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Scientific Discovery Facilitated by HPC + 3D Data Visualization

Geosolver (1200-core Dell Skylake partition): 
M. Jadamec and M. Knepley Research Groups
Center for Computational Research, 
University at Buffalo, SUNY (photo by M. Jones)

3DALIVE at Monash University, 
Australia (Photo by Louis Moresi)



Oceanic & Continental Lithosphere: Denser Layer Sinks
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Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual Survey 
of Global Slab Geometries With ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

• Subduction volcanoes occur at convergent plate boundaries above slab
• However, observations indicate anomalous volcanoes next to slab edges



What is Geometry of Dense Sinking Oceanic Lithosphere?
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Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual Survey 
of Global Slab Geometries With ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

Image courtesy of Serge Lallemand: Lallemand et al., 2005, Geochemistry, Geophysics, Geosystems , 6 (9)



ShowEarthModel Menus and Plate Data Rendering
a)                                                          b)                                                                           c)
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Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, 
M. B. (2018). A Visual Survey of Global Slab Geometries With 
ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

Download Virtual Reality User Interface (Vrui) ToolKit: 
http://idav.ucdavis.edu/~okreylos/ResDev/Vrui/index.html
• ShowEarthModel in Example Programs Directory 

http://idav.ucdavis.edu/~okreylos/ResDev/Vrui/index.html


Movie #1: Global Slab Geometry Comparison

Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual 
Survey of Global Slab Geometries With ShowEarthModel and Implications for a Three-
Dimensional Subduction Paradigm. Earth and Space Science, 5(6), 240-257.



Movies available for Streaming at the University at Buffalo, SUNY
Hosted Panopto site:  http://goo.gl/Y7PDEX

Download from University at Buffalo
Institutional Repository: 
http://hdl.handle.net/10477/76912



Jadamec, M. A., Kreylos, 
O., Chang, B., Fischer K. 
M., and Yikilmaz, M. B. 
(2018). A Visual Survey 
of Global Slab 
Geometries With 
ShowEarthModel and 
Implications for a Three-
Dimensional Subduction 
Paradigm. Earth and 
Space Science, 5(6), 240-
257.

Movies Show 
Slabs are 
Discontinuous 
and Edges are 
Common

Earth and Space Science 10.1002/2017EA000349

Table 1
List of 16 High-Resolution Visualizations Comparing 3-D Slab Geometries

Movie # Content 3-D features

Global survey

Movie 1 Slab geometry comparisona,b,c,d Discontinuous slabs,

intersections, edges

variable dip

Subduction zones

Movie 2 Alaska-Aleutianc,d,e Slab edges, variable dip

Movie 3 Alaska-Aleutian Slab Comparisona,b,c,f Slab edges, variable dip

Movie 4 Cascadiac,d,e Slab edges

Movie 5 Mexico-Cocosc,d,e Slab edges, variable dip

Movie 6 Cocos-northern Nazca, Antillesa,b,c,d,e,g Slab window

Movie 7 Columbia-Peru-Chilec,d,e Variable dip, depth

Movie 8 Scotiac,d,e Curved slab, edges

Movie 9 Tonga-Kermadec-Hikurangic,d,e Variable dip, depth

Movie 10 Tonga, New Hebrides, and North Fiji Basinc,d,e Slab edges

(North Fiji Basin region)

Movie 11 Marianas-Izu-Bonin, Ryukyu, Japan, Kamchatkac,d,e Triple junction, slab edges

Movie 12 Philippines (Slabs bounding Philippine Plate)c,d,e Multiple slabs

Movie 13 Java, Banda, and Othersa,c,d,e Intersections,

curved slabs, edges

Movie 14 Andaman-Sumatra-Javac,d,e Variable dip, depth

Movie 15 Pamir, Hindu Kusha,c,d,e Curved slabs, edges

Movie 16 Calabria and Hellenica,c,d,e Curved slabs, edges

Note. Individual movie files can be downloaded at the SUNY Buffalo Institutional Repository: http://hdl.handle.net/
10477/76912 and streamed without needing to be downloaded at the SUNY Buffalo hosted Panopto site: goo.gl/Y7PDEX.
Geographic locations of movies are shown in Figures 1 and 4. Data sources:
aGudmundsson and Sambridge (1998) slab contours in 50 km. bSyracuse and Abers (2006) slab contours in 50 km.
cHayes et al. (2012) slab surfaces. dBird (2003) plate boundaries. eEngdahl and Villaseñor (2002) earthquake hypocenters.
fJadamec and Billen (2010) slab surface. gJadamec and Fischer (2013) slab surfaces.

