
Photo by Oliver Kreylos

Data Integration, High Performance 
Computing, and Scientific Visualization in 

the Geodynamics Workflow	


Margarete A. Jadamec	

	


NSF Postdoctoral Fellow	

Dept. of Geological Sciences 	


Brown University	


EarthCube Modeling for the Geosciences           April 23, 2013 	


Collaborators:  	

Magali Billen, Donald Turcotte, Louise Kellogg,	

Oliver Kreylos, Marek Vanco, Karen Fischer	

	

Resources:   NSF, XSEDE, TACC, KeckCAVES	


http://www.geo.brown.edu/People/Postdocs/Jadamec/	




Plate Tectonics and Deformation at Plate Boundaries	


Bird 2003	


Rohr & Furlong, 95	

Zhong & Gurnis, 96	

Hall et al., 00	

Billen et al., 03 	

Syracuse & Abers, 06	

Kneller & van Keken, 07	

Schellart et al., 07	

Ammon et al., 08	

Jadamec & Billen, 10	




Schellart  et  al.  (2008)

Lithosphere (outer layer of Earth) ~15 (52) ‘Plates’ ~150 km thick	

Motion of plates on Earth’s surface from GPS measurements	


Schellart et al., G-Cubed 2008 

Observe Surface Plate Velocity (1-15 cm/yr)	


(DeMets and Dixon, GRL 1999;  Bird, G-Cubed 2003;  Schellart et al., ESR 2008)	




The fast seismic propagation axis indicates mantle flow is aligned 
with plate motion indicating coupling between the plates and 
mantle in the center of the tectonic plates 	

(assuming A type fabric in olivine, where the fast seismic axis is tracking the mantle flow)	


Hanna and Long, 2012                                 Conrad et al., JGR 2007; Long and Silver, Surv. Geophys. 2009 	


What About the Mantle Underneath the Plates?	
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This is not the case at many subduction zones where the seismic	

fast axis is not aligned with surface plate motion, implying complex 
mantle flow in subduction zones and decoupling between the plates 
and mantle (assuming A type fabric in olivine)	




In 2D model, the material in the mantle 
wedge and that beneath the subducting 
plate are entrained by the slab, giving 	

mantle flow aligned with plate motion	

	

Thus, 2D models of subduction cannot 	

explain the trench parallel flow implied 	

by the seismic anisotropy	

	

                                         (Tovish et al., JGR 1978)	


How Explain Complex Mantle Wedge Flow & Decoupling?	




3D models show slabs pivoting, 
toroidal flow at lateral slab edges, 
trench-parallel sub-slab and mantle 
wedge flow	

	

Provide fluid dynamics mechanism 
for decoupling in direction, but 
what about in velocity magnitude?	

	

What is the role of rheology in 
controlling the magnitude of the	

decoupling? 	


Zhong and Gurnis (Nature, 1996); Buttles 
and Olson (EPSL, 1998); Kincaid and 
Griffiths (Nature, 2003); Schellart (JGR, 
2004); Funiciello et al (JGR, 2006); Stegman 
et al. (G cubed, 2006); Piromallo et al. (GRL, 
2006); Kneller and van Keken (Nature, 
2007); Jadamec and Billen (Nature, 2010); 
Jadamec and Billen (JGR, 2012)	


How Explain Complex Mantle Wedge Flow & Decoupling?	




Regionally Based 3D Model to Elucidate Process	
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Approach for 3D Numerical Modeling of Plate Boundaries	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Slab Shape          



Data	

Integra-	

tion: 	

Slab	

shape	


(A) Two-tiered Slab Edge          (B)  Eastern Slab Edge	


Jadamec and 
Billen, Nature 
2010; 	

Jadamec and 
Billen, JGR 
2012	
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Approach for 3D Numerical Modeling of Plate Boundaries	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Constraints on Upper Plate Temperature 

(My) 

(mW/m2)	
Blackwell and Richards, 2004; IHFC; Nockleberg	


Heatflow Volcanoes 
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Jadamec and Fischer, In Prep. 2013 

Use Shear Wave Velocity to Constrain Plate Thickness	
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Model	  
Configura@on	  

C/C++ Program for Geodynamics Workflow	
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manner that the 1300! isotherm of the subducting slab is contin-
uous with that of the upper plate. This results in an (artificial)
discontinuity at the top of the slab. Since this part of the slab is
predominantly located in the weak subduction channel, it has lit-
tle effect on the dynamics of the lithosphere as can also be seen
by the continuity of sub-Moho stresses (Fig. 11). In Kaus et al.
(2008) we present a compilation of both ‘strong’ and ‘weak’ crus-
tal rheologies together with ‘hot’ and ‘cold’ estimates of the geo-
therm. The results of that compilation indicate that in all cases

one expects the lower crust underneath Taiwan to be weak. These
results are consistent with 2D thermal models presented in Zhou
et al. (2003) and with 2D thermo-mechanical models presented in
Yamato et al. (2009) as well as here, which indicates that even
‘cold’ thermal structures will results in a weak lower crust.

