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Preface 

 

This document constitutes our Annual Report and Strategic Plan. During this final year of 

the Cooperative Agreement for CIG, the committee structure worked somewhat 

differently in terms of planning and assessment. In fact, the level of planning and 

evaluation has been much more intense as CIG has planned for the future, i.e. a CIG-II 

program. Consequently this document is a bit different from the documents that we have 

previously submitted annually. 

 

This Annual Report provides an overview of CIG over the last several years, while 

outlining our plan for the next five years of CIG-II that would be funded under a new 

project run from the University of California, Davis. It has been derived from the 

proposal submitted to the NSF in July. Our Proposal Writing Committee prepared much 

of the first section of this document. The succeeding sections provide more details on the 

software, workshops, and training sessions that were organized or co-supported by CIG. 

The document concludes with a list of papers written by the community on scientific 

results that were in some way facilitated by the CIG infrastructure. 

 

In addition to the material provided in this report, the following link takes you to an 

extensive set of abstracts submitted by the community describing research that has been 

made possible by CIG:  

http://geodynamics.org/cig/proposalsndocs/blogs/cig2-proposal/cig-book-a.pdf 
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1 Introduction
Scientific computation has played an essential role in solid Earth geosciences since the plate-
tectonics revolution. Quantitative numerical models provide a critical link between physical and
chemical observations at Earth’s surface and dynamic processes in the interior, including convec-
tion in Earth’s mantle and core, plate tectonics, and the dynamics of plate boundaries with their
attendant mountain building, volcanism and earthquakes. With increases in computational power
and sophistication of algorithms, solid Earth geoscience has seen a proliferation of powerful and
predictive models for all of these problems. However, as in many fields, codes developed for
research reflect the specific interests of the individual developer/investigator and are often not in-
tended for general use, with associated documentation or technical support. More critically, the
research codes are usually not designed to be scalable, interoperable, or have reusable components,
making it extremely difficult to extract or combine the best features of these models to leverage
algorithmic advances or explore the fundamental interactions between the different Earth systems.
Such coupled, interdisciplinary problems are clearly becoming the focus of research in solid Earth
geodynamics. Examples include the influence of mantle convection on the geodynamo, the interac-
tion of the lithosphere, plate boundaries and the deeper mantle (e.g., Figure 1), the role of fluids in
lithospheric deformation, and evolution of the planet. Examples of such problems and their com-
putational requirements are discussed in detail in Section 3. To improve our understanding of these
problems, and provide better integration with observations, requires a new level of coordination in
software development and design.

In response to the existing computational environment, the Computational Infrastructure for
Geodynamics (CIG) was established in 2004 with funding from NSF as a community-driven part-
nership between Solid-Earth Science and Computational Science. The role of CIG is to facili-
tate scientific discovery by providing computational infrastructure to the geoscience community,
with development directions guided by community-defined transformative research questions and
a software engineering philosophy that maintains the flexibility needed for scientists to pursue in-
dividual avenues of scientific enquiry. Specifically, CIG provides advanced computational tools,
along with the associated training and education, to a broad community of users and developers
to enable them to more effectively explore and understand the dynamics of our planet. From its
inception, the long-term vision of CIG has been to develop interoperable, free, open-source com-
putational tools that support the development of models of coupled Earth systems by individual re-
search groups. In 2010, CIG will move to the University of California, Davis, under the leadership
of Louise Kellogg. Director-Designate Kellogg has been involved with CIG since its beginning.
The move provides an opportunity to add additional expertise in both the computational sciences
and the geosciences. We intend to continue CIG’s effort to help engineer a new generation of
numerical modeling software and associated computational tools, training, community building,
and technical support that enable researchers to meet the most pressing scientific challenges in
geodynamics.

The long-range vision of interoperable, open-source tools is driven by the specific computa-
tional and scientific needs of a wide range of geodynamics subdisciplines, including computational
seismology, mantle convection, magma dynamics, short-term and long-term lithospheric deforma-
tion and the geodynamo. CIG has supported these disciplines with a suite of codes and a broad
range of scientific, training and educational workshops. Specific accomplishments are detailed in
Section 2 and include nine principal codes that are documented, supported, and developed using
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modern software engineering methods (e.g., version control, regression testing, and support for
multiple platforms). CIG has also played a role in the development of several experimental codes
for multiphysics and multiscale problems.

The suite of CIG codes ranges from established geodynamics codes (e.g. [1, 2]) to completely
new developments built on advanced computational libraries (e.g., [3, 4]). Both are necessary to
facilitate benchmarking of each capability of the codes, aand to provide users the flexibility to de-
fine their own research directions. An initial emphasis was given to specific sub-disciplines, such
as Mantle Convection or Seismic Wave Propagation, because these projects were well-defined and
afforded critical experience in developing and supporting complex codes for a diverse commu-
nity. This work, however, emphasized that to make further progress and enable exploration of
problems at the intersections of the disciplines, requires a more flexible code infrastructure that
exploits common components and overlapping interests of the various communities. CIG uses a
community-based approach to guide development of models and and to promote integration of
observations. Forward models, including geodynamics codes developed and supported by CIG,
are increasingly used as a tool to retrieve information and gain insight from data. CIG codes and
activities have been developed to aid and complement a wide range of other solid Earth commu-
nity activities, including IRIS [5], EarthScope [6], MARGINS [7], SCEC [8], COMPRES [9], and
CIDER [10].

In its first five years, CIG has facilitated new scientific insights in the geosciences by providing
well-engineered codes and techniques for use by researchers, and has fostered an interdisciplinary
community of geophysicists and computational scientists who are working together towards new
methods for computational geophysics. At the same time, major initiatives in the solid Earth sci-
ences such as EarthScope, MARGINS, and COMPRES, are providing new data and insights into
Earth’s interior. These wide ranging activities are opening up new scientific questions, at the same
time that new opportunities are emerging for advancing computational geophysics. These new
scientific frontiers require well-engineered, tested codes that are readily usable by the scientific
community, and require a geoscience community that is prepared to use state-of-the-art computa-
tional methods. The objective of CIG is to facilitate scientific progress through development and
dissemination of such codes and techniques beyond the level that is usually possible through single
investigator grants or small collaborations.

In the remainder of this proposal, we review the current state and accomplishments of CIG
(Section 2) and emphasize the outstanding scientific problems in geodynamics and their attendant
computational challenges (Section 3). We then review critical advances in computational science
that enable progress on attacking these problems (Section 4). The final sections describe a concrete
set of plans and a revised CIG management structure that builds on our current experience to deliver
the next generation of computational tools for Solid Earth Dynamics.

2 CIG accomplishments
This section first summarizes the principal activities of CIG to date before we discuss outstanding
scientific and computational problems that CIG hopes to help facilitate in the future. Section 5
will emphasize the important lessons learned from our initial experience that we feel are critical
for future progress.

2



Figure 1: Examples of computations and data available to help us understand solid earth dynamics at a range
of scales. In this case, the dynamics of plate boundary processes and their interaction with global mantle
flow. RIGHT PANEL: Example output of computational codes for global mantle convection (CitcomS), mid-
ocean ridge flow with melting and melt transport [11], crustal scale magma injection and faulting (Gale),
and small scale reactive melt channel formation [12]. Each model was designed to consider a particular scale
or set of processes. The challenge is how to permit users to combine these models, as needed, to explore the
dynamics of the coupled interactions and use them to make inferences from geophysical and geochemical
data. LEFT PANEL: Example data used to test and drive models, including seismic waveforms (SPECFEM),
plate reconstructions (GPlates), and geochemistry (PetDB).

CIG can claim many accomplishments over the last four and a half years. We have accelerated
development of new, well-tested and documented software, enabled innovative science, and trained
members of the community including early-career scientists, graduate students, and postdocs. In
turn, these changes have strengthened the Earth sciences as a whole. Through the application
of modern software engineering techniques, concentrated development, and much closer links to
Computational Science, CIG has helped transform the way computational software is developed
and maintained by the U.S. geodynamics community. We have completed a detailed self-evaluation
of CIG activities since its inception in September of 2004. The documentation collected for this
self-evaluation are contained in a report EXPANDING COMPUTATIONAL INFRASTRUCTURE: THE
FIRST FIVE YEARS OF CIG, which we include as a Supplementary Document. Here we briefly
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Figure 2: Three-dimensional viscoelastic model of southern California deformation over 15k years from
earthquakes on 58 faults, solved with PyLith from work by C. Williams (formerly at RPI). Vectors and
shading show horizontal and vertical motion relative to the central United States for 10 years spanning the
magnitude 7.9 1857 earthquake on the San Andreas fault. Fault geometry from the Southern California
Earthquake Center (SCEC) Community Fault Model and elastic physical properties from the SCEC Com-
munity Velocity Model.

summarize the principal results.
CIG has developed, released, enhanced, and maintained nine principle software packages, in-

cluding four major codes described in some detail below, for the solution of mantle convection,
seismic wave propagation, and tectonic problems. CitcomS (for mantle convection) and SPECFEM
(for wave propagation) provide a powerful open-source community infrastructure for the solution
of both regional and global problems with the most recent releases allowing the seamless transfer
of data between these two codes. All of these capabilities are available through a Science Gateway
on the NSF TERAGRID. Although both codes were inherited from prior efforts, they have become
community codes through the efforts of CIG. Prior to the establishment of CIG, CitcomS had many
different development lines in the community with little coordination and no oversight. We now
maintain a single documented version through a centralized repository. We also promoted the use
of SPECFEM, which was not available under an open source agreement before CIG. We devel-
oped and released two new finite-element packages for the solution of long-term and seismic-cycle
tectonic problems (Fig. 2), Gale and PyLith, respectively, that bring new, open-source function-
ality to the U.S. community. Software development activities are now underway that promise to
dramatically increase the range of resolvable scales in geodynamic calculations through the use of
Adaptive Mesh Refinement (AMR).

Through these software releases, CIG has facilitated a wide range of scientific activities, as
detailed in the 66 brief abstracts in the Supplementary Documents. Research using CIG software
has, for example, focused on enabling direct links between mantle convection and seismic obser-
vations, mineral physics, Earth tides and gravity, and observations of surface vertical motions and
sea level change as well as elucidating the dynamics of plate tectonics, subduction, plumes, and the
interior of other planets. Our software has been used to improve images of Earth’s interior through
adjoint tomography (Fig. 3), directly test tomographic models with seismic waveforms, and im-
prove and automate moment tensor inversions of earthquakes. It has also been used in some of the
first three-dimensional models of the initiation and growth of faults in extensional tectonic envi-
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Figure 3: Improvement in tomographic images of the crust afforded by full waveform seismic tomography
through forward and adjoint SPECFEM simulations. (a) Geometry and initial, intermediate and final shear
wave anomalies after 16 full waveform inversion iterations. (b) Initial, intermediate and final predicted and
actual waveforms. From Tape et al. [13].

Figure 4: Dynamic model of a landslide undergoing failure with deformation localized on a dominant
slip plane as a function of time. This was an unanticipated application of SNAC for surface-process studies
(from C. Stark, LDEO [14]). SNAC was originally designed for larger-scale geodynamic problems involving
elasto-viscoplastic deformation of the whole crust and lithosphere using the same software framework and
components used in Gale.

ronments. CIG software has facilitated studies of the interplay of crustal extension and melting,
hill slope failure (Fig. 4) and surface inflation associated with volcanic intrusion.

CIG applies modern software engineering to the codes it develops and supports by using good
software design practices, including automated build and test procedures, development and use of
benchmarks and test cases, and by providing documentation of codes. The software repository and
attendant web site (http://geodynamics.org) are central to facilitating collaboration and shar-
ing validated open-source software. We primarily use a single, open repository for developer and
community use, a bug-tracking database to allow developers and external participants to register
and comment on bugs or request new functionality, and support list-servs for each sub-discipline,
and editable Web pages for community input.

CIG has facilitated much stronger, mutually beneficial links between earth sciences and com-
putational sciences. The earth sciences have benefited computational scientists by providing the
context to push the envelope of methods that had previously been developed on idealized prob-
lems. Real-world applications in geodynamics, with all their practical intricacies such as strongly
inhomogenous or anisotropic coefficients and geometries, provide an important testbed for new
methods. Conversely, the earth sciences have benefited from computational sciences by adopting
and using well-tested and innovative software and computational practices. As examples of this
interaction, we mention the development of the PETSc package Sieve, which allows much greater
flexibility in the storage and manipulation of finite-element objects on a parallel computer. This
package is now a core component of PyLith for simulations of the complete earthquake cycle.
Likewise, our research with the Institute of Computational Sciences and Engineering (ICES) at
the University of Texas at Austin has allowed the largest, most efficient scaling of Adaptive Mesh
Refinement on a massively parallel computer [15]; global simulations of mantle convection with
individual faulted plate boundaries that resolve features at 1-km scales will be within reach this
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Figure 5: Mantle convection with yielding using Adaptive Mesh Refinement using the Rhea code developed
in collaboration between the University of Texas at Austin and CIG. Top: Temperature isosurfaces. Bottom:
Horizontal and vertical slices of temperature showing that grid refinement follows the temperature gradient.
The finest grid has a resolution of approximately 1.5 km. From Burstedde et al. [15].

year (Fig. 5). Our collaboration with the developers of deal.II at Texas A&M University are giving
us much greater flexibility as we push the envelope on multiscale models of plate boundaries with
AMR. Furthermore, being part of the Center for Advanced Computer Research (CACR) at Caltech
has allowed CIG to deploy and maintain our software with the most advanced tools in software
engineering. The upcoming move of CIG headquarters to the University of California, Davis, will
provide new opportunities for collaboration with computational scientists, applied mathematicians,
and computer scientists at UC Davis, Lawrence Berkeley National Lab, and Lawrence Livermore
National Lab, bringing additional expertise on numerical methods, scientific visualization, and
high-performance computing.