The Syracuse and Abers (2006) slab contours were constructed as a part of the examination of depth to the
slab surface beneath volcanic arcs. The Hayes et al. (2012; Slab 1.0) slab geometries are based on seismic data
from both active and passive sources in order to refine slab surfaces in the plate-interface region as well as
define slab structure into the upper-middle mantle.

Although the net data used vary between the slab geometry models, all three incorporate earthquake
hypocenter locations from Engdahl et al. (1998) or more recent compilations of this data set. Thus, the
earthquake hypocenters from the Engdahl and Villaseñor (2002) Centennial database are also plotted in a
subset of the movies for comparison. In addition to the global data sets, two refined regional slab geome-
try models based on detailed synthesis of seismic data in the Alaska-Aleutian (Jadamec & Billen, 2010) and
Cocos-northern Nazca slabs (Jadamec & Fischer, 2013) are shown. All movies include the digital plate bound-
aries on the Earth’s surface from Bird (2003), which divide the lithosphere into approximately 52 surface plates,
including microplates and deformation zones. To see how to go about loading in you own data sets, see
Chapter 5 of the ShowEarthModel User’s Manual in Text S1.

3. Results

Sixteen high-resolution movies of data exploration sessions through the modern slab geometries in
ShowEarthModel are presented (Figures 1 and 4, Table 1, and Movies 1–16). These include one global movie
that provides a visual tour inside the Earth imaging all of the Earth’s major subduction zones (Figures 1 and 4,
Table 1, and Movie 1), and 15 regional movies that visualize individual subduction zones and regions of
intersecting slabs in more detail (Figures 1 and 4, Table 1, and Movies 2–16). Viewing the subduction zones

JADAMEC ET AL. 5



Scientific Discovery in
Computational Landscape
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HPC Allows For Modeling Complexity:
Data: Strohmaier et al. (2015), 
Total cores and Rmax value for 
supercomputers worldwide ranked 
Number 1, from 1993-2015, according to 
TOP500 list ranked by performance on 
LINPACK Benchmark Jadamec, 2016, Journal of Geodynamics
Data Conceptualization:
3D visualization of global slabs 
Facilitates 3D model design
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Movie #6: Cocos, Northern Nazca, Antilles Comparisons

Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual 
Survey of Global Slab Geometries With ShowEarthModel and Implications for a Three-
Dimensional Subduction Paradigm. Earth and Space Science, 5(6), 240-257.



Model Design: Pre-processing Slab Geometry Construction 



Model Design: Pre-processing Slab Geometry Construction 



Model Design with TECT_Mod3D: Mesh Construction
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Visualization Software used: 3DVisualizer by Oliver Kreylos (Kreylos et al., VRCIA 2006)
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Visualization Software used: 3DVisualizer by Oliver Kreylos (Kreylos et al., VRCIA 2006)
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Visualization Software used: 3DVisualizer by Oliver Kreylos (Kreylos et al., VRCIA 2006)



TECT_Mod3D
(Jadamec, et al.)

CitcomCU
(Zhong, 2006)

Simulations: Solve Stokes Equations for Incompressible Flow

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 �⇤ · [⇤e�(
⇧ui
⇧xj

+
⇧uj
⇧xi

)] = ⌅o� (T � To) g⇥rr (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

55o x 27o x 1500 km (AK)
960 x 648 x 160 elements (AK)
896 x 864 x 112 (CocNaz)
~2.5 to 25 km resolution

360-720 Cores on Lonestar,  TACC,
Geodynamics Cluster, Univ. Houston
Geosolver, CCR, UB
~10,000 – 20,000 Compute hours/job

Model Problem Sizes                                            Typical Computing Specifications
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Mesh
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Data Assimilation          3D Model Design High Performance 
(Obs., Big Data)                                                             Computing



TECT_Mod3D
(Jadamec, et al.)

