temperature, hydrous minerals are stable in the
forearc mantle.

Our results show that the 2011 GEJ earthquake is initiated at the
high-velocity zone with high-Poisson's ratio in the megathrust zone.
Most of the aftershocks occurred on the corner of the mantle wedge
at the edge portion between high- and low-velocity zones, indicating
the plate interface and the upper oceanic crust in the NE Japan forearc
region (Figs. 5 and 6). Large-amplitude reflected waves from the sub-
ducting slab boundary were observed in a low-seismicity area under

the forearc region off Sanriku (Fujie et al., 2002). Some slow and
ultra-slow thrust earthquakes were also detected under the forearc
region (Heki et al., 1997; Kawasaki et al., 2001). Both the seismic re-
flectors and slow-thrust earthquakes are considered to be caused by
fluids at the slab boundary (Fujie et al., 2002; Kawasaki et al., 2001).
Our study indicates that the 2011 GEJ main-shock was located in a
high-velocity zone with high Poisson's ratio while most of the
aftershocks occurred at the high-low velocity transition zone with
low Poisson's ratio. We assume that after the nucleation of the
main-shock, the slip initially propagated along the slab interface
with low Poisson's ratio, which is similar to the rupture process
revealed in the 2009 (M6.1) L'Aquila earthquake (Di Stefano et al.,
2011), and then initiated the rupture of the aftershocks along the
oceanic crust of the Pacific plate.

Hence we think that the 2011 GEJ main-shock possibly occurred at
the strongly coupled sections (asperities) with high velocity and high
Poisson's ratio in the megathrust zone (cross section AB in Fig. 6). The
high-V and high-σ zone might indicate fluid extrusion into the brittle
and hard rocks in the coupled patch. The fluids entering into the
main-shock area could increase the pore pressure and reduce the
friction strength in the megathrust zone and then initiate the earth-
quake. However, the aftershocks of the 2011 GEJ earthquake took
place in a broad region off NE Japan. The low-V and high-σ belt

Fig. 6. Vertical cross-sections of velocity and Poisson's ratio images along the lines shown on the inset map. The red star shows the hypocenter of the 2011 GEJ earthquake. The blue
dashed lines show the Moho discontinuity and the upper boundary of the subducting Pacific slab. Black dots and yellow circles denote the background seismicity and the after-
shocks of the 2011 GEJ earthquake within a 10-km width along each profile, respectively. Red triangles indicate the active volcanoes along each section. Bold horizontal line on
the top of each cross-section shows the land area of NE Japan. Red color denotes low velocity and high Poisson's ratio, while blue color indicates high velocity and low Poisson's
ratio. The color scales for the velocity and Poisson's ratio and the magnitude scale for the aftershocks are shown on the right.
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melting of sediments (Becker et al., 2000; Spandler et al., 2004). Water
liberated by the dehydration reactions within the subducting plate
might intrude into the overlying forearc mantle wedge, resulting in
the formation of hydrous minerals, such as talc and brucite (Peacock
andWang, 1999). Note that fluids will migrate into the overlain mantle
and decrease the seismic velocity in the forearc mantle by the hydra-
tion process. Our estimated seismic velocity and Poisson's ratio images
show strong low-velocity and high Poison's ratio anomalies along the
aftershock sequence, which correspond to the fluid-bearing forearc
mantle associated with the hydrous oceanic crust and/or dehydration
of the subducting slab (Figs. 5 and 6). Therefore, it is believed that
large volumes of aqueous fluids are released upwards by dehydration
reactions in the subducting oceanic crust and sediments; the subduc-
tion of the oceanic lithosphere will then cool the overlying forearc
mantle such that low-temperature, hydrous minerals are stable in the
forearc mantle.

Our results show that the 2011 GEJ earthquake is initiated at the
high-velocity zone with high-Poisson's ratio in the megathrust zone.
Most of the aftershocks occurred on the corner of the mantle wedge
at the edge portion between high- and low-velocity zones, indicating
the plate interface and the upper oceanic crust in the NE Japan forearc
region (Figs. 5 and 6). Large-amplitude reflected waves from the sub-
ducting slab boundary were observed in a low-seismicity area under

the forearc region off Sanriku (Fujie et al., 2002). Some slow and
ultra-slow thrust earthquakes were also detected under the forearc
region (Heki et al., 1997; Kawasaki et al., 2001). Both the seismic re-
flectors and slow-thrust earthquakes are considered to be caused by
fluids at the slab boundary (Fujie et al., 2002; Kawasaki et al., 2001).
Our study indicates that the 2011 GEJ main-shock was located in a
high-velocity zone with high Poisson's ratio while most of the
aftershocks occurred at the high-low velocity transition zone with
low Poisson's ratio. We assume that after the nucleation of the
main-shock, the slip initially propagated along the slab interface
with low Poisson's ratio, which is similar to the rupture process
revealed in the 2009 (M6.1) L'Aquila earthquake (Di Stefano et al.,
2011), and then initiated the rupture of the aftershocks along the
oceanic crust of the Pacific plate.