The broader impacts of CIG have been enhanced by nearly two dozen workshops and training
sessions we have organized since mid-2005 (see Supplementary Material). Some of these work-
shops have focused on specific technical and scientific questions, such as the 2005 workshop on
Compressible Mantle Convection or the 2007 workshop on Adaptive Mesh Refinement, which are
essential for accelerated progress in geodynamics. Other workshops have been decidedly inter-
disciplinary, actively building new bridges with other areas of computational science (such as the
2006 Austin and 2008 Santa Fe workshops). Training sessions, such as those at the EarthScope and
IRIS national meetings and at the CIDER 2008 summer tutorial, have educated new users, includ-
ing early career scientists, in the use of the community software. Of the more than 900 participants
in CIG workshops and training, more than 400 have been been graduate students or postdoctoral
scholars. We believe that these workshops have strengthened the technical sophistication of the
U.S. Earth science community and helped prepare the next generation of geodynamics researchers
to use state-of-the-art numerical methods. Workshops, training sessions and other community
building mechanisms are essential to the success of CIG.
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Figure 6: Sketch of the lithosphere-mantle system with key components labeled.

3 Outstanding Scientific and Computational Goals
During its initial phase, CIG has gained significant expertise in developing and supporting ad-
vanced computational tools for a diverse community of users and developers. Nevertheless, the
number of important and compelling scientific problems that would clearly benefit from a continu-
ing, coordinated effort of software design, implementation and support on behalf of the geodynam-
ics community has not diminished. CIG’s effort will balance providing the functionality available
in the current codes, while developing and supporting the next generation of computational tools
and codes that will enable individual researchers to more readily explore more advanced problems.
This section highlights examples from across the sub-disciplines that have emerged as focus ar-
eas from a multi-year planning process. This process included input from both Earth Science and
Computational Science communities through a series of business meetings, on-line discussions at
http://geodynamics.org, and workshops, the most recent being the 2009 planning workshop,
Opportunities and Challenges in Computational Geophysics in Pasadena, CA.

A common theme among these scientific problems is the need to understand the couplings and
interactions between the fundamental subsystems. Examples include coupling between mantle
convection and plates, plate boundary dynamics with magmatism and brittle deformation, fault in-
teraction, coupling between core and mantle convection, and better integration of observations and
geodynamic models. Figures 1 and 6 show some schematic examples, with Figure 6 labeling some
of the major tectonic features and processes. Leveraging the common mathematical and compu-
tational components shared by many of these problems into reusable and interoperable modules
will require continued collaboration among Earth Scientists and Computational Scientists. CIG
is uniquely positioned to foster this dialog, and it is unlikely that such a unified design will arise
through the efforts of individual investigators.

The remainder of this section provides specific examples and outstanding questions that such
advanced codes could help address. Software developed by CIG will be guided by these and similar
questions. We also highlight the specific computational requirements and challenges inherent in
such codes.
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3.1 Global Scale Dynamics
The two largest scale dynamic systems in Earth’s interior are the convecting solid mantle (with
plate tectonics as an important surface manifestation) and the convecting liquid core responsible
for the geodynamo. These two systems operate on significantly different time scales, although
they are coupled by the exchange of heat, mass and momentum across the core-mantle boundary.
Fundamental questions remain about each system when taken in isolation; new challenges and
opportunities emerge when these two systems are permitted to interact.

3.1.1 Deep mantle dynamics and plate tectonics

The theory of plate tectonics is a kinematic description of plate movements at Earth’s surface and
provides a framework to understand seismicity, volcanism, and mountain building at the boundaries
between plates. However, the dynamic processes controlling plate tectonics are not understood:
We do not fully grasp the distribution of forces on plates, how this distribution changes with time,
and how it is linked to the gross thermal and chemical evolution of our planet. Computational
models of mantle convection provide a self-consistent perspective on the dynamical system that
drives plate tectonics and permit interpolation and extrapolation into time periods or regions where
observational coverage is poor or unavailable. Models also provide a framework for interpreting a
rich and diverse geological record. Models of mantle convection have considerable overlap with
studies of lithospheric dynamics, long-term tectonics, and the dynamics of faulting and seismoge-
nesis. Key questions identified by the scientific community that motivate the development of new
computational tools include the following:

Subduction: How is subduction initiated and what controls the dynamics of subduction zones?
Although computational models characterize how faulting in the seismogenic zone decouples the
subducting plate from the overriding plate, they do not adequately explain initiation of a subduc-
tion zone, controls on the size of the seismogenic zone, and the transition to localized, aseismic
deformation.

Origins of plate tectonics: When did plate tectonics start and what controls the secular changes
in plate tectonics? It remains unclear how mantle convection is linked to the formation and breakup
of super-continents, or how periods of enhanced mantle plume activity may influence plate tecton-
ics and core dynamics.

Hot spots: What controls the formation and stability of hot spots such as Hawaii and Iceland?
Given the poor seismological coverage of putative mantle plumes, theoretical tests of plume models
and their alternatives are central to resolving a variety of questions, such as the viability of the
“plume head and tail” model.

Stirring, melting and geochemical evolution: How does the stirring of Earth’s mantle, coupled
with melting, fractionation and transport at volcanic centers, control the geochemical evolution of
the mantle and crust and interactions with the core? Observations of geochemical variability pro-
vide one of the principal constraints on the long-term evolution of the mantle and core. However,
to infer dynamics from chemistry requires consistent computation of both large scale stirring and
small scale magmatic processes.

Seismic anisotropy and rheology: What controls the formation of seismic anisotropy and how
can we use observations of anisotropy to infer the flow fields in the mantle? The progressive defor-
mation of rocks creates seismically detectable crystal textures. Therefore, if seismic observations
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can be linked to experimental work through models of mantle convection, anisotropy can provide
fundamental constraints on the rheology and flow of Earth’s interior.

3.1.2 Core dynamics

Earth is unique among the terrestrial planets in that it has an internally generated magnetic field
and an active system of plate tectonics. Recent advances in our understanding of the core rein-
force the view that the mantle plays an important role in sustaining the magnetic field, primarily
by regulating heat flow from the core. Evidence suggests that fluctuations in mantle convection
are imprinted on the dynamics of the core and the resulting magnetic field. As a consequence,
geological estimates of magnetic reversal rates, magnetic intensity and the large-scale structure of
the field reveal the past dynamics of both the core and the mantle. However, our ability to interpret
this record is limited by shortcomings in the models we use to understand the dynamics.

Origin of fields: An overarching goal of research on core dynamics is to understand the origin
of Earth’s magnetic field. Persistent decay of the magnetic field requires some mechanism for
continual regeneration. Simulations of convection in the core have succeeded in generating large-
scale magnetic fields without constraints on the form of the flow or the field. Many of these models
predict dipole fields that are comparable in strength to Earth’s field, yet many basic questions
remain unanswered. How much energy is required to run a dynamo? What is the typical strength
of the magnetic field inside the core? How do magnetic reversals occur and what does the reversal
frequency tell us about interactions with the mantle? A resolution of these questions will rely on
improvements in the numerical models.

Core-mantle interactions: Long-term variations in the magnetic field over timescales of 107 to
108 years point to an influence from the mantle. Models of mantle convection that assimilate ge-
ological information could be used to drive core dynamics models with a spatially and temporally
varying heat flow at the core-mantle boundary. It is also possible for the core to exert an influence
on the mantle, possibly through the strong latitudinal dependence in the convective heat flow in
the core. Developing the capability to couple models of mantle and core dynamics opens new op-
portunities to synthesize diverse sets of observations. For example, predictions of field variations
from coupled models could be tested against the paleo-magnetic record to refine the dynamics of
both the mantle and the core.

3.2 Plate Boundary Scale Dynamics
Mantle convection provides the large-scale context for understanding solid-earth dynamics. In par-
ticular, the broad scale of convection is controlled by the presence of strong plates with extremely
weak, narrow boundaries. Understanding the dynamics at plate boundaries and its interaction
with large-scale mantle flow, requires computational tools that can introduce fluids (magma and/or
volatiles) into solids while allowing a wide range of mechanical behaviors (ductile or brittle).

3.2.1 Lithospheric-scale tectonics

Faults along plate boundaries form a main component of the broader dynamics of lithospheric
systems. Plates are properly viewed as a component of mantle convection. However, in many
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cases, the long-term (millions of years) evolution of the lithosphere can usefully be described with
a shallow mantle and crust focus. Key outstanding science questions include:

Fluids: What role do magmatic and hydrous fluids play in controlling the evolution of deform-
ing regions of the lithosphere? Recent laboratory studies demonstrate that the presence of melt
affects the strength of the lithosphere and hence the style of deformation. Consequently, models
should allow consistent coupling of solid deformation with melt transport.

Rheology: What is the rheological structure of the lithosphere? Tectonic deformation, as ob-
served at Earth’s surface, reflects plate motions and motion of the less viscous asthenosphere “fil-
tered” through the rheological response of the lithosphere. The strength of the upper and lower
crust relative to the upper mantle is thought to control the style of deformation and seismicity at
both inter- and intra-plate settings, but this expectation needs to be tested more thoroughly within
the context of large-scale models.

Memory: How does structural “memory” associated with previous faulting affect the initiation
of new plate boundaries and the fracture of continental and oceanic plates? This is relevant for
modeling subduction initiation and the thermal evolution of Earth throughout supercontinental
(Wilson) cycles.

Interconnections: To what degree are climate, tectonics and surface processes coupled? Such
interactions can influence the evolution of compressional orogens such as the Andes or the Hi-
malayas, where topography feeds into regional climate dynamics. Other examples include sedi-
mentary basins, where the interaction of faulting and surface processes can affect drainage patterns.
Simulations can quantify the conditions under which strong coupling between the surface and sub-
surface exists, and the extent to which regional climate change feeds into the style of deformation
in an orogen.

3.2.2 Fault system dynamics

Understanding fault dynamics and the time-dependent inelastic response of the crust and mantle
throughout the seismic cycle has immediate societal relevance through seismic hazard assessment.
Models are an essential component for forecasting long-term, and perhaps eventually, short-term
earthquake probabilities. Key outstanding science questions include:

Rheology: What physical processes control fault strength throughout the seismic cycle? Nu-
merous mechanisms have been proposed to explain certain features, but none of the current numer-
ical models provide satisfactory explanations for the apparent disparity between static and dynamic
strength, as well as extreme localization of dynamic slip.

Fluids: What role do fluids play in faulting? Fluids are thought to influence triggering of
earthquakes by dynamic stresses during the passage of seismic waves, episodes of creep transients
in subduction zones, and rapid weakening in dynamic slip. Simulations are needed to determine
the precise mechanisms and explain when they become important relative to other processes, such
as fracture on secondary faults and heat generation.

Memory: Is the spatio-temporal variation in earthquakes and crustal stress due to existing
geometrical heterogeneity of faults systems, or are they controlled by dynamic processes during
rupture? Models can be used to quantify the relative importance of the complex geometry of active
fault systems versus the local state of stress and dynamic processes on individual faults in assessing
seismic hazard.
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Interconnections: In what ways are earthquakes, the short time-scale manifestations of strain
localization and damage within a fault system, related to the larger scale formation and evolution
of plate boundaries? Resolving these issues will require simulations with a more comprehensive
description of plate boundary mechanics involving elasticity, fluid flow, magma dynamics, and in
some regions ice dynamics. Brittle and viscoelastic crustal deformation are also influenced by
hydrological processes (e.g., increased surface loads associated with filling man-made reservoirs)
and glacial isostatic adjustment (e.g., reduced surface loads associated with glacial retreat).

3.3 Integration with Observations
The ultimate goal of simulation is to constrain models by comparing computations with obser-
vations. Progress on the key science questions in geodynamics can therefore only be achieved
by combining geological, geochemical and geophysical observations with quantitative model pre-
dictions. Recently, several efforts at the national and international level have constructed new
geophysical observatories that provide a dramatic increase in the number and quality of obser-
vations. For example, EarthScope now provides data streams that reveal complex transient and
episodic deformation of the crust via continuous recordings from seismometers, borehole strain
meters and GPS receivers throughout the western United States. The continuous recordings from
seismometers also capture wave propagation through Earth’s upper mantle in a variety of tectonic
regimes. A key role of CIG is to help develop the computational tools that can use these, as well
as other geological, geochemical and geophysical observations, to infer information about Earth’s
structure.