CitcomCU
(Zhong, 2006)

Simulations: Solve Stokes Equations with Non-linear Viscosity

Slab Shape
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Plt Bndy

Mesh
Therm
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v, p
s, e
h

Data Assimilation          3D Model Design High Performance 
(Obs., Big Data)                                                             Computing

Billen and Hirth, G3 2007; Jadamec and Billen, Nature 2010;   Jadamec and Billen, JGR 2012

Use Experimentally Derived Flow Law for Viscosity (Hirth and Kohlstedt, 2003)  



TECT_Mod3D
(Jadamec, et al.)

CitcomCU
(Zhong, 2006)

Simulations: Solve Stokes Equations with Non-linear Viscosity
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Jadamec, M. A., Billen, M. I., and Kreylos, O., 2012, Three-dimensional simulations of 
geometrically complex subduction with large viscosity variations. 8 pp. In: ACM Proceedings of the 
2012 Conference on eXtreme Science and Engineering Discovery Environment.



Jadamec, M. A. (2016) Slab driven mantle weakening and rapid mantle flow, p. 135-155.. In:
G. Morra, D. A. Yuen, S-M. Lee, S. Stein (Eds.),  Subduction Dynamics: From Mantle Flow 
to Mega Disasters. Geophysical Monograph Series, vol 211. John Wiley & Sons.

2D Model Set-up: Buoyancy driven flow at Subduction Zones



Jadamec, M. A. (2016) Slab driven mantle weakening and rapid mantle flow, p. 135-155.. In:
G. Morra, D. A. Yuen, S-M. Lee, S. Stein (Eds.),  Subduction Dynamics: From Mantle Flow 
to Mega Disasters. Geophysical Monograph Series, vol 211. John Wiley & Sons.

Results: Dynamic Mantle Weakening (~3 orders magnitude)



Results: Slab-driven Asthenospheric Flow Generates Fabric

MacDougall, J., Jadamec, M. A., and Fischer K. M. (2017) The zone of influence of the 
subducting slab in the asthenospheric mantle . Journal of Geophysical Research, vol. 122, 26 pp.



Results: Dynamically Driven Flow Through Slab Discontinuity

Jadamec, M. A., 2016, Insights 
on slab-driven mantle flow 
from advances in three-
dimensional modelling. Journal 
of Geodynamics, vol. 100, 
p. 51-70.



Jadamec, M. A., 2016, Insights 
on slab-driven mantle flow 
from advances in three-
dimensional modelling. Journal 
of Geodynamics, vol. 100, 
p. 51-70.

Results: Toroidal Flow Around Each Slab Edge, with upwelling



Jadamec, M. A. and Billen, M. I. (2010) Reconciling surface plate motions with rapid three-
dimensional flow around a slab edge. Nature, vol. 465, p. 338-341.  

Results: Dynamic Weakening and Toroidal Flow for Alaska



Results: Toroidal flow and Slab-driven Mantle Upwelling

Jadamec, M. A. and Billen, M. I. (2010) Reconciling surface plate motions with rapid three-
dimensional flow around a slab edge. Nature, vol. 465, p. 338-341.  

Jadamec, M. A. and Billen, M. I. (2012) The role of rheology and slab shape on rapid mantle
flow: Three-dimensional numerical models of the Alaska slab edge. Journal of Geophysical 
Research, vol. 117, B02304, 20 pp. 



60 M.A. Jadamec / Journal of Geodynamics 100 (2016) 51–70

Fig. 9. Illustration of slab-driven mantle deformation zone from high resolution, 3D numerical models of the Alaska subduction-transform system. (a) Slab-driven toroidal
flow,  slab edge related upwelling, and poloidal flow in the mantle surrounding the slab. (b) Viscosity cross section through subset of model domain shows laterally emergent
low  viscosity region surrounding slab in composite viscosity model. (c) Viscosity profile for Newtonian model (i.e., without the strain-rate dependence in the viscosity flow
law).  Inset shows profiles of the viscosity for the composite viscosity models (black, gray lines) and Newtonian viscosity models (blue lines).
Modified from Jadamec and Billen (2012) and Jadamec (2016).