Hence we think that the 2011 GEJ main-shock possibly occurred at
the strongly coupled sections (asperities) with high velocity and high
Poisson's ratio in the megathrust zone (cross section AB in Fig. 6). The
high-V and high-σ zone might indicate fluid extrusion into the brittle
and hard rocks in the coupled patch. The fluids entering into the
main-shock area could increase the pore pressure and reduce the
friction strength in the megathrust zone and then initiate the earth-
quake. However, the aftershocks of the 2011 GEJ earthquake took
place in a broad region off NE Japan. The low-V and high-σ belt

Fig. 6. Vertical cross-sections of velocity and Poisson's ratio images along the lines shown on the inset map. The red star shows the hypocenter of the 2011 GEJ earthquake. The blue
dashed lines show the Moho discontinuity and the upper boundary of the subducting Pacific slab. Black dots and yellow circles denote the background seismicity and the after-
shocks of the 2011 GEJ earthquake within a 10-km width along each profile, respectively. Red triangles indicate the active volcanoes along each section. Bold horizontal line on
the top of each cross-section shows the land area of NE Japan. Red color denotes low velocity and high Poisson's ratio, while blue color indicates high velocity and low Poisson's
ratio. The color scales for the velocity and Poisson's ratio and the magnitude scale for the aftershocks are shown on the right.
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(cross section GH in Fig. 6) may represent the weakly coupled or
decoupled patches in the megathrust zone due to the extensive
dehydration of the hydrous minerals in the Pacific slab.

5. Conclusions

We used 376,207 pairs of P- and S-wave arrival times from 21,307
onshore and offshore earthquakes to determine three-dimensional
seismic structure of the entire Tohoku arc to investigate the genera-
tion mechanism of the 2011 great East Japan earthquake (Mw 9.0).
Our results suggest that the GEJ main shock occurred in an area
with high-velocity (Vp, Vs) and high-Poisson's ratio (σ). Most of the
aftershocks are located at the corner of the mantle wedge along the
upper boundary of the subducting Pacific slab. The features of
structural anomalies and spatial distribution of the aftershocks
imply strong interplate coupling in the main-shock source area and
weak coupling in the surrounding areas. We consider that fluid extru-
sion in the forearc region of the Pacific subduction system contributed
to the structural heterogeneities that affected the GEJ earthquake
generation and its rupture process. The fluid-bearing anomalous
patches might be involved in the processes such as hydration of
forearc crust and metamorphic dehydration of the subducting slab.
We conclude that fluid-bearing structural heterogeneities with
thermal–petrologic variations played a key role in the initiation of
the 2011 GEJ earthquake and its aftershocks.
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•! Vp and Vp/Vs models 
indicate along strike 
changes in the state of 
hydration of the slab and 
the forearc mantle 
wedge. 

•! Vp and Vp/Vs models 
reflect down-dip changes 
in the degree of 
overpressure developed 
along the plate interface, 
which map into changes 
in slip behavior along the 
seismogenic zone.  
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•  Improved event distribution 
from aftershocks of the  
2004 and 2005 great 
earthquakes 

Before:  5,460 earthquakes 

Ø   94,529 seismic phases 

Ø   1,706 stations 

After:  3,372 earthquakes 

Ø   527,713 seismic phases 

Ø   2,099 stations 
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Iterative Results 
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Teleseismic DD Earthquake Relocation 

0

20

40

60

80

D
ep

th
 (k

m
)

t
j

k

t
i

k

!h j

!h i

k

M
IT
P0
8

P

focal depth

water interface

land interface

pP

pwP

P

pP

pwP

!h j

!h i

j

i

t
j

To Station K

t
j

t
j

t
i

t
i

t
i

From Pesicek et al., 2010b 



Map view location comparison 
DD
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2004 M9 Earthquake  & Aftershocks 
BEFORE MAINSHOCK AFTERSHOCKS 

From Pesicek et al., 2010b 



2005 M8.7 Nias  & Aftershocks 
BEFORE MAINSHOCK AFTERSHOCKS 

From Pesicek et al., 2010b 



CMT solutions through 2009 at the DD locations 

Seismogenic 
Zone 

Backarc & 
Sumatra Fault 



CMT solutions through 2009 at the DD locations 

Intra-Oceanic 
Plate 

Upper or Lower 
Plate 



Thermal models from Hippechen and Hyndman, 2008; Klingelhoefer et al., 2010 



 