3.3.1 Seismic imaging of Earth’s interior

Inversion of seismic waveforms has become an increasingly routine technique that provides an
order of magnitude increase in resolution of global seismic velocity, anisotropy, and attenuation
structure over more conventional approaches based on travel times. The range of applications
includes imaging Earth’s structure at global, regional and local scales, earthquake source region
characterization, hydrocarbon exploration, monitoring CO2 sequestration, subsurface waste and
groundwater management. In addition, seismic imaging is important because its results can be
cross-correlated with predictions of other codes to validate models or provide initial conditions.
Key questions that can be answered using advanced imaging techniques include:

Regional seismic investigations: What is the detailed structure of the lithosphere-asthenosphere
boundary, the upper mantle beneath subduction zones and rifts, secondary convection cells in the
upper mantle, and the zones surrounding descending slabs and ascending plumes? Combining
new imaging techniques with recently available seismic data streams will provide a substantial
improvement in the resolution of these structures.

Crust and mantle: How does the structure of rift and arc magmatic system evolve from their
points of origin in the mantle to their points of exit at the surface? Imaging these structures requires
inversion of generally non-overlapping seismic frequency bands via coupling of passive seismic
observations with higher resolution, regional crustal controlled-source observations.

Joint inversion: An ultimate goal of geodynamics is an internally consistent Earth model.
Constructing such a model will necessarily involve joint inversion of seismic data with other geo-
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physical (and geochemical) data through geodynamics models that capture both global and plate-
boundary scale dynamics.

3.3.2 Inverse problems

One of the central goals of geodynamic modeling and CIG is to enable the use of available data to
infer Earth’s properties through computational models. Seismic imaging is a special case of these
inverse problems in that it is possible to analytically differentiate outputs (synthetic seismograms)
with respect to inputs (seismic velocities and source locations). This is not commonly the case for
more indirect observations from GPS, geochemistry, or paleo-magnetism, which provide informa-
tion about plate velocities, magma composition, or magnetic field reversal frequencies. In such
cases Bayesian inversion offers an alternative approach at least for cases with a modest number
of parameters to be inferred. In this case codes only need to compute predictions of observable
quantities for arbitrary input models. However, this capability requires that programs (e.g., forward
models) are written in a way so that they can be run as subroutines of optimization algorithms.

3.4 Common Computational Requirements and Challenges
While the scientific problems addressed by CIG have a very broad scope, many of them share com-
mon computational requirements and challenges. With good software engineering and a concerted
collaboration between Earth Scientists and Computational Scientists, it will be possible to design
geodynamics codes comprised of reusable and interoperable components that can be applied to a
wide range of problems. It should be stressed that we are not proposing to develop a monolithic
code. Rather, CIG recognizes that advances in computational methods and libraries facilitate de-
veloping a suite of more flexible codes that share common components, providing the advantage
of addressing a much wider range of problems with the same computational tools. However, some
problems are not amenable to this approach, and CIG will continue to explore the most fruitful
code design that is driven by the scientific needs of the geodynamics community through close and
ongoing collaboration between earth scientists and computational scientists and engineers.

Mantle convection and lithospheric deformation provide example problems where coordinated
design and development could pay off. Both problems require robust, scalable Stokes solvers that
can handle an overlapping range of spatially variable and often nonlinear solid rheologies. Addi-
tionally, they need multi-scale methods to resolve boundary layers, plate boundaries and emergent
shear zones resulting from plasticity. The mantle convection and lithospheric deformation commu-
nities are also both interested in the role of fluids and magma in modifying solid-state deformation.
Because most commonly used formulations for magma migration are extensions of Stokes flow, it
makes sense to extend the next generation of mantle and lithospheric codes to include magma dy-
namics. Thus, we envision building both mantle convection and lithospheric deformations models
on a common computational toolkit.

Fault and earthquake dynamics also have considerable need for multi-scale, multi-physics
methods. However, in contrast to mantle convection and lithospheric deformation, these problems
are dominated by brittle and anelastic deformation with slip across complex, intersecting, nonpla-
nar fault surfaces. Unstructured discretization schemes (e.g., unstructured tetrahedral meshes) are
often the most practical approach for these problems, and CIG has developed efficient methods
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supporting parallel, unstructured finite-element meshes (Sieve). In developing the next genera-
tion of codes for earthquake dynamics, it is unclear whether alternative implementations of slip
on nonplanar fault surfaces will enable application of the multi-scale and multi-physics methods
developed for mantle convection and lithospheric deformation, or whether these problems will
require approaches tailored to unstructured discretizations.

Likewise, while seismic wave propagation is an explicit and linear forward problem, it also
benefits from efficient, multi-scale mesh generation. Analysis of wave propagation for Earth mod-
els produced by geodynamic models requires stable projection schemes for mapping physical and
seismic properties to different finite element spaces. Furthermore, seismic imaging has signifi-
cantly advanced in recent years with the use of adjoint methods in waveform tomography. Such
methods may be applicable to more general geodynamic inverse problems.

Geodynamo models present particularly difficult multi-scale computational challenges arising
from the vast range of spatial and temporal scales that must be resolved for realistic values of
viscosity and other physical properties. Improved discretization techniques are needed to alleviate
the obstacles associated with spectral techniques, which impose tight constraints on the structure
of the grid and are not well suited to massively parallel computations. Geodynamo models also
require stable-time stepping schemes for integrating over time scales spanning several orders of
magnitude. Experience gained in developing multi-scale methods for other geodynamic codes
may open new avenues for applying multi-scale techniques to geodynamo models.

4 Emerging Computational Methodologies
The scientific and computational goals outlined in the previous section are ambitious; however,
we believe important and continuing developments in computation put these goals within reach.
Through interaction between geophysicists and computational scientists, CIG has already success-
fully applied current computational science methodologies and software practices to geodynamics,
with codes using state-of-the-art numerical algorithms as well as more established methods. In
particular, all newly developed software is built on widely-used, well-tested and extensively docu-
mented software packages. All of CIG’s codes undergo extensive testing to guarantee and maintain
software quality.

CIG will continue to build applications based on well-established methodologies and software
packages, although some of these methods may not have previously been applied to geodynamics
problems. We will ensure that our codes are developed using or permitting future integration with
the following modern and emerging methodologies:

Adaptive mesh refinement (AMR). By refining meshes only where necessary to resolve fea-
tures of the solution, AMR has been shown in a variety of disciplines to enable solution of problems
that are intractable with uniformly refined or a priori generated meshes. Today, AMR support is
available through a number of packages such as deal.II (developed at Texas A&M and the recipient
of the prestigious J. H. Wilkinson Prize for Numerical Software) for which a suite of geodynamics
applications is already available; Sieve (the foundation of CIG’s PyLith code); or the massively
parallel Rhea mantle convection code developed in association with CIG. CIG has consistently
identified AMR as an important technology for advancing geodynamics codes, and it will play a
significant role of future software development in CIG.
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Adjoints and inversion. The computation of adjoint solutions plays a crucial role in most inver-
sion and data assimilation techniques, and can also be used in error control and mesh refinement
methods. Since all relevant geodynamics problems are time dependent, the ability to solve ad-
joint problems requires storage and retrieval of forward solutions as well as solving linearized
backward-in-time equations. For nonlinear problems, this capability is difficult to retrofit and will,
therefore, be part of initial designs of future codes. Since the ultimate aim of most of geodynamics
computing is understanding (inverting) or matching (assimilating) observed behavior, we consider
adjoint solvers a crucial technology.

Where differentiation of outputs with respect to inputs is not possible (see Section 3.3.2), we
will ensure that codes can be used in a Bayesian inversion framework [16, 17] by allowing codes
to run as subroutines of Monte Carlo model parameter generators, and to postprocess solutions for
arbitrary observables.

Multiphysics coupling. Many of the applications we ultimately want to consider in geodynam-
ics require the interaction of different physical processes across a broad range of temporal and
spatial scales. Examples include bringing thermodynamics into mantle convection solvers and
considering the flow of melt and other fluids in long-term deformation solvers. Furthermore, the
grand challenge problems of coupling codes from entire areas such as mantle convection and plate
motion; core dynamics and mantle convection; or seismics and mantle convection involve multi-
physics coupling.

To simultaneously solve these disparate problems we will use techniques from multiphysics
approaches that have matured over the past decade. This includes, among others, physics-based
preconditioners, multiscale time integrators, and stable projection schemes at interfaces between
different physical regions. We will also use libraries like FEniCS [18] or deal.II [19, 20] that
make defining the combined semilinear forms of coupled problems much simpler, as well as offer
significant support to develop physics-based and other blocked preconditioners.

Scientific visualization. To date CIG has focussed on providing software for geodynamics mod-
eling; however, as models become larger and more complex there is an emerging need for tools
that enable more rapid construction and interpretation of the resulting data. By using open-source,
platform-independent methods for interactive visualization of 3D data such as 3DVisualizer [21],
Visit [22] or Paraview [23] that are built on flexible, extendable interfaces such as VRUI [24] or
VTK [25], CIG will enhance the value to researchers and students of geodynamics codes.

Reliance on existing packages. CIG has fared well in its reliance on existing packages for
common components of its software. It allows us to share software development, testing, doc-
umentation, and training resources with other communities. Equally importantly, we share in the
experience of what numerical methods work well. As a consequence, we will continue to base
our software on packages like PETSc, Trilinos, hypre (for parallel linear algebra, solvers, and pre-
conditioners), StGermain, deal.II or FEniCS (for discretizations and numerical methods) for most
things not particular to geodynamics. CIG however, always remains open to new methods and
approaches that can be demonstrated to meet community needs.

14



Trends in parallel, distributed and heterogeneous computing. It is clear that large-scale com-
puting is currently moving into new directions with the integration of many compute cores on sin-
gle chips and the availability of graphic processing units (GPUs) to augment the compute power
of main processors. As a large-scale user of parallel computing, CIG will need to address the
resulting challenges for its software.

In keeping with our philosophy of using proven technology, we do not intend to rewrite our soft-
ware for individual architectures. However, we will closely follow the various standards that are be-
ing defined around these new programming paradigms (for example OpenMP [26], OpenCL [27],
or CUDA [28]) as well as platform-independent support libraries such as the Threading Building
Blocks [29, 30]. We will use these technologies on a case by case basis, depending on the suit-
ability of our applications for a certain kind of hardware and when we deem the software layer
that supports this hardware to be sufficiently mature, interoperable between different systems, and
stable with regard to future hardware developments. We will also be able to share in the expertise
we receive through libraries like PETSc, Trilinos, or deal.II that face the same challenges. For
example, deal.II already has support for multicore systems through the Threading Building Blocks
library, and Trilinos is considering a similar technology. Furthermore, work is underway for GPU
support in PETSc with initial work focusing on fast methods with dense operations, such as Fourier
transforms, multipole methods, and wavelet transforms, and accelerated multigrid methods.

5 The Lessons of CIG
As we go forward, it is essential that we critically evaluate our progress during the first four and
half years of CIG. As discussed above, CIG has developed new software that has contributed to
a growing list of scientific contributions and established stronger links between the fields of geo-
science and computational science. Perhaps not surprisingly for a new and complex effort, some
CIG activities have been more successful than others. In this section, we describe the character of
the software development that unfolded through CIG, elaborating on selected examples. In sum-
mary, we learned that (1) users and developers must work closely together as the best codes are
produced from efforts that have both scientific and computational leadership, and (2) education
and training of users at all levels are essential, especially for advanced codes and methods.

At the start of CIG, we quickly realized that each of the subdisciplines were distinct in terms of
their technical expertise, their ability to develop codes, their reception to software engineering, and
how close they were to achieving their goals with existing software. Some disciplines had enough
experience in developing software in their research groups and never developed strong links with
CIG. At the other end of the spectrum, some groups had little experience with code development
and were more willing to collaborate with computational scientists. Most subcommunities fell
between these extremes.

The mantle convection community has a long history of code development in which the prod-
ucts of software development have been passed on by several generations of faculty and graduate
students, and the leadership of CIG has drawn heavily on the experience of this community with
code development, benchmarking efforts, and the challenges of supporting codes developed by in-
dividual researchers. Much of CIG’s development for the mantle convection community focussed
on CitcomS, a finite-element code that solves for thermal convection within a spherical shell. When
CIG took over maintenance of CitcomS, a wide range of versions were in use, as the community
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had not adopted a single repository, and different research groups had developed significant en-
hancements to the code that were not in the main repository. By advocating the use of software
repositories and giving technically proficient users access, we reduced the number of alternative
versions of the software and shortened the time required for features developed by others to be
merged back into the main software. Furthermore, CIG collaborated with the community in the
development of new packages (like Rhea [15]) that transcend the current capabilities of CitcomS.