5.3. Slab-driven mantle deformation zones and laterally variable
plate-mantle coupling

Another area of research where 3D high-resolution regional
models have made a contribution is in constraining the slab and
upper mantle viscosity, and in placing constraints on lateral vari-
ability in plate-mantle coupling (Fig. 9). Although the average
upper mantle viscosity is the order of 1020 Pa s, as determined
from post-glacial rebound and global velocity models (Hager, 1991;
Mitrovica and Forte, 2004 ), experimental studies suggest the vis-
cosity in the mantle wedge may  be several orders of magnitude
lower, ∼1018 Pa s (Hirth and Kohlstedt, 2003; Karato, 2003). The
local reduction in mantle wedge viscosity is likely due to a number
of factors including increased temperature, water content, melt-
fraction, and strain-rate (Hirth and Kohlstedt, 2003; Karato, 2003;
Kelley et al., 2006; Wade et al., 2008). Both 2D and 3D geody-
namic models have constrained and continue to constrain these
properties (Katz et al., 2003; Billen and Gurnis, 2001; Kincaid and
Griffiths, 2003; Billen and Hirth, 2005; Hyndman et al., 2005; Currie
and Hyndman, 2006; Cagnioncle et al., 2007; Conder and Wiens,
2007; Wade et al., 2008; Jadamec and Billen, 2010; Syracuse et al.,

2010; Lev and Hager, 2011; Wirth and Korenaga, 2012; Wada et al.,
2015), and in turn provide a range of testable viscosities in the upper
mantle region of the subduction zone.

For example, 3D regional numerical models of the Tonga-
Kermadec subduction zone and the Aleutian subduction zone using
a Newtonian viscosity found a better fit to the geoid and dynamic
topography by imposing a region of low viscosity in the mantle
wedge within the Newtonian viscosity models (Billen et al., 2003;
Billen and Gurnis, 2003). More recently, geographically referenced,
high-resolution 3D geodynamic models of the Alaska subduction
zone (local resolution of ∼3 km)  compared the effect of an experi-
mentally derived flow law for diffusion creep (Newtonian viscosity)
versus the effect of both diffusion and dislocation creep (compos-
ite non-Newtonian viscosity) and found a better fit to shear wave
splitting observations, plate motions, and dynamic topography in
models using the composite viscosity (Figs. 8 and 9) (Jadamec
and Billen, 2010, 2012; Jadamec et al., 2012, 2013). Importantly,
the models found that the non-Newtonian viscosity led to lateral
viscosity variations that naturally emerged in the upper mantle
beneath Alaska, with a dynamically reduced mantle wedge viscos-
ity (∼1018 to as low as ∼1017 Pa s) and reduced subslab viscosity

Jadamec, M. A. (2016) Insights on slab-driven mantle flow from advances 
in three-dimensional modelling. Journal of Geodynamics, vol. 100, p. 51-70.

Conceptual Model: 3D Framework, Locally Decoupled Zone



Conceptual Diagrams of Types of Slab-driven Flow

Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual Survey 
of Global Slab Geometries With ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

Jadamec, M. A., 2016, Insights on slab-driven mantle flow from advances in three dimensional 
modelling. Journal of Geodynamics, vol. 100, p. 51-70.



Thank You!

3DALIVE at Monash University, 
Australia (Photo by Louis Moresi)

Margarete Jadamec
mjadamec@buffalo.edu www.acsu.buffalo.edu/~mjadamec

mailto:mjadamec@buffalo.edu


Case Study of (a) Central America and (b) Alaska Region 
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Dimensional Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

• Subduction volcanoes occur at convergent plate boundaries above slab
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Simulations: Solve Stokes Equations with Non-linear Viscosity
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Solves conservation equations (1,2) for viscous flow (Moresi et al. 96; Zhong, 06)
• CitcomCU uses Full Multigrid (FMG) reduce the residual, expedite convergence
• FMG useful for problems with large viscosity variations (~ 7 orders magnitude)
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Results: Zone of Influence of the Slab in the Mantle 

MacDougall, Jadamec, and Fischer, 2017, JGR
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High Performance Computing for Complex Problems

geosolver: Jadamec and Knepley Groups, UB CCR



http://www.usgs.gov
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3D VR: Conceptualize, Explore, and Query

Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual Survey 
of Global Slab Geometries With ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

UC Davis KeckCAVES Brown University



Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual Survey 
of Global Slab Geometries With ShowEarthModel and Implications for a Three-Dimensional 
Subduction Paradigm. Earth and Space Science, 5(6), 240-257.