•! High-resolution DD relocations using 
teleseismic data reveal fine-scale 
spatial patterns of seismicity with the 
subduction zone 

 

•! Confirmed that megathrust seismicity 
occurs downdip of the Moho/slab 
intersection and is more consistent with 
thermal proxies in this region 

•! The potential for slip to the trench 
cannot be discounted along ALL of the 
margin 

Sunda Summary 

2010 
tsunami eq 

From Hsu et al., 2006 



Final Thoughts 

•  Continued improvements in teleseismic location 
accuracy will allow more thorough global studies of 
seismogenic zone processes  

•  Local data is necessary for detailed seismic images of 
the subduction boundary and thorough integration with 
other geophysical datasets 

•  Plethora of great megathrust earthquakes since 2004 
have potentially illuminated a broad range of subduction 
zone ‘types’ and could be studied using teleseismic data 

 



How YOU Can Participate in GeoPRISMS!
•! Attend upcoming workshops, AGU mini-workshops 

•! Participate in on-line discussions & forum 

•! Communicate with conveners & GSOC members 

•! Sign up for listserv and newsletters 

•! Browse the MARGINS and GeoPRISMS databases, bibliographies, 
reports 

•! Test out and contribute MARGINS mini-lessons 

•! Follow us on 

 

•! Do GREAT Science!!  Send Us Reports, Images, etc. 

info@geoprisms.org     
www.geoprisms.org  





Non-accreationary margin 

From Saffer & Tobin, 2011 



•! Integrated data and defined a consistent weighting scheme 

 

•! Cross-correlated waveforms for accurate differential times 

Osa 

Nicat 



Data from Spinelli and Saffer, 2007; DeShon et al., 2006; 
Fisher et al., 2003 !

•! Changes in temperature 
and/or pore fluid pressure 
along-strike spatially 
correlate with changes to 
the updip limit of 
seismogenic zone 
microseismicity. 

 

EPR              CNS 



Questions of Interest 
 

"! How do broad-scale changes in hydration state of 
the oceanic lithosphere affect shallow & 
intermediate depth intraslab earthquake 
occurrence? 

"! How does forearc mantle wedge hydration change 
along-strike and does it exert a primary control on 
the down-dip limit of the seismogenic zone?  

" How does forearc mantle wedge hydration change 
along-strike and does it exert a primary control on 
the down-dip limit of the seismogenic zone?  
along-strike and does it exert a primary control on 
the down-dip limit of the seismogenic zone?  
along-strike and does it exert a primary control on 

 mantle wedge hydration change 
along-strike and does it exert a primary control on Santa Elena Nicoya 

 mantle wedge hydration change 
along-strike and does it exert a primary control on Nicoya 

 mantle wedge hydration change 
Nicoya 

 mantle wedge hydration change 
along-strike and does it exert a primary control on Nicoya along-strike and does it exert a primary control on 

from Van Avendonk et al. 2011 



 

§  How does forearc 
mantle wedge 
hydration change 
along-strike and does 
it exert a primary 
control on the down-
dip limit of the 
seismogenic zone? 

  

Image modified from DeShon et al. 2006; Schwartz and DeShon, 2007 



Double-Difference Tomography 

P & S data to 
derive Vp, Vs, or 
Vp/Vs images 
 
 

Absolute times, differential times, and waveform cross-correlation 
differential times 

 



Double-difference tomography 

Zhang and Thurber, 2003!
!
Zhang and Thurber, 2003



Earthquake location 

A priori !
velocity!

structure!

station 
location 

hypocentral parameters 
(origin time, latitude, 

longitude, depth) 

Inverse Problem 



Double-difference Location 

A priori !
1D velocity!
structure!

Waldhauser et al., 1999!
!



Mw 7.6  
Nicoya 
Earthquake 
 
9/5/2012 



Step 1: Nested Regional Tomography Method  

Global 5° cells 
16 Layers (to 2889 km depth) 
 
 
Regional 0.5° cells  
19 Layers (to 1500 km depth) 
 

Based on Widiyantoro and van der Hilst (1996) Based on Widiyantoro and van der Hilst (1996) 
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52 mm/yr

57 mm/yr

Single Iteration Results 

A A' 
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C 

C' 
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From Pesicek et al., 2008 



Latitude 

From Pesicek et al., 2008 



2007 M8+ Southern Sumatra Earthquakes 
 & Aftershocks 

BEFORE MAINSHOCK AFTERSHOCKS 

2010 EQ 2010 EQ 