CIG also contributed to the mantle convection community and software development through
workshops. We saw an important change in outlook between the two mantle convection workshops
in 2005 and 2008 (Table S1). The first workshop focused primarily on scientific questions, while
computational methods were only reviewed. Three years later the discussion expanded to address
both scientific and computational challenges and provided detailed discussion of new methods,
equation solvers and code verification all of which are essential for progress.

Software development in tectonics unfolded differently and resulted in two new codes to ad-
dress the needs of two distinct communities. These developments followed different paths, reflect-
ing differences in interests and technical abilities within the two subcommunities. In short-time
scale tectonics (i.e., the earthquake cycle), an existing working group (evolving out of SCEC) that
included a few individuals with computational experience teamed with CIG engineers to develop
PyLith. PyLith integrates the functionality of EqSim [31, 32], for dynamic rupture, and a version
of Tecton [33], for quasi-static problems. PyLith uses a hierarchy of software functionality as it
was initially envisioned by CIG. As part of the general toolkit needed for the solution of many
of the problems that CIG encounters, Matthew Knepley at Argonne National Laboratory (ANL)
developed infrastructure for parallel storage and manipulation of general finite-element meshes
(Sieve).

Developments in the long-time scale community followed a different path. At a Tectonic Mod-
eling workshop in 2005 (Tables S1 and S2), the community requested development of new open-
source software that could handle large deformations with viscoplastic rheologies, such that fault
evolution would unfold in three dimensions as a function of time using the Arbitrary Lagrangian
Eulerian method. Although such methods had long been used for 2-D problems, the expertise did
not exist within the U.S. community to develop a scalable 3-D code. CIG realized that we could
leverage technology developed by our partners, the Victorian Partnership for Advanced Computing
and Monash University in Australia, and develop such a code with common components. The end
result was Gale, a parallel, two- and three-dimensional, implicit finite-element code.

With working versions of CitcomS, PyLith, and Gale, our self-evaluation found wide differ-
ences in the ability to use the software. CitcomS has a large and expanding base of users who
investigate a range of challenging problems in deep mantle dynamics, plate tectonics, and plane-
tary science. PyLith is used by dozens of researchers within the short-term tectonics community
to model crustal deformation associated with volcanoes and earthquake faulting, often in problems
involving complex geologic structure. Many users cite the extensive documentation along with
rapid response from the developers as one of the main advantages of using PyLith. Gale has been
used to calculate some of the first 3-D models with nucleating and evolving faults, although the
user base for this code has been slow to build, in part likely due to the complexity of the code.
These cases illustrate that the success of software development is strongly affected by how closely
the developers work with the users and the technical sophistication of the users. It is clear that in
order to serve beginning and expert users, CIG must focus more effort on integrating users in the
development process and intensify training efforts for our community. In response to this need, we
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plan an increased emphasis on workshops, education, and other activities supporting community
engagements.

6 Proposed future development for CIG

6.1 Infrastructure
CIG will continue to use modern software engineering technology to minimize the risks of soft-
ware development in light of our evolving requirements. All of our software will be open source
as described in our policy on SOFTWARE OWNERSHIP AND LICENSING (Supplementary Mate-
rial). The software repository and attendant web site will remain central to CIG’s objectives of
facilitating collaboration and sharing of validated open-source software. We will maintain unit and
regression testing for those software packages that currently have such functionality while adding
it to all new software packages. We will continue to build the software in the repositories nightly
or automatically in response to software commits. The nightly regression testing generates an
electronic report that contains the build and test failures (including the platforms on which they oc-
curred) and allows our community of developers to rapidly identify when a change in a repository
component or platform has caused an error or inconsistency. Regression testing gives users of the
repository confidence in the robustness of our software. A wide range of open software packages
will be used, such as Subversion and Mercurial for repositories, Roundup for bug tracking, and
build-bot for building and regression testing, while continuously maintaining an open eye to new
features and packages that we can deploy in support of CIG.

CIG expects to receive software donations and we plan to follow the guidelines laid out in
our SOFTWARE SUPPORT POLICY (Supplementary Material). Essentially, we have a policy of
support in which we only commit resources to those codes that have been validated, benchmarked,
and qualify as state-of-the-art in the opinion of our Steering Committee.

6.2 Ongoing development of existing CIG software
Plate tectonics and deep mantle dynamics Many of the important questions in plate tectonics
and mantle dynamics will rely on better integration with mineral physics and seismic wave prop-
agation. The development of adjoint and multiphysics capabilities is also crucial. CIG is clearly
headed down this path with our existing code CitcomS, an experimental code Rhea (soon to be
released), and a new system proposed below.

CitcomS is a versatile tool which we propose to maintain. The latest version now has several
compressible formulations for thermo-chemical convection in a full sphere [1] giving us the ability
to incorporate multiple equations of state simultaneously. Users have begun to exploit this new ca-
pability, and we plan to include additional equations of state, such as thermodynamic formulations
of realistic mantle compositions [34]. Given the computational complexity of realistic thermody-
namic formulations we intend to implement this new feature using look-up tables. CitcomS scales
well up to several hundreds of processors, bringing 30 km resolution globally easily within reach
of present-day department clusters and TERAGRID facilities. We plan to extend this capability
by making existing solvers more robust for variable viscosity problems using recently developed
preconditioners [35]. We also expect to recode low-level routines to take advantage of GPUs, as
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recently demonstrated for conjugate gradient and multigrid solvers. We recently completed an
integration of CitcomS with SPECFEM, allowing the direct calculation of seismograms for fully
heterogeneous convection models. This capability will need to be improved as users begin to test
the seismic predictions with data. Finally, we expect to introduce an adjoint of the CitcomS energy
equation [36] back into the main line of the code.

Core dynamics CIG currently maintains a serial code, MAG, for numerical simulations of the
geodynamo. This code is well tested, fully documented, and broadly used in the geodynamo com-
munity. Individual components of the geodynamo model can be independently controlled, allowing
users a great deal of flexibility in the choice of problems that can be solved. Over the initial phase
of CIG a number of additional features were added to MAG to improve the graphical output and
facilitate comparisons between predictions and observations. CIG also developed a Science Gate-
way for MAG, which greatly expands the potential user base by providing an intuitive graphical
interface and eliminating the need for novice users to install the code on a local machine. Ongoing
developments will focus on adding to the repository a parallel version of MAG, or equivalent spec-
tral model, by donation of an existing code. Several suitable codes have already been developed
and CIG will work with the authors who express interest in collaborating with CIG to make one or
more of these codes available to the broader community.

Lithosphere-scale tectonics and surface processes Gale currently serves as an important tool
for studying the evolution of fault systems, mountain building, and rifting. However, it has lim-
ited potential for development much beyond its current features as a result of design complexity.
Therefore, we will take a two-pronged approach to code development. We will continue to main-
tain Gale, add new features, and address portability issues. The most ambitious planned addition
to Gale is the introduction of magma migration using an existing suite of modules that are based
on the same software framework. We also plan to increase the flexibility of meshing in Gale, im-
plement more general boundary conditions, and introduce an interface that allows users to couple
Gale to surface process codes. These new features will provide important capabilities for the study
of lithospheric deformation, allowing users to investigate interactions between magma migration
and crustal-scaling faulting and interactions between climate and tectonics.

In addition, we plan to develop a new code that will offer all of the features in Gale (and
more) through software that utilizes common components in other CIG software. As discussed
in the next section, the new code will greatly enhance the range of spatial scales for lithospheric
deformation and facilitate integration with mantle dynamics. We also plan to couple lithospheric
deformation with regional-scale seismic imaging, analogous to the current integration of CitcomS
and SPECFEM.

Fault system dynamics Ongoing development in fault system dynamics will focus on PyLith
to support research on earthquake physics and the behavior of plate tectonics on the seismic time
scale. One of the primary tasks will be coupling simulations of earthquake rupture propagation
with interseismic deformation in order to resolve the entire seismic cycle, from dynamic deforma-
tion on time scales of milliseconds to minutes to quasi-static deformation on time scales of days
to thousands of years. This will empower researchers to confront many basic questions regard-
ing the behavior of fault systems, including the interactions between dynamic processes during
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earthquake rupture and spatio-temporal patterns of seismic activity, aseismic transients, episodic
tremor, and crustal stress. Other goals for PyLith development include improving the efficiency
of the solvers through the use of multi-grid solvers and preconditioners well-suited for dislocation
implementations (e.g., constraints on relative displacements).

Magma dynamics Magma dynamics is a natural multiphysics extension of mantle convection
and lithospheric deformation that links the dynamics of a low-viscosity fluid to a strong, but de-
formable solid matrix. Because fluid and solid flow can be highly coupled, the dynamics of both
materials need to be solved within the same code. Moreover, these codes should use the same
libraries as those used for mantle convection and lithospheric deformation to ensure that the soft-
ware is transferable between applications. To test the efficiency and accuracy of the different code
bases, we have developed the Magma Dynamics Demonstration Suite (MADDs) as a set of bench-
mark problems of increasing complexity. MADDs has currently been implemented using the same
code base as Gale and as a combination of FEniCS and PETSc libraries, which permit automatic
code-generation and physics-based block preconditioners. Initial work has also begun on a deal.II
implementation. A version of MADDs will be included as a component of Gale to allow modeling
of fluid flow.

Seismic imaging CIG currently maintains SPECFEM as a tool for both global and regional anal-
ysis of seismic observations. Ongoing development of the regional version SPECFEM Sesame will
include more flexible meshing for regional models using existing meshing software. Current suc-
cesses in 2D mesh generation will be extended to 3D problems. CIG will expand the seismology
portal interface to SPECFEM, include regional simulations with local, regional and teleseismic
events, and streamline the mesh generation for user-defined regional models. CIG also will en-
courage donations from developers of other maturing seismic imaging codes that are used for
making high resolution images at regional scales from scattered waves, such as those using the
inverse generalized Radon transform and Kirchhoff integral inversion methods. Our goal is to add
and enhance existing codes for regional seismic analysis. CIG will continue to facilitate compari-
son of numerical methods and benchmarking of codes, in part through cosponsoring of workshops
on synthetic seismogram calculation and imaging science with the European seismic imaging ini-
tiative, QUEST (a follow-on to its computational forward seismology initiative, SPICE).

6.3 New development pathways for geodynamics software
In addition to ensuring the continued availability of our existing codes as outlined in the previous
section, CIG intends to develop a series of new codes. Detailed specifications and the exact set of
numerical methods to be used will be refined through discussions within the CIG working groups
and with the broader geodynamics and computational science communities.

Plate tectonics and deep mantle dynamics New development efforts will focus on codes with
adaptive mesh refinement so as to better resolve plate boundaries and other sharp rheological fea-
tures in the solid Earth. As an intermediate step, we will soon take advantage of Rhea, which
uses the Alps library for adaptive mesh refinement [15]. Because the functionality of Alps will be
integrated into deal.II, we propose to build a new code based on the deal.II library which already
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has a well-documented thermal convection solver that is both adaptive and parallel. This will allow
us to have modules that will solve for melting within restricted parts of the overall global domain
that itself will have adaptive mesh refinement. Multiphysics at plate boundaries, for example, is an
unresolved problem and it is essential that we not build an entire code that locks the community
into one formulation. Overall, the code will allow the user to select between a spherical or Carte-
sian geometry and will have thermo-chemical advection, compressible and incompressible solvers,
AMR, adjoints and a standard model of melting as available features.

Lithosphere-scale tectonics and surface processes Given the similar computational require-
ments with mantle convection, we propose building a new lithospheric-scale tectonics code from
many of the same components as the new AMR mantle convection code. The new code will also
allow flexibility in the choice of model components (including multiple models of fluid transport).
AMR is essential to resolve the localization that occurs within faults and shear zones as a result
of plasticity, damage and melting. Tracking plastic failure or damage through a field approach
and using a semi-Lagragian method offers a potential path forward that eliminates many of the
short-comings associated with the Lagrangian techniques currently employed by Gale and SNAC.
Semi-Lagrangian methods advect fields along characteristics and the number of unknowns scales
only with the mesh size (and quadrature order) of the underlying finite element. Most importantly,
semi-Lagrangian methods do not have the usual (CFL) limit on time steps, allowing advection of
fields across multiple elements in a single step. This ability is critical for AMR techniques, which
may have elements sizes that vary by many orders of magnitude. Semi-Lagrangian methods are
already implemented in Rhea.

Fault system dynamics As studies of fault systems migrate from simplistic, idealized geome-
tries and rheologies towards realistic geologic structure with nonplanar, intersecting fault surfaces
and nonlinear rheologies with localized deformation, software must provide resolution across
wider ranges of spatial and temporal scales, integration of elastodynamics with heat and fluid
flow, and greater scalability. While PyLith is a modular, state-of-the-art code and provides great
flexibility, our future needs will likely demand a more refined approach in order to achieve the de-
sired resolution and scalability. One potential development pathway involves integrating the struc-
tured adaptive mesh refinement used in Rhea with finite-element basis functions that can generate
displacement jumps (dislocations) within elements. An alternative approach combines improved
methods for refining and coarsening unstructured meshes with a more traditional cohesive element
dislocation formulation, such as the one currently used in PyLith. Finally, we will investigate al-
ternative strategies such as meshless methods that may alleviate many of the issues associated with
multi-scale techniques and complex geometries. Additional capabilities, such as coupling of heat
and fluid flow with elastodynamics, may favor the use of FEniCS or deal.II, which would require
the migration of techniques for fault slip into those tools.