3D VR:  Lower Budget Systems (3DTV, HTC Vive)

UB Geodynamics Research and Visualization Lab                                             Brown University



Piromallo et al., GRL 2006

Implications: See This in Generalized 3D Models

a)                                                                                                              b)

a)                                                                                                              b)

Strak and Schellart, 2014



Tect_Mod3D: Build Framework & Thermal Structure for AK 
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Haynie and Jadamec, 2017, Tectonics; Jadamec et al., in prep.
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Slab Edge Volcanoes Not Explained by 2D Convergence



Jadamec, M. A., Kreylos, O., Chang, B., 
Fischer K. M., and Yikilmaz, M. B. (2018). 
A Visual Survey of Global Slab Geometries 
With ShowEarthModel and Implications 
for a Three-Dimensional Subduction 
Paradigm. Earth and Space Science, 5(6), 
240-257.

ShowEarthModel Globe 
Renderings Showing 
Location of Movies 1-16:
Virtual Tours Through
Global Slab Geometries
in Earth’s Interior

a)    Movie 1: Global Slab Model Comparison            b)  Movies 2,3: Alaska-Aleutian Subduction Zone      c)  Movie 4: Cascadia Subduction Zone

d)  Movies 5,6: Caribbean Plate Systems                    e)  Movie 7: Columbia-Peru-Chile                           f)  Movie 8: Scotia Subduction Zone

g)  Movies 9,10: Tonga-Kermadec-Hikurangi and      h) Movies 11, 12: Marianas-Izu-Bonin-Ryukyu-Japan    i) Movie 13: Java, Banda, and Others
     New Hebrides (North Fiji Basin Region)                 (Triple junction region) and Philippines                      (multiple short and intersecting slabs)

j)  Movie 14: Andaman-Sumatra-Java                         k)  Movie 15: Pamir and Hindu Kush                        l) Movie 16: Calabria and Hellenic slabs      

                                         



Schellart et al. (2008)

• Earth behaves as viscous fluid on timescales of millions of years
• Outer thermal boundary layer ~15 Plates (0-250 km thick)
• Subduction zones occur at convergent plate boundaries

Schellart et al., Earth-Science Reviews (2008)

Surface Plate Motion: Convergent, Divergent, Transform 



Away from subduction zones, the surface motion of oceanic plates 
is well correlated with the fast axis of seismic anisotropy implying
coupling between the plates and mantle (assuming A type fabric in olivine)

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)

Peyton et al., GRL 2001                    Abt et al., JGR 2010            Hanna and Long, Tect. 2012

Plate Mantle-(de)coupling & Is Complex Flow Common?
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Intersecting Slab Geometries in Philippine-Indonesia Region

Jadamec, M. A., Kreylos, O., Chang, B., Fischer K. M., and Yikilmaz, M. B. (2018). A Visual 
Survey of Global Slab Geometries With ShowEarthModel and Implications for a Three-
Dimensional Subduction Paradigm. Earth and Space Science, 5(6), 240-257.
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Results: Mantle Flow Order of Magnitude Faster Plate Motions
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Jadamec, M. A., Billen, M. I., and Kreylos, O., 2012, Three-dimensional simulations of 
geometrically complex subduction with large viscosity variations. 8 pp. In: ACM Proceedings of the 
2012 Conference on eXtreme Science and Engineering Discovery Environment.
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Jadamec, M. A., Billen, M. I., and Kreylos, O., 2012, Three-dimensional simulations of 
geometrically complex subduction with large viscosity variations. 8 pp. In: ACM Proceedings of the 
2012 Conference on eXtreme Science and Engineering Discovery Environment.



Need High Fidelity Tools to Analyze and Interpret Output

NIH-DOE-NSF Report on ExaScale Computing, 2017



Jadamec, 2016, Journal of Geodynamics

Representing the Subduction Zones in a Model

http://www.usgs.gov
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Results: Predicted Velocity at Surface and 100 km Depth

M.A. Jadamec & M.I. Billen Nature 465, 338-341 (2010)



Jadamec and Billen, Nature 2010; Jadamec and Billen, JGR 2012; Jadamec et al., EPSL 2013

Results: Toroidal flow around around slab edge in Alaska



Hoernle et al., Nature 2008

Implications: Northwest Directed Mantle Wedge Flow

to northwestern Costa Rica, whereas crust formed at the Cocos-
Nazca spreading centre (CNS) with the Galapagos hotspot track on
it subducts beneath central Costa Rica to Panama. The Galapagos
hotspot tracks (and islands) are chemically zoned18,19, with the
Seamount province having distinctly higher 208Pb/204Pb (Figs 1, 2)
and lower 143Nd/144Nd (Supplementary Fig. 1.1) for a given
206Pb/204Pb isotope ratio compared with the Cocos and Coiba ridges.