Simulations with a strong upper crust, a strong mantle litho-
sphere and a weak lower crust yield a layered lithospheric
stress-state with compression in the upper parts of the crust
and extensional stresses in the mantle lithosphere, irrespective

Fig. 10. Thermal setup for temperature-dependent simulations.

Fig. 11. Results for cases with a temperature-dependent viscosity and a vertical slab, for (A) a ‘hot’ and (B) a ‘normal’ thermal case. The temperature-dependence and
nonlinearity of rheology weakens the slab significantly and causes it to ‘drip-off’ (see velocity patterns in inset), despite the fact that a dry olivine rheology is employed for the
mantle. In both cases, compressional stress states occur in the upper crust and extensional stresses occur beneath the continental Moho. Note that the lower crust underneath
Taiwan is weak in both cases.

130 B.J.P. Kaus et al. / Journal of Asian Earth Sciences 36 (2009) 119–134

Kaus, et al., 09	


Jadamec and 
Billen, 10, 12	
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Jadamec and Billen, Nature 2010; 	

Jadamec and Billen, JGR 2012;	

Jadamec et al., XSEDE 2012	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Data Visualization	




Three-dimensional Data Visualization	


Kreylos et al. 2006;  Kellogg et al. 2008 	


3D Immersive virtual reality	

	

Interactive model exploration,	

 GB of data  	

	

Real-time evaluation of hypotheses	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Solves conservation equations (1,2) for viscous flow (Moresi et al. 96; Zhong, 06)	

	

	

	

	

	

	


Methods: Community Mantle Convection Code

Solve for the viscous flow with CitcomCU

CitcomCU solves the Stokes’ equations for incompressible creeping
flow with Boussinesq approximation (Moresi and Gurnis, 1996; Zhong,

2006)

∇ · u = 0 (1)

∇p −∇ · [ηeff(
∂ui
∂xj

+
∂uj
∂xi

)] = ρoα (T − To) gδrr (2)

CitcomCU is an open source community mantle convection code
supported by the Computational Infrastructure for Geodynamics
(Moresi and Gurnis, 1996; Zhong, 2006;

http://www.geodynamics.org/cig/software/citcomcu)

Margarete Jadamec (Brown University) 3D Models of Complex Subduction XSEDE12: July 17, 2012 10 / 26

~30o x ~30o x 1500 km	

On the order of 108 elements	

2.5 to 25 km resolution	

 	


Run on XSEDE, TACC and PSC	

~20,000 to ~45,000 Hours/job	

100s to 1000s of cores	


Model Domain and Bounds            Computing Specifications	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Large viscosity variations in Earth challenge for geodynamics codes	

(Moresi and Solomotov, 1995; Tackley, 1996; May and Moresi, 2008; Jadamec et al., 2012)	

	

Choice of multigrid and solver parameters reduce runtime by 30%	

Significant because can determine whether you can obtain a solution 
and, if so, whether you have the (compute) time to solve it (Jadamec et 
al., 2012)	

	


Jadamec et al., XSEDE 2012	
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Approach for 3D Numerical Modeling of Plate Boundaries	


Mantle Deformation Constraints          Lithospheric Deformation Constraints          

Seismic Anisotropy 
Mantle upwellings 
Rock deformation experiments 

Pacific Plate velocity 
GPS Wrangell Block 
Exhumation/Subsidence 
Global Strain Rate Model 

( Jadamec and Billen, Nature 2010)   	

( Jadamec and Billen, JGR 2012)	

(Durance et al.,  AJES 2012)	

(Jadamec and Moresi, In Prep. 2013)	

(Jadamec and Fischer, In Prep., 2013)	


(Jadamec et al., EPSL, In Rev., 2013)	

(Jadamec et al., In Prep., 2013)	




Plate Motion Constraints: DeMets and Dixon, GRL 1999  	

SKS Constraints: Christensen and Abers, JGR 2010 

Jadamec and Billen, Nature 2010;  Jadamec and Billen, JGR 2012 

Models w/Rapid Mantle Flow Fit Plate Motions & Anisotropy	




3D Mantle Flow Field Around the Alaska Slab Edge	


Jadamec and Billen, Nature 2010	

Jadamec and Billen, JGR 2012 



3D Numerical Models of Mantle Flow in Central America	


Mantle Velocity Cross Sections 
  (Nazca left, Cocos right)

Jadamec and Fischer, In Prep. 2013 



Jadamec, Billen, and Roeske, EPSL, In Revision 2013 

Flat Slab Subduction Driving Upper Plate Deformation	




Volcan Arenal, Costa Rica	


Broader Impacts, Societal Impacts, Communication	




Broader Impacts, Societal Impacts, Communication	


Painting by Lynn Jadamec	




VolcanArenal,  
Costa Rica 

Communication Among Scientists, EarthCube, Impacts	




Thank  You	