Magma dynamics Developments in magma dynamics will be carefully coordinated with those
for mantle convection and lithospheric deformation. Using deal.II in the development of new codes
for mantle convection and lithospheric deformation facilitates inclusion of magma dynamics in
those codes, because deal.II provides support for AMR in addition to a rich library of higher order
elements necessary for magma dynamics. We expect that there will also be a parallel development
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of codes using FEniCS and PETSc libraries for fully unstructured simplicial meshes (triangles and
tetrahedra). FEniCS allows the introduction of multiple formulations for magma dynamics (and
solid deformation), through high-level automatic code generation. FEniCS and deal.II are both
high-level C++ libraries for generalized finite elements and complement each other. We expect
developments in one library to be readily implemented in the other (e.g., semi-Lagrangian methods
for fully unstructured grids and physics-based block pre-conditioners for magma have already been
implemented in a hybrid FEniCS/PETSc code). Ultimately, we foresee magma dynamics and fluid
transport being an optional extension of all the solids codes.

Seismic imaging Regional seismic investigations require advances in imaging due to the re-
cent acquisition and deployment of large numbers of high quality broadband seismometers by
EarthScope and other international initiatives. We propose to support this rapid expansion of
data collection by adding the ability to use P and S teleseismic body waves as seismic sources
in SPECFEM Sesame. The synthetic waveforms can be compared to observations, such as travel-
time anomalies identified in tomography, amplitude anomalies, receiver functions, and different
possible anisotropic structures. A second important development is to extend the adjoint capabil-
ities to SPECFEM Sesame for waveform tomography at regional and local scales. CIG will also
support extensions of the adjoint capability in both the regional and global versions of SPECFEM
to include anisotropy and attenuation, allowing for a more complete description of Earth’s me-
chanical properties.

Further work is also required to relate the outputs of geodynamic models to inputs for calcu-
lation of synthetic waveforms. A link already exists to map CitcomS outputs to SPECFEM. We
also need to develop the opposite capability by using the output of seismic inversion as a con-
straint or initial condition on geodynamic models. Ultimately, we seek to establish interfaces for
inputs/outputs of Earth models for integration of convection, tectonic and seismic modeling at both
global and regional scales.

Core dynamics New developments in core dynamics stand at a crossroads. Most researchers
agree that the current models are inadequate to solve the most pressing science questions. How-
ever, there is less consensus on the path forward. Current models are based primarily on spectral
methods, although examples of models based on finite differences, finite elements or spectral ele-
ments can be found in recent literature. CIG can play an influential role in future developments by
facilitating workshops that bring together researchers in Earth Science and Computational Science.
Experience and expertise gained by CIG in other areas of geodynamics will undoubtedly be a great
help. Contingency funds in later years of this proposal ould be used to support the development of
a core dynamics model once a consensus emerges from the community.

Scientific visualization As geodynamics models grow more complex, researchers find it increas-
ingly challenging to interpret the results. We plan to take advantage of the partnership with the UC
Davis KeckCAVES [37] which is developing new methods for interactive exploration of complex
data using visualization on a wide range of hardware platforms including desktop computers, Ge-
oWalls [38], and immersive systems [24]. Figure 7 illustrates the use of visualization for a mantle
convection model run using CIG codes. The model of the Alaskan subduction zone was con-
structed using CitComCU. Interactive visualization [21] was used to validate the geometry of the
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Figure 7: Visualization of a model of the Alaskan subduction zone, showing an isosurface of slices of
viscosity with arrows representing velocity [40].

slab, which was constructed using available geophysical data including seismicity and has more
than 100 million finite-element nodes (for a resolution of 2.35 km to 20 km). Visualizer was also
used to interpret the results of the CitComCU model output. The software developed at the Keck-
CAVES follows the same standards as CIG and is provided as open source, supported, documented,
and validated software that runs on a wide range of platforms from a desktop computer to a large
immersive system [21]. We plan to continue development with visualization of complex, time-
varying data using techniques for visualizing volumetric, vector, and tensor data. Visualization of
AMR grids provides a particular challenge to which we bring expertise [39].

New problems/New methods The new development pathways discussed in this section repre-
sent the current state of an ongoing discussion between the Earth Science and Computational Sci-
ence communities fostered by CIG. Some of these developments are direct results of CIG activities
(e.g. Sieve or Rhea), others reflect recent developments in computational science (e.g. FEniCS),
but few were actually envisioned when CIG began. Moreover, we expect that new methods, mod-
els and problems will arise as this project progresses and CIG will remain responsive to these new
developments. CIG maintains both formal and informal procedures for incorporating new ideas
from the community (see management section) and will seek out and foster new collaborations
and projects if desired by the geoscience community.

6.4 Verification and Validation
CIG’s software development methodology adheres to verification and validation best practices to
the extent possible. Here, verification means that codes are tested to ensure that they correctly
and accurately solve the problems they are intended to solve [41]. While this testing should be an
obvious step, many research codes are not verified by comparing with complex, known solutions;
even fewer development efforts have automated methods to ensure that continued development of
the code does not break existing features. To ensure a structured development process that ad-
dresses these issues, CIG uses a large suite of unit tests for our newly developed software; for
example, PyLith alone has more than 1,100 unit tests run nightly. We also run automated compar-
isons of generated solutions against at least one analytical result for each of our solvers, and have a
buildbot-based [42] system that compiles and builds our software packages at regular intervals on
multiple platforms. CIG has developed an open-source tool (cigma) that compares different solu-
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tions to a given problem – computed using different codes, meshes, and shape functions – against
each other and against analytical solutions (see Supplementary Material). Solutions and continu-
ously generated test results are published in our manuals and web pages. These efforts ensure the
high quality that makes CIG’s software so useful to the community. The capacity to provide this
level of software development sophistication is one of the major advantages of a consortium effort
like CIG; it is otherwise difficult for individual researchers to incorporate verification testing in the
context of individual research grants.

On the other hand, validation refers to the process of ensuring that the equations in our software
represent an accurate approximation of the real world system they are supposed to model [41]. This
lies at the core of computational geodynamics research: to determine which models accurately rep-
resent our planet. CIG has, to date, largely built its software on widely accepted models that have
already been validated; the mantle convection community in particular has a long history of carry-
ing out benchmarks for validation of codes. However, CIG actively validates codes and facilitates
validation efforts by the geodynamics community. A core design criterion for our software is that
it is extensible and allows for the use of different models that can then be compared against ex-
perimental and observational data. For example, SPECFEM can use different Earth or regional
seismic models and can be coupled with CitcomS; CitcomS can use different viscosity models and
has incorporated the capability to deal with compressibility; and both Gale and PyLith can use dif-
ferent rheology models. Consequently, at the minimum CIG’s software allows its users to validate
it against field data from other sources. CIG has also directly participated in community activities
in which a range of numerical codes attempt to match the results of laboratory experiments.

CIG intends to continue to emphasize sound software development practices. We will continue
to insist on automated testsuites for all codes we actively support and will continue to build ex-
tensive unit tests for software developed as part of CIG. We put similar emphasis on the quality
of the packages upon which our software is built; for example PETSc, StGermain, and deal.II run
some 400, 500 and 1,650 tests every night, respectively, and have automated builds on a number
of different platforms with dozens of different configurations. This level of testing ensures that
the foundation upon which we build our software is solid. Similarly, seismology will develop
benchmarks for testing imaging codes, in all probability jointly with the Quest group.

Through our emphasis on testing, we are also increasing the level of sophistication of software
written by the geodynamics community at large. Several community-driven new codes, such as
PyLith, have substantial automated testsuites. This is a significant step forward from previous
practices. We therefore believe that CIG, by setting an example, is able to influence the production
of software even outside its immediate reach and lead to more professionally written codes and
more robust scientific results.

6.5 Education and Outreach
Experience from the initial phase of CIG has helped to identify the broad needs of a diverse com-
munity. On the one hand, we seek to expand the base of users and increase the level of compu-
tational expertise across the Earth Sciences as a whole. We also strive to increase the number of
expert users who can expand the capabilities of the existing software suite. By making their inno-
vations available to the broader community, we hope to accelerate the pace of scientific discovery.
In order to meet the diverse needs of users, we propose a flexible strategy for delivering education
and training. Our strategy is twofold: first, to provide education and training for new and potential
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users that prepare them to use CIG computational methods and, second, build the computational
geoscience community through partnerships with established programs such as the NSF-funded
“On the Cutting Edge” program for professional development of geoscience faculty [43], and the
Center for Deep Earth Research (CIDER) [10] which provides summer programs for graduate
students and undergraduates.

Many new users of CIG software have little prior training in physical modeling and compu-
tational methods, so there is a clear need to provide introductory instruction in the basic use of
the codes and the underlying methods. This instruction includes hands-on training at smaller sci-
entific meetings and workshops, following the successful model established at previous meetings
of IRIS, EarthScope and CIDER. We also propose to continue the longer and more focused CIG-
sponsored workshops that are organized around specific scientific disciplines and specific software
in the repository. These longer workshops would be augmented by numerical modeling workshops
that cover a series of computational themes. Most, if not all, of these themes would be common
across all CIG software and would involve participants with diverse interests. We plan to hold two
computational workshops per year on topics that progressively increase in sophistication over the
duration of the grant. The goal is to provide a comprehensive introduction to the principal numer-
ical methods used in geodynamics. Education modules and self-directed tutorials from previous
sessions would be available through the CIG website. We expect the education modules to be
a valuable resource for researchers who are unable to attend the workshops or graduate students
who start their research part at different times during the duration of the grant. We also expect
the education materials to be useful for instructors teaching upper-level undergraduate and gradu-
ate classes in geodynamics and numerical modeling. Individual instructors would be encouraged
to contribute simulations and animations to the CIG Education Webpage for a broader audience.
We will partner with David Mogk of Montana State University to make these materials available
through the Cutting Edge geoscience education programs (a letter of commitment is attached.) Our
goals are to showcase the role of computing in Earth Sciences and help educators share materials.

A smaller set of users require intermediate or advanced training to help them extend the func-
tionality of CIG software. This type of training entails extended, focused discussion between
developers and users. Intermediate training would begin via discussions at the longer and more fo-
cused CIG workshops. Additional and more advanced training will require extensive discussions
through virtual meetings as well as occasional site visits (developers traveling to users and users
traveling to developers). Several projects within CIG that involve developers at multiple locations
already use these approaches for effective collaboration.

7 Management Plan
In 2010, CIG will move to new headquarters at the University of California, Davis, under the direc-
torship of the PI, Louise Kellogg. The new director was selected by the Executive Committee after
a national search. Caltech and UC Davis will work closely to ensure a seamless transition of the
central facility and staff, and uninterrupted support of CIG codes and CIG activites. In particular
we will keep the core repository at Caltech until a mirror is operational. A subcontract to Cal-
tech will support software engineering efforts and ensure ongoing support for CIG codes during
the transition. Code development for projects such as PyLith or Rhea, which are principally dis-
tributed will not be affected by the transition. UC Davis will house CIG in offices adjacent to the
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Computer Science, Mathematics, and Geology departments, providing ready access to expertise
in numerical methods, gridding, high-performance computing, networking, scientific visualiza-
tion, remote collaboration, geophysics, and tectonics. Through a recent faculty hiring initiative
in computational science and engineering, the university has built clusters of expertise in com-
putational geophysics, computational materials (including earth materials), and complex systems,
and established a computer cluster which will be available to CIG developers. CIG will also have
access to high-speed networking and state-of-the art scientific visualization facilities through the
KeckCAVES (visualization dedicated to the geosciences) and the Institute for Data Analysis and
Visualization (IDAV) which supports interdisciplinary computer science research.

During and after the transition to the new location, CIG will continue to draw upon the ex-
pertise, vision, and guidance of the community to remain a flexible and evolving organization
that readily adapts to changes in priorities and computational opportunities. We will maintain our
community-centric management structure, which was initially modeled on the experience of other
successful NSF-supported community infrastructure projects and has evolved over the last five
years to meet the needs of the CIG community. The management plan, outlined here, is codified
in a set of bylaws (see Supplementary Material).

Institutional membership and committees. CIG is an institutionally-based organization gov-
erned by its membership organizations, via an elected Executive Committee (EC) and an elected
Science Steering Committee (SSC). CIG’s member institutions include educational, government
or non-profit organizations in the US with a sustained commitment to CIG objectives, as well as
non-voting foreign affiliate members. The current membership of CIG includes 42 member insti-
tutions and 9 foreign affiliates (a complete list is included in the Supplementary Material). CIG
welcomes new active partners; requests for membership can be made by institutions at any time,
and are approved by a simple vote of the electorate. The latter consists of the existing institutional
representatives. CIG is governed by two committees, the Executive Committee and the Science
Steering Committee, whose members are elected by the membership. In addition, a number of
informal or ad hoc committees have been established as needed. These include topical working
groups, described below, and an organizing committee for each workshop. CIG makes an effort
to represent a diverse range of scientific disciplines, institutions, and points of view on these com-
mittees, and especially makes an effort to involve both early- and mid-career scientists in planning
and decision-making.