Radiogenic isotope ratios, which are not fractionated by physical
processes such as partial melting and magma differentiation, can be
used as tracers to determine the sources contributing to arc magma-
tism. Along the volcanic front from central Costa Rica to northwes-
tern Nicaragua, Nd isotope ratios increase and Pb isotope ratios
decrease continuously (Fig. 2a, b). 206Pb/204Pb and 208Pb/204Pb
isotope data from the volcanic-front rocks also form an excellent
linear correlation (R25 0.997; Fig. 2c). Although normal arc mag-
matism ceased in the Late Miocene-Pliocene in southern Costa Rica
and western Panama, Pliocene-Quaternary adakitic/alkalic volcanic
rocks are widely distributed but volumetrically insignificant3,20,21.
Lead isotope data from these rocks also form an excellent linear
correlation (R25 0.976) below, but sub-parallel to, the trend formed

by volcanic-front rocks. The highest Pb isotope ratios in the arc rocks
occur in the areas situated above the subducting hotspot track, also
characterized by radiogenic Pb.

At least three endmembers are required to explain the Pb and Nd
isotope data of theNicaraguan toPanamanian volcanic rocks (see also
Supplementary Fig. 1.1). The northwestern Nicaraguan endmember
with unradiogenic Pb and radiogenic Nd reflects addition to the
depletedmantle wedge of a slab fluid that contains Pb primarily from
the subducting crust (as represented by samples from a subducting
seamount) (Figs 1, 2). The southern Costa Rica/Panama endmember
with radiogenic Pb but intermediate 208Pb/204Pb and 143Nd/144Nd
could be derived from the subducting Cocos/Coiba ridges3 and/or
eroded fore-arc igneous complexes4, consisting of CLIP basement
and accreted early Cenozoic Galapagos seamounts22–24. The only
source with the appropriate Pb (radiogenic Pb and high
208Pb/204Pb) and Nd isotopic composition to derive the central
Costa Rica endmember is the Seamount province subducting beneath
central Costa Rica. Other potential sources for Pb and Nd, such as
tectonically eroded Costa Rica fore-arc4 and input of Galapagos
hotspot mantle through a slab window3 (which would be expected
to have a composition similar to the voluminous Cocos/Coiba
ridges—representing the primary composition of the Galapagos
plume), have isotopic compositions distinct from the Seamount
province and thus cannot explain the observed mixing trends.

If the Galapagos seamount slab component has melt-like pro-
perties (is a supercritical fluid/hydrous melt), it could readily
transport rare-earth elements (for example, La, Nd) and high-field-
strength elements (for example, Nb), consistent with the decrease
in La/Yb and increase in Ba/La, U/Th and Ba/Th observed in the
volcanic-front lavas from central Costa Rica to northwestern
Nicaragua2,25,26 (see Supplementary Information Section 1 for the
role of subducted sediments). The transition from a dominantly
fluid-like slab component beneath Nicaragua to melt-like slab
components in Costa Rica and Panama may be related to the influx
of hot mantle through a slab window in the south3.
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Figure 2 | Systematic variation in lead and neodymium isotopic
composition along the volcanic front from Costa Rica to northwest
Nicaragua indicates northwestward flow of mantle wedge material.
a, b, Isotope ratios, 143Nd/144Nd (a) and 208Pb/204Pb (b), show systematic
trends along the arc that indicate mixing of mantle wedge enriched with
melts from the subducting Galapagos hotspot Seamount province with
mantle wedge enriched with hydrous fluids from the ocean crust subducting
beneath Nicaragua. In c, Quaternary volcanic front (VF) lavas from
Nicaragua and Costa Rica form an excellent linear correlation (longer solid
grey line, R25 0.997) on the thorogenic Pb isotope diagram. Late Pliocene-
Quaternary rear- and back-arc alkalic lavas in northeastern Costa Rica
overlap in composition with Costa Rica volcanic-front lavas but extend to
more radiogenic compositions, consistent with a greater contribution from a
melt-like slab component. Low volume, scattered Pliocene-Quaternary
mafic adakites and alkali basalts from southern Costa Rica and western
Panama, where there has been no volcanic-front volcanism since the Late
Miocene, form a distinct linear array (shorter solid grey line, R25 0.976)
below but subparallel to the volcanic-front lavas, having lower 208Pb/204Pb
for a given 206Pb/204Pb isotope ratio. Whereas the adakites may represent
direct melts of subducted Galapagos rocks, the alkali basalts most probably
reflect interaction between carbon-rich fluids/melts from Galapagos
material and the overlying mantle wedge. The difference in Pb isotopic
composition between the Pliocene-Quaternary central Costa Rica and the
southern Costa Rica/western Panama lavas correlates closely with the
boundary between the subducting Seamount province and Cocos/Coiba
ridges of the chemically zoned Galapagos hotspot track. The subducting
Seamount province and the Cocos/Coiba ridges, which have distinct Pb and
Nd (Supplementary Fig. 1.1) isotopic compositions18,19, could serve as the
endmembers necessary for generating the distinct isotopic compositions of
the central Costa Rica and southern Costa Rica/western Panama lavas,
respectively. Fields for (1) fore-arc igneous terranes, which includes CLIP
basement from Costa Rica and Panama22,23,25 and (2) sediments and ocean
crust subducting beneath Nicaragua1,19 are also shown. All errors are
reported as 2s of the mean.
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to northwestern Costa Rica, whereas crust formed at the Cocos-
Nazca spreading centre (CNS) with the Galapagos hotspot track on
it subducts beneath central Costa Rica to Panama. The Galapagos
hotspot tracks (and islands) are chemically zoned18,19, with the
Seamount province having distinctly higher 208Pb/204Pb (Figs 1, 2)
and lower 143Nd/144Nd (Supplementary Fig. 1.1) for a given
206Pb/204Pb isotope ratio compared with the Cocos and Coiba ridges.

Radiogenic isotope ratios, which are not fractionated by physical
processes such as partial melting and magma differentiation, can be
used as tracers to determine the sources contributing to arc magma-
tism. Along the volcanic front from central Costa Rica to northwes-
tern Nicaragua, Nd isotope ratios increase and Pb isotope ratios
decrease continuously (Fig. 2a, b). 206Pb/204Pb and 208Pb/204Pb
isotope data from the volcanic-front rocks also form an excellent
linear correlation (R25 0.997; Fig. 2c). Although normal arc mag-
matism ceased in the Late Miocene-Pliocene in southern Costa Rica
and western Panama, Pliocene-Quaternary adakitic/alkalic volcanic
rocks are widely distributed but volumetrically insignificant3,20,21.
Lead isotope data from these rocks also form an excellent linear
correlation (R25 0.976) below, but sub-parallel to, the trend formed

by volcanic-front rocks. The highest Pb isotope ratios in the arc rocks
occur in the areas situated above the subducting hotspot track, also
characterized by radiogenic Pb.

At least three endmembers are required to explain the Pb and Nd
isotope data of theNicaraguan toPanamanian volcanic rocks (see also
Supplementary Fig. 1.1). The northwestern Nicaraguan endmember
with unradiogenic Pb and radiogenic Nd reflects addition to the
depletedmantle wedge of a slab fluid that contains Pb primarily from
the subducting crust (as represented by samples from a subducting
seamount) (Figs 1, 2). The southern Costa Rica/Panama endmember
with radiogenic Pb but intermediate 208Pb/204Pb and 143Nd/144Nd
could be derived from the subducting Cocos/Coiba ridges3 and/or
eroded fore-arc igneous complexes4, consisting of CLIP basement
and accreted early Cenozoic Galapagos seamounts22–24. The only
source with the appropriate Pb (radiogenic Pb and high
208Pb/204Pb) and Nd isotopic composition to derive the central
Costa Rica endmember is the Seamount province subducting beneath
central Costa Rica. Other potential sources for Pb and Nd, such as
tectonically eroded Costa Rica fore-arc4 and input of Galapagos
hotspot mantle through a slab window3 (which would be expected
to have a composition similar to the voluminous Cocos/Coiba
ridges—representing the primary composition of the Galapagos
plume), have isotopic compositions distinct from the Seamount
province and thus cannot explain the observed mixing trends.