The Executive Committee (EC) is the primary decision-making body of CIG; as is current
practice, it will meet at least once per year to approve the annual Strategic Plan (SP), management
plan, and budget, and to deal with major business items. With the Director, the EC will handle
additional business responsibilities through its regular meetings, teleconferences, and electronic
mail. The Executive Committee has five voting members (a Chair, Vice-Chair, and three members
at-large) and two non-voting members (the Director and the SSC Chair). Exclusive of the Director,
these members will be elected by representatives of member institutions for staggered three-year
terms. The Executive Committee will have the authority to approve proposal submissions and
contractual arrangements for CIG. The EC also appoints a Nominating Committee charged with
proposing candidates for membership on the elected committees.

The Science Steering Committee (SSC) provides guidance across all of the sub-disciplines
of computational geodynamics, while maintaining an overall balance of Geoscience and Compu-
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tational Science. Its principal duty will be to assess the objectives and needs of the sub-disciplines
covered by CIG, identify common themes, and engage in an ongoing, open discussion on software
design to maximize the range of potential applications and enhance the reusability of CIG codes.

As CIG has matured, we have identified a need for advice and a broader perspective on CIG
activities from the greater geoscience and computational science communities. An External Advi-
sory Council will be established, consisting of 6 scientists from educational, non-profit, industry,
and governmental institutions with a major commitment to research in fields related to computa-
tional geodynamics. Members of the council will be elected by the Executive Committee for three
year terms. The Advisory Council will meet annually to review all aspects of CIG, provide advice
as requested by the Executive Committee, and report to the Director and the Chairman of the EC.
The CIG bylaws will be amended accordingly to establish the Advisory Council.

Working Groups are an important part of the CIG management structure. These ad hoc groups
are organized around scientific disciplines and are usually tied to development or support of one
or more of the CIG codes. Each working group has a chair who acts as a contact person for both
the community and the SSC. The working groups provide critical input to the SSC in establishing
science priorities, and help to ensure that CIG is responsive to community needs. Currently, the
most active working groups are those in Computational Seismology, Long-Term Tectonics, Magma
Migration, Mantle Convection, and Short-Term Crustal Dynamics.

Administration and project management. The Director is the Chief Executive Officer of the
organization and bears ultimate responsibility for its programs and budget. The Director’s respon-
sibilities (in coordination with the EC and SSC) will include: (a) overall management of the core
CIG activities, including supervision of CIG staff, (b) devising a fair and effective process for the
development of the science plan, based on proposals or work plans such as those submitted to
the SSC, (c) ensuring that appropriate project milestones and usage metrics are established, doc-
umented, and reported, (d) acting as PI on proposals submitted by the core CIG facility, retaining
final authority to make and implement decisions on grants awarded to the core facility and con-
tracts, (e) ensuring that funds are properly allocated to various CIG activities, and (f) representing
CIG to the broader community and to the National Science Foundation.

In the current CIG management structure, many day-to-day organizational and administrative
responsibilities are currently being handled by the Director, who also maintains his professional
academic commitments of teaching and research. For continued CIG development, which is occur-
ring with more external partners, project management has become critical and requires full-time
commitment. Therefore, we propose to add a Chief Software Engineer/Project Manager (CSE)
who will be a full-time employee of CIG with a strong background in computational science and
will work on behalf of the community to assist the Director and the EC and SSC. The CSE will act
as direct liaison between the core Software Development Team (SDT), external developers and the
greater user community. The CSE’s responsibilities will include (a) day-to-day management of the
core SDT, (b) tracking and coordinating with external development projects, (c) helping establish
and track project milestones and usage metrics, and (d) overseeing the preparation of technical
reports. In addition, the CSE will provide critical input on software design and architecture, and
will help identify new opportunities in both computational science and methods for software de-
velopment. The CSE will enable the Director to interact more with the scientific community and
ensure that CIG is responsive to community needs.
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Formulating CIG priorities and management of its resources. The management and govern-
ing structure is designed to balance CIG’s activities between ongoing support and development of
the established codes and infrastructure, and response to community needs for new codes and in-
frastructure. Thus, for example, CIG is committed to providing ongoing support for a widely used
family of mantle convection codes (CitcomS) while at the same time introducing new methods
such as AMR.

Concepts and plans for CIG activities come directly from member institutions, working groups
and individual scientists. The Working Groups, Science Steering Committee, and Director are
conduits for formal and informal dialog among the CIG community. In addition to the informal
dialog that such committee members naturally have as members of the scientific community, CIG
has, and will continue to use, a formal process for bringing new ideas in from the community. At
any time, users from Member Institutions may submit one-page proposals for new CIG software
development. These proposals will continue to be posted on the web for the community to read and
evaluate, with a form where members of the user community can add comments and evaluation.
At least once per year (and more often as needed), the SSC will evaluate these proposed CIG
activities, will formulate a prioritized list of tasks, and develop a yearly strategic plan for CIG. The
SSC will work in consultation with the software development team and the Director to assess how
tasks are inter-related and related to the broader needs of the community. To make this process
as productive as possible, the Director and SSC will be on the lookout for opportunities for new
activities and will work with those who are in the process of proposing a new effort to ensure that
it is within the scope of CIG’s mission.

On at least a yearly basis, the EC will evaluate the task list developed by the SSC and decide
how to allocate resources to specific software development tasks. At its disposal, the EC will have
resources to respond to the evolving community needs expressed through these task lists, including
the SDT and funds for contracts.

Metrics. CIG currently uses three primary metrics to assess the usage and impact of CIG: soft-
ware downloads, participation in workshops, and contributed citations documenting the scientific
advances facilitated by CIG software. Software downloads have steadily increased as CIG codes
expand and users are trained in their use, with more than 3500 downloads in the last year (see Sup-
plementary Material for a breakdown of the history of downloads of different software packages).
CIG workshops have involved more than 900 participants in the last five years; more than 40%
of the participants at CIG workshops were students or postdocs. These workshops provide both
training for new users and forums for planning development of CIG codes. Members of the com-
munity have supplied citations for publications that relied on CIG infrastructure (see references in
Supplemental Material). This list is likely incomplete, and should be seen as a sample of scientific
outcomes supported by CIG. Many of the publications have appeared in the last 18 months (since
Jan. 2008), indicating that CIG’s scientific influence is emerging. CIG will continue to moni-
tor these basic metrics, and will develop new metrics as appropriate. The strongest indication of
the impact of CIG may be the growing base of active researchers using CIG software to address
important scientific questions and their attendance at the variety of CIG workshops.
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Section I: Infrastructure 

CIG has brought modern software engineering for the development, verification and maintenance of 

codes through good software design practices to our field, including techniques for automated build and 

test procedures, development of benchmarks and test cases, and documentation. The software repository 

and attendant web site (geodynamics.org) are central to facilitating collaboration and sharing of validated 

open-source software.  We primarily use a single, open repository for developer and community use, a 

bug-tracking database to allow developers and external participants to register and comment on bugs or 

request new functionality, list-servs for each sub discipline, and editable Web pages (`Wiki-like'). 

Software Policies 

Software Ownership and Licensing 
The goal of CIG is to develop software in support of Earth science research and education. Since a major 

aim is for the widest availability and impact of all CIG developments and software, all software CIG 

develops will be open source. In order to uphold these principles, CIG’s policy contains the following 

aspects: 

1. CIG will maintain a software repository on the World Wide Web at geodynamics.org in which 

software can be checked out without restrictions as software is developed. In order to ensure the 

quality of CIG software, the privilege to check software back into the repository by members of the 

CIG community will be made on a case-by-case basis. 

2. Some software will be solely developed by the CIG staff. In such cases, the copyright will be retained 

by the California Institute of Technology and distributed under the Free Software Foundation’s GNU 

General Public License (GNU GPL), unless otherwise stated. 

3. Some software will be written in collaboration between CIG staff and other organization(s) or 

individual(s). In each case, but before the collaboration is initiated, CIG must enter into an agreement 

that clearly specifies who the copyright holder(s) will be and the terms of the software release. When 

possible, copyright shall belong to all contributing parties, and the software released under the GNU 

GPL. 

4. Some software will be preexisting and not necessarily free from existing third-party copyrights and 

licenses. In the event that CIG wishes to use or to modify, improve, and/or distribute such software, 

CIG will, with its collaborators, determine who the copyright holders are and enter into an agreement 

to have the resulting software released under an open source license, preferably the GNU GPL. In 

exceptional cases, CIG will consider a different license as long as it is free for non-commercial use but 

otherwise satisfies the principles of open source software. 

5. In order to maximize the benefit to the Community, the details of this policy may change from time to 

time, but such changes will always be subject to Member input and discussion and then final approval 

by the CIG Executive Committee. 

Software Support Policy 
CIG provides three different levels of support for codes developed by CIG staff or donated by members 

of the community. The Science Steering Committee evaluates the codes on an occasional basis, and may 

change the level of support for a code in accordance with the priorities of the community at large as well 

as the resources available to CIG. CIG encourages members to donate codes that have scientific value for 

the geosciences community. Donated codes should be submitted with concise summaries of the code’s 

purpose and capabilities, documentation, and test cases or benchmarks for users. Donors are made aware 

of the CIG open source software policy and the code’s copyright status once donated. 
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Once a code is submitted to CIG, the Science Steering Committee (SSC) evaluates the code in regard to 

its capabilities and its suitability for community use, and assigns to it the appropriate support level, as 

listed below: 

 

Level 1 (Highest Support) – These codes have been validated, passed benchmarks established by the 

appropriate community, and qualified as “state-of-the-art” in one or more areas of geodynamics. In most 

cases Level 1 codes have been developed by CIG staff, or they have originated through CIG-sanctioned 

projects. Level 1 codes are usually in active development or enhancement, and CIG makes a commitment 

to support, maintain, and provide technical assistance or training in their use, including documentation 

updates. Where appropriate, CIG will install and maintain Level 1 codes on the TeraGrid’s Community 

Software Area for the geodynamics community. 

 

Level 2 (Middle) – Codes in this category include those donated to CIG from members of our 

community, which are either being developed independently from CIG, or are no longer undergoing 

substantial development because they are already mature and well-tested. CIG commits to host codes in 

this level in its repository and to facilitate minor changes such as bug fixes, creating and upgrading of 

binaries, etc. Nevertheless, codes in this category are expected to meet community benchmarks and to 

have documentation, examples, references, and other attributes that make them useful research tools. 

 

Level 3 (Lowest) – Level 3 codes are donated or developed by members of our community but CIG does 

not offer resources for their development, maintenance, or support. Examples thatt may fit this category 

include older legacy codes, codes with limited functionality or application, inadequate documentation, or 

not benchmarked. CIG will either offer server space to distribute these codes, or alternatively, provide 

links to web addresses where the software can be obtained. CIG will display a disclaimer to the effect that 

these codes are formally outside of the CIG purview. 

CIG Web site 

The geodynamics.org web site is a core component of CIG.  It is the principal means by which we 

distribute CIG software and documentation, while also allowing the committees to interact with the 
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community.  Members of the community submit short proposals for software development to CIG via the 

web; these proposals are then posted and available for public comment and discussion on the web. But the 

main use of the web site is to distribute the resultant open-source software, which is stored in a software 

repository.  

 

The repository is critical to bring 

modern software engineering 

practices to our community and 

CIG’s software development 

team. We have repositories for 

developer use that manages 

multiple developers working 

concurrently on modular software 

components shared through the 

repository. We use the open-

source package Subversion (SVN) for the main CIG software repository, 

which contains most of CIG’s codes, and a Mercurial repository (hg) for the 

magma dynamics code MADDs. The entire contents of both repositories are 

navigable from our web site. Users can either directly check out the latest 

development version of a code, or they can download a “tar file.” In 

addition, CIG provides a bug-tracking database (Roundup, above) to allow 

developers and external participants to register and comment on bugs and requests for new functionality 

in CIG software that can then be worked on by the developers of a program.  

 

CIG has tracked software downloads since Fall 2006. These totals do not include any downloads from 

Caltech or repeat downloads to the same computer on the same day. The numbers for all quarters are 

shown in the table at right. Statistics for each individual software code are found at right. 