If the Galapagos seamount slab component has melt-like pro-
perties (is a supercritical fluid/hydrous melt), it could readily
transport rare-earth elements (for example, La, Nd) and high-field-
strength elements (for example, Nb), consistent with the decrease
in La/Yb and increase in Ba/La, U/Th and Ba/Th observed in the
volcanic-front lavas from central Costa Rica to northwestern
Nicaragua2,25,26 (see Supplementary Information Section 1 for the
role of subducted sediments). The transition from a dominantly
fluid-like slab component beneath Nicaragua to melt-like slab
components in Costa Rica and Panama may be related to the influx
of hot mantle through a slab window in the south3.
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Figure 2 | Systematic variation in lead and neodymium isotopic
composition along the volcanic front from Costa Rica to northwest
Nicaragua indicates northwestward flow of mantle wedge material.
a, b, Isotope ratios, 143Nd/144Nd (a) and 208Pb/204Pb (b), show systematic
trends along the arc that indicate mixing of mantle wedge enriched with
melts from the subducting Galapagos hotspot Seamount province with
mantle wedge enriched with hydrous fluids from the ocean crust subducting
beneath Nicaragua. In c, Quaternary volcanic front (VF) lavas from
Nicaragua and Costa Rica form an excellent linear correlation (longer solid
grey line, R25 0.997) on the thorogenic Pb isotope diagram. Late Pliocene-
Quaternary rear- and back-arc alkalic lavas in northeastern Costa Rica
overlap in composition with Costa Rica volcanic-front lavas but extend to
more radiogenic compositions, consistent with a greater contribution from a
melt-like slab component. Low volume, scattered Pliocene-Quaternary
mafic adakites and alkali basalts from southern Costa Rica and western
Panama, where there has been no volcanic-front volcanism since the Late
Miocene, form a distinct linear array (shorter solid grey line, R25 0.976)
below but subparallel to the volcanic-front lavas, having lower 208Pb/204Pb
for a given 206Pb/204Pb isotope ratio. Whereas the adakites may represent
direct melts of subducted Galapagos rocks, the alkali basalts most probably
reflect interaction between carbon-rich fluids/melts from Galapagos
material and the overlying mantle wedge. The difference in Pb isotopic
composition between the Pliocene-Quaternary central Costa Rica and the
southern Costa Rica/western Panama lavas correlates closely with the
boundary between the subducting Seamount province and Cocos/Coiba
ridges of the chemically zoned Galapagos hotspot track. The subducting
Seamount province and the Cocos/Coiba ridges, which have distinct Pb and
Nd (Supplementary Fig. 1.1) isotopic compositions18,19, could serve as the
endmembers necessary for generating the distinct isotopic compositions of
the central Costa Rica and southern Costa Rica/western Panama lavas,
respectively. Fields for (1) fore-arc igneous terranes, which includes CLIP
basement from Costa Rica and Panama22,23,25 and (2) sediments and ocean
crust subducting beneath Nicaragua1,19 are also shown. All errors are
reported as 2s of the mean.
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http://graphics.cs.ucdavis.edu/~okreylos/ResDev/KeckCAVES/Pictures.html

Kellogg et al. (2008) Pure and Applied Geophysics, 165 (3-4), p. 621-633
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Immersion:  To Conceptualize, Explore, and Query (HT Wall) 

3DALIVE, Monash University, Australia



3D Interactive:  To Conceptualize, Explore, and Query (3DTV) 

Interactive 3D System, Brown University
& UB Geodynamics Research and 
Visualization Lab, Cooke Hall



Plate Tectonics and Deformation at Plate Boundaries
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Plate Tectonics and Locations of Great Earthquakes

Haynie and Jadamec, 2019, To be Submitted Science



Away from subduction zones, the surface motion of oceanic plates 
is well correlated with the fast axis of seismic anisotropy implying
coupling between the plates and mantle (assuming A type fabric in olivine)

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)

Peyton et al., GRL 2001                    Abt et al., JGR 2010            Hanna and Long, Tect. 2012

Plate Mantle-(de)coupling & Is Complex Flow Common?
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• Outer layer of Earth composed of ~ 15 plates (~150 km thick)
• Plates in motion with respect to one another
• Approximate long-term def. Earth as highly viscous fluid (~1020 Pa s)
• Subduction zones occur at convergent plate margins where

one plate descends beneath another plate into the viscous mantle
• Deformation concentrated at the plate boundaries

Plate Tectonics: Subduction at Convergent Boundary

http://www.usgs.gov