Buildbot 

Building and testing in the SVN 

repository occurs either nightly or 

automatically in response to a 

software commit using CIG-

Regresstor, a collection of Python 

codes written by CIG engineer Luis 

Armendariz. This software uses 

Buildbot, extended by CIG engineer 

Leif Strand, and the results of the 

testing are both stored in a database 

and made available interactively on 

our web site. Nightly regression 

testing generates an electronic report 

that contains the build and test failures 

(including the platforms on which 

Quarter Ending  Downloads 

Nov. 30, 2006  227 

Feb. 28, 2007  61 

May 31, 2007  346 

August 31, 2007  531 

Nov. 30, 2007  460 

Feb. 29, 2008 428 

May 31, 2008 741 

August 31, 2008 845 

Nov. 30, 2008 937 

Feb. 28, 2009 812 

May 31, 2009 959 
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they occurred). Regression testing allows the Software Development Team (SDT) to rapidly identify 

when a change in a repository component or platform has caused an error or inconsistency. Regression 

testing gives users of the repository confidence in the robustness of the software. Strand extended 

Buildbot so that executable binaries for common platforms are automatically generated. 

Cigma 

The CIG Model Analyzer (Cigma) is a suite of tools that facilitates the comparison of numerical models, 

and performs error analysis, benchmarking, and code verification.  

 

Originally implemented in Python, is now written in C++ for improved performance. Cigma reports back 

global and local mismatches in solutions, even if they use different meshes and basis functions. This 

capability will help in developing standard benchmarks against which to compare geodynamics models. 

Currently only subparametric elements are used, but the user may extend Cigma to use his own element 

types. Cigma beta version .9 was released in July 2007; version 1.0 was released in April 2009. 

 

The short-term goal for using Cigma for the short time-scale tectonics benchmarks (currently only the 

strike-slip benchmark) has been met. Cigma can now compare arbitrary unstructured (hexahedral or 

tetrahedral) datasets from PyLith in a reasonable amount of time. A unit testing infrastructure, using 

CppUnit, is in place for making sure changes to Cigma remain consistent. Since Cigma is also available 

as a library, other codes can use it to perform comparisons inside their respective test cases/unit tests. 

 

The intermediate goal for using Cigma in the mantle convection and long-term tectonics communities has 

also been met. This required adding support for reading parallel XML VTK formats. Currently this 

support is limited to reading data as unstructured datasets, so very large datasets need to be broken up 

manually. Codes involved in these benchmarks are CitcomS and Gale. 

 

 
Figure 1 depicts Cigma’s 3D comparison between 

two di!erent PyLith solutions to the reverse-slip 

benchmark problem. PyLith is a finite element code 

for the solution of dynamic and quasi-static tectonic 

deformation problems.  

 

This benchmark problem solves for the viscoelastic 

(Maxwell) relaxation of stresses from a single, finite, 

reverse-slip earthquake in 3D without gravity, with 

imposed displacement boundary conditions on a cube 

with sides of 24 km in length. On the boundary, we 

impose displacements obtained via the analytic 

elastic solutions. Additionally, symmetry boundary 

conditions are imposed on the y = 0 plane, so the 

solution is equivalent to that for a domain with a 48 

km length in the y direction. We are visualizing the 

error in the displacement field between the 500m 

linear hexahedral and 250m tetrahedral solutions. 
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Section II: CIG Software Packages 

CitcomS 
CitcomS is a finite element code designed to solve 

compressible thermochemical convection problems 

relevant to Earth's mantle. Written in C, the code runs on a 

variety of parallel processing computers, including shared 

and distributed memory platforms. Widely used for solving 

mantle convection problems, CitcomS allows users to 

choose from a wide variety of features, including global 

and regional spherical geometries, models that incorporate 

plate tectonic evolution, embedding high resolution 

regional models within global, incompressible and 

compressible solvers, and temperature-, pressure-, stress-, 

and composition-dependent rheologies. The code is 

preinstalled on the NSF TeraGrid and users can test models 

directly with seismic data through our science gateway. 

 

Complete User Manual with 

chapters on theory, installing and 

using the code, and 14 detailed 

examples that are used as tutorials. 

Figure (left) shows the chemical 

structures (purple) and the cold 

downwellings (cyan) in the lower 

mantle. The chemical structures stay 

roughly at the same location until 

gradually entrained. 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CitcomS Software Download Statistics 
 

 

 

 

 

 

 

 

CitcomS User Map 
 

Shows location of all users who downloaded CitcomS as of June 2, 2009. 

 

 

 

 Sep06- 

Feb07 

Mar07- 

Aug07 

Sep07- 

Feb08 

Mar08- 

Aug08 

Sep08- 

Feb09 

Mar09-

May09 

Pkg 

Total 

CitcomS 2.0.2 33 - - - - - 33 

CitcomS 2.1.0 7 12 - - - - 19 

CitcomS 2.2.1 - 38 - - - - 38 

CitcomS 2.2.2 - 37 22 - - - 59 

CitcomS 3.0.0 - - 7 - - - 7 

CitcomS 3.0.1 - - 49 3 2 - 54 

CitcomS 3.0.2 - - - 71 2 - 74 

CitcomS 3.0.3 - - - - 87 42 129 

Subtotal 40 87 78 75 91 42 413 

Total CitcomS Downloads 413 
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Gale 
Gale is a 2D and 3D code targeted towards modeling 

tectonic processes on long geological time scales.  Gales 

uses a mixed particle and finite element method, allowing 

it to accurately track material properties in large 

deformation scenarios. Gale has a wide variety of 

rheologies and boundary conditions, allowing simulation of 

phenomena such as isostasy, magmatic dikes, yielding, 

power law creep, erosion, free surfaces, friction, radiogenic 

heating, gravity, and thermal buoyancy. Gale can also 

simulate a number of different geometries, including 

realistic surface topography and tomographically deduced 

density variations. 

 

Gale is tested with a number of high precision physics-

based benchmarks.  Gale runs on everything from 

Windows laptops to the largest supercomputers.  CIG 

offers binary packages for Windows, Mac, and Linux, as 

well as a preinstalled binary on the NSF Teragrid, allowing 

researchers to start modeling immediately. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gale is exhaustively documented, 

with a 100+ page User Manual that 

includes 13 cookbook examples, a 

geologic example, and benchmarks. 

Figure at left is a simulated 

sandbox, where the right 

and left converge in the 

center. Plotted are the 

particles that show 

development of multiple 

faults as the convergence 

proceeds. 
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Gale Software Download Statistics 
 

 

 

 

 

 

 

 

 

 

 

 

Gale User Map 
 

Shows location of all users who downloaded Gale as of June 2, 2009. 

 

 

 

 

Sep06- 

Feb07 

Mar07- 

Aug07 

Sep07- 

Feb08 

Mar08- 

Aug08 

Sep08-

Feb09 

Mar09-

May09 

Pkg 

Total 

Gale 0.2.0 8 - - - - - 8 

Gale 0.9.0 72 1 1 - - - 74 

Gale 1.0.0 6 2 - - 1 - 9 

Gale 1.1.0 4 2 2 - - - 8 

Gale 1.1.1 2 35 - - 1 - 38 

Gale 1.2.0 - 134 4 3 3 - 144 

Gale 1.2.1 - 98 191 41 7 - 337 

Gale 1.2.2 - - - 108 8 - 116 

Gale 1.3.0 - - -- 202 311 47 560 

Gale 1.4.0 - -    60 60 

Gale 1.4.1 - -    88 88 

Subtotal 92 272 198 354 321 195 1442 

Total Gale Downloads 1442 
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PyLith 
 

PyLith solves the 2D or 3D elasticity equation for modeling  

dynamic and quasi-static crustal deformation. The target 

applications contain spatial scales ranging from tens of meters 

to hundreds of kilometers with temporal scales for dynamic 

modeling ranging from milliseconds to minutes and temporal 

scales for quasi-static modeling ranging from minutes to 

hundreds of years.  

 

PyLith uses a suite of general, parallel, graph data structures 

called Sieve for storing and manipulating finite-element 

meshes. This permits use of a variety of 2D and 3D cell types 

including triangles, quadrilaterals, hexahedra, and tetrahedra. 

Current features include kinematic fault ruptures, Dirichlet 

(displacement or velocity), Neumann (traction), point force, 

and absorbing boundary conditions, linear elastic, generalized 

Maxwell, Maxwell linear viscoelastic, and power-law 

viscoelastic materials, gravitational body forces, and automatic time step selection for quasi-

static problems. 

 

 

 
 
Figure above: Deformation (exaggerated by a factor of 5000) after 10 earthquake cycles for a strike-slip fault 

embedded in an elastic material overlying a linear Maxwell viscoelastic material. The mesh is refined in the region 

of interest for comparison with the analytic solution derived by Savage and Prescott (1978). 
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PyLith Software Download Statistics 

 

 

 

 

 

 

 

 

 

 

 

PyLith User Map 
 

Shows location of all users who downloaded PyLith as of June 2, 2009. 

 

 

 Sep06- 

Feb07 

Mar07- 

Aug07 

Sep07- 

Feb08 

Mar08- 

Aug08 

Sep08- 

Feb09 

Mar09-

May09 

Pkg Total 

PyLith 0.8.0 38 70 3 1 3 - 115 

PyLith 0.8.1 27 38 1 - - - 66 

PyLith 0.8.2 - 39 - - - - 39 

PyLith 0.8.3 - 12 45 36 16 - 109 

PyLith 1.0.0 - 44 1 - 3 - 48 

PyLith 1.0.1 - 82 101 - 3 - 186 

PyLith 1.0.2 - - 42 37 6 - 85 

PyLith 1.1.0 - - - 62 28 - 90 

PyLith 1.1.1 - - - 23 2 - 25 

PyLith 1.1.2 - - - 123 4 - 127 

PyLith 1.2.0 - - - 52 6 - 58 

PyLith 1.3.0 - - - 14 134 - 148 

PyLith 1.3.1 - - - - 138 134 272 

Subtotal 65 285 193 348 384 134 1368 

Total PyLith Downloads 1368 
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SPECFEM3D GLOBE 

SPECFEM3D_GLOBE is a spectral-element application 

enabling the simulation of global seismic wave propagation in 

3D anelastic, anisotropic, rotating and self-gravitating Earth 

models at unprecedented resolution. A fundamental challenge 

in global seismology is to model the propagation of waves 

with periods between 1 and 2 seconds, the highest frequency 

signals that can propagate clear across the Earth. 

 

These waves help reveal the 3D structure of the Earth's deep 

interior and can be compared to seismographic recordings. 

We broke the two-second barrier using the 62K processor 

Ranger system at TACC. Indeed we broke the barrier using 

just half of Ranger, by reaching a period of 1.84 seconds with 

sustained 28.7 Tflops on 32K processors. We obtained similar 

results on the XT4 Franklin system at NERSC and the XT4 

Kraken system at University of Tennessee Knoxville, while a 

similar run on the 28K processor Jaguar system at ORNL, which has more memory per 

processor, sustained 35.7 Tflops (a higher flops rate) with a 1.94 shortest period. For the final run 

we obtained access to the ORNL Petaflop System, a new very large XT5 just coming online, and 

achieved 1.72 shortest period and 161 Tflops using 149,784 cores. 

 

With this landmark calculation we 

have enabled a powerful new tool 

for seismic wave simulation, one 

that operates in the same 

frequency regimes as nature; in 

seismology there is no need to 

pursue periods much smaller 

because higher frequency signals 

do not propagate across the entire 

globe. We employed performance 

modeling methods to identify 

performance bottlenecks and 

worked through issues of parallel 

I/O and scalability. Improved 

mesh design and numbering 

results in excellent load balancing 

and few cache misses. The 

primary achievements are not just 

the scalability and high teraflops 

number, but a historic step towards 

understanding the physics and 

chemistry of the Earth's interior at 

unprecedented resolution. 

Figure: Snapshot of the vertical component of the simulated 

velocity wavefield generated by the M=9.2 December 26, 

2004, Sumatra earthquake. The yellow vertical component 

seismogram was recorded at station PALK in Pallekele, 

**Sri Lanka. 
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SPECFEM3D_GLOBE Software Download Statistics 
 

 Dec07-

Feb08 

Mar08-

May08 

Jun08-

Aug08 

Sept08-

Nov08 

Dec08-

Feb09 

Mar09-

May09 

Pkg 

Total 

SPECFEM3D_GLOBE 

4.0.0 

71 38 1 - - - 110 

SPECFEM3D_GLOBE 

4.0.1 

- 48 74 - - - 122 

SPECFEM3D_GLOBE 

4.0.2 

- - 4 1 - - 5 

SPECFEM3D_GLOBE 

4.0.3 

- - 16 111 57 97 

 

281 

Subtotal 71 86 95 112 57 97 518 

Total SPECFEM3D_GLOBE Downloads 518 

 

SPECFEM3D 
 

SPECFEM3D simulates seismic wave propagation in sedimentary 

basins. The mesh generator is specifically written for the simulation of 

wave propagation in southern California but can be modified for use in 

other geographical areas. The solver is completely general and can be 

used to simulate seismic wave propagation on regional and local scales. 

 

The 1.4.3 version added the Moho boundary kernel computation option 

for kernel simulations and allowed kernel computations with attenation 

on. Another option offered is the possibility of replacing Hauksson's 

background model by Lin's most recent southern California 

tomographic model. 

Figure above: (a) Top Panel: Vertical source-receiver cross-section of the S-wave finite-frequency 

sensitivity kernel K_ for station GSC at an epicentral distance of 176 km from the September 3, 2002, 

Yorba Linda earthquake. Lower Panel: Vertical source-receiver cross-section of the 3D S-wave velocity 

model used for the spectral-element simulations [Komatitsch et al., 2004]. (b) The same as (a) but for 

station HEC at an epicentral distance of 165 km [Liu and Tromp, 2006]. 
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SPECFEM3D Software Download Statistics 
 

 Dec07-

Feb08 

Mar08-

May08 

Jun08-

Aug08 

Sept08-

Nov08 

Dec08-

Feb09 

Mar09-

May09 

Pkg 

Total 

SPECFEM3D 

1.4.2 

10 2 - - - - 12 

SPECFEM3D 

1.4.3 

23 71 61 92 68 88 403 

Subtotal 33 73 61 92 68 88 415 

Total SPECFEM3D Downloads 415 

 

SPECFEM3D_GLOBE and SPECFEM3D Combined User Map 
 

Shows location of all users who downloaded SPECFEM3D and SPECFEM3D GLOBE as of 

June 2, 2009. Download location records were kept previous to December 2007 by the California 

Institute of Technology Seismology Laboratory, Pasadena, CA, and are included in the map 

below. 
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CIG Seismology Web Portal 
 

The CIG Seismology Web Portal provides on-demand 

simulations of seismic wave propagation using 

SPECFEM3D GLOBE and Mineos. Users can run either 

seismology code using custom parameters and data. 

 

The portal allows users to upload their own custom 3D 

Earth models for use in SPECFEM3D GLOBE 

simulations. A user creates a 3D Earth model by 

implementing a handful of routines in Fortran or C, and 

then packaging the code together with any required data 

files. Example Earth model implementations, including 

S20RTS and S362ANI, are available for download. 

 

Among the Earth model examples is an interesting new 

code package that converts the output of the CitcomS 

mantle convection code into an isotropic SPECFEM3D 

GLOBE velocity model. This enables users to simulate seismic wave propagation through an 

Earth model generated by CitcomS. 

 

In addition, the portal runs the 1D Mineos code in parallel, resulting in a short turnaround time 

for 1D synthetics. 

 

The CIG Seismology Web Portal is located at https://crust.geodynamics.org/portals/seismo/ 
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CIG Seismology Portal Account Holders 
 
Brad Aagaard 

Tim Ahern 

Michael Aivazis 

Laura Alisic 

Luis Armendariz 

Richard Aster 

Jerry Ballard 

Mikhail Barmine 

Robert   Barsch 

Piero Basini 

Thorsten Becker 

Yannik Behr 

Rick Benson 

Shinta Bonnefoy 

Ebru Bozdag 

Johana Brokesova 

Abigail Bull 

Qin Cao 

Emanuele Casarotti 

Emmy Chang 

Sung‐Joon Chang 

Wu‐Lung Chang 

Min Chen 

Wang‐Ping Chen 

Po‐Fei Chen 

Phil Cummins 

Stefania Danesi 

Paul Davis 

Santosh Dhubia 

Luis Dominguez 

Shan Dou 

Mohammad ElDifrawy 

Garrett Euler 

Christos Evangelidis 

Mark Fleharty 

George Franca 

James Gaherty 

Abhijit Gangopadhyay 

Haiying Gao 

Ewenet Gashawbeza 

Peter Gerstoft 

Michael Gurnis 

Shin‐Chan Han 

Yang He 

Tae‐Kyung Hong 

Qian Hui 

Heiner Igel 

Gunnar Jahnke 

Meijuan Jiang 

Richard Katz 

Lana Kh 

Euijoong Kim 

YoungHee Kim 

Edwin Kite 

Matthew Knepley 

Keith Koper 

Jozef Kristek 

Yang Luo 

Cin‐ty Lee 

Jimin Lee 

En‐Jui Lee 

Yingchun Li 

Juan Li 

Fan‐Chi Lin 

Qinya Liu 

Andrea Llenos 

S Lombey 

Jiangning Lu 

Jonathan MacCarthy 

Philip Maechling 

Alessia Maggi 

Federica Magnoni 

Michael Manga 

Suresh Marru 

John McCorquodale 

Chris McDowall 

Jason McKenna 

Brendan Meade 

Jean‐Paul Montagner 

Christina Morency 

Gabriele Morra 

Hans Muhlhaus 

Shaji Nair 

John Naliboff 

Tarje  Nissen‐Meyer 

Giovanni Occhipinti 

John Orcutt 

Silke Overkott‐Brown 

Gary Pavlis 

Daniel Peter  

Steve Quenette 

Adam Ringler 

Jeroen Ritsema 

Michael Ritzwoller 

Luis Rivera 

Arthur Rodgers 

Brian Savage 

Jeff Shragge 

Anne Sieminski 

Teh‐Ru Song 

Tehru Song 

Marc Spiegelman 

Laurent Stehly 

Jeffry Stevens 

Leif Strand 

Marco Stupazzini 

William Symes 

Eh Tan 

Carl Tape 

KiranKumar 

Thingbaijam 

Bf Tian 

Jeannot Trampert 

Jeroen Tromp 

Victor Tsai 

Tai‐Lin Tseng 

Emily Van Ark 

Elizabeth Vanacore 

Miguel Angel Vidal    

Arango 

Yun Wang 

John Woodhouse 

Francis Wu 

Michael Wysession 

Heming Xu 

Hongfeng Yang 

Yingjie Yang 

Zhaohui Yang 

Huajian Yao 

Mohammad Youssof 

Chunpeng Zhao 

Zuihong Zou 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Other Software Maintained by CIG 

 

 

CitcomCU is a finite element parallel code capable of 

modeling thermochemical convection in a three 

dimensional domain appropriate for convection within 

the Earth's mantle. Based on the original CitCom code 

developed by Louis Moresi, CitcomCU was developed 

by Shijie Zhong at the University of Colorado at 

Boulder and implements many new extensions, such as 

support for both regional Cartesian and regional 

spherical geometries, thermochemical convection with 

particles, and extended Boussinesq approximations. 

 

ConMan is a finite element program for the solution of 

the equations of incompressible, infinite-Prandtl 

number convection in two dimensions, originally 

written by Scott King, Arthur Raefsky, and Brad 

Hager. 

 

Ellipsis3d 

Ellipsis3d is a three-dimensional version of the 

particle-in-cell finite element code Ellipsis, a solid 

modeling code for visco-elastoplastic materials. The 

particle-in-cell method combines the strengths of the 

Lagrangian and Eulerian formulations of mechanics 

while bypassing their limitations. Ellipsis3d originated 

from CIItcom (CitCom version II), a multigrid mantle 

convection code developed by Louis Moresi. 

Subsequently, Chris Wijns contributed user-

functionality and miscellaneous back end 

improvements. Later extensions to include the Cosserat 

continuum theory were introduced by Frederic Dufour. 

The two-dimensional version of ellipsis was extended 

into three dimensions by Richard Albert and Craig 

O'Neill. 
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The Flexwin software package automates the time-

window selection problem for seismologists. It operates 

on pairs of observed and synthetic single component 

seismograms, defining windows that cover as much of 

a given seismogram as possible, while avoiding 

portions of the waveform that are dominated by noise. 

HC 

HC is a global mantle circulation solver following 

Hager & O'Connell (1981) that can compute velocities, 

tractions, and geoid for simple density distributions and 

plate velocities. This particular implementation 

illustrates one possible way to combine the HC solver 

routines. Based on code by Brad Hager, Richard 

O'Connell, and Bernhard Steinberger, this version is by 

Thorsten Becker and Craig O'Neill. 

LithoMop 

LithoMop is a finite element code for the solution of 

visco-elastic/plastic deformation that was designed for 

lithospheric modeling problems. 

 

 

MAG is a serial version of a rotating spherical 

convection/magnetoconvection/dynamo code, 

developed by Gary Glatzmaier and modified by Uli 

Christensen and Peter Olson. 
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The MAG Portal allows you to run the geodynamo 

code MAG without compiling it locally. Create and 

submit a MAG job to a selected TeraGrid site, monitor 

its progress and, when complete, download a tar-ball 

with the job results to further analyze locally or 

visualize with IDL software. You can queue up a long 

serial run rather than tie up your local machine. MAG 

is a serial version of a rotating spherical 

convection/magneto-convection/dynamo code that 

solves the non-dimensional Boussinesq equations for 

time-dependent thermal convection in a rotating 

spherical shell filled with an electrically conducting 

fluid. 

 

 

The Mineos package is a 1D code used to simulate 

synthetic seismograms in the spherical symmetric non-

rotated Earth by normal mode summation. 

 

Plasti 
Plasti is a 2D ALE (Arbitrary Lagrangian Eulerian) 

code donated to CIG by Sean Willett and Chris Fuller 

of the University of Washington. The code originated 

at Dalhousie University in Canada. 

SEISMIC CPML 

SEISMIC CPML is a set of six Fortran90 programs that 

solve the 2D or 3D isotropic or anisotropic elastic wave 

equation using a finite-difference method with 

Convolutional Perfectly Matched Layer (C-PML) 

conditions, developed by Dimitri Komatitsch and 

Roland Martin from University of Pau, France. 
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SNAC (StGermaiN Analysis of Continua) is an 

updated Lagrangian explicit finite difference code for 

modeling a finitely deforming elasto-visco-plastic solid 

in 3D, released under the GNU General Public License. 

SPECFEM1D 
SPECFEM1D simulates seismic wave propagation in a 

one-dimensional heterogeneous medium. It is a small 

code that allows users to learn how a spectral-element 

program is written. 

SPECFEM2D 
SPECFEM2D simulates seismic wave propagation in 

two-dimensional anisotropic viscoelastic or coupled 

viscoelastic-acoustic media. 

 



 103 

 

 

 

 

 

 

Part C: 

CIG Workshops 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CIG Workshops 
 

CIG sponsors and/or co‐sponsors several workshops 

and training sessions each year. At these events, 

members of the geodynamics community are exposed to 

the latest versions of CIG software. Both novices and 

expert users benefit not just from the training, but also 

from the added opportunity of being able to personally 

pose questions and concerns to CIG developers. This 

contact also enables CIG developers to learn what kind 

of features users require for their research. 

 

 

 

 

 

 

 

Tinker time at Community Finite 

Element Models (CFEM) Workshop, 

Golden, CO (2006) 

Participants in Oct 2006 Workshop on Challenges and Opportunities at the Interfaces of Scientific Computing 

and Computational Geodynamics and Computational Science Roundtable held at University of Texas at Austin. 

Presentation at CFEM Workshop in 

Golden, CO, June 2006 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CIG Workshop Dates, Sponsors, and Attendance 
Table S1. Location and attendance details of CIG Workshops and Training Sessions 

 

Workshop  Date/Location  Other Sponsors  Students/ 

Total 

Comp. Seismology 6/8/2005, Stevenson, WA IRIS 4/28 

Tectonic Modeling 6/9–12/2005, 

Breckenridge, CO 

NSF Tectonics 8/26 

Mantle Convection 6/19–23/2005, Boulder, 

CO 

– 33/67 

Short-Term Tectonics 7/11–14/2005, Los 

Alamos, NM 

SCEC/LANL/NSF/ 

NASA 

14/43 

Compressible Mantle 

Convection 

3/27–28/2006, W. 

Lafayette, IN 

– 2/13 

Short–Term Tectonics 6/26–30/2006, Golden, 

CO 

SCEC/NASA 31/60 

Magma Migration 8/18–19/2006, New York, 

NY 

– 20/44 

Interface of Scientific 

Computing and 

Geodynamics 

10/16–18/2006, Austin, 

TX 

– 15/64 

Comp. Seismology 10/31–11/2/2006, St. 

Louis, MO 

EarthScope 46/73 

Gale, Citcom Training 3/27/2007, Monterey, CA EarthScope 13/24 

Short-Term Tectonics 6/25-29/2007, Golden, 

CO 

SCEC/NASA/ 

EarthScope 

36/63 

Comp. Seismology 10/9-11/2007, Jackson, 

NH 

SPICE/IRIS 18/52 

Adaptive Mesh 

Refinement 

10/24-27/2007, Boulder, 

CO 

– 6/25 

Short-Term Tectonics 6/23–27/2008, Golden, 

CO 

SCEC/NASA/ 

EarthScope 

23/57 

Mantle Convection and 

Lithospheric Dynamics 

7/9–11/2008, Davis, CA NSF Geophysics 50/90 

Training 7/22/2008, Santa Barbara, 

CA 

CIDER 10/34 

Mathematical and 

Computational Issues 

in the Solid Earth 

Sciences 

9/15–17/2008, Santa Fe, 

NM 

NSF CMG, NSF OCI 18/30 

Opportunities and 

Challenges in Comput. 

Geophysics 

3/30–31/2009, Pasadena, 

CA 

– 21/81 

Training 

 

5/12/2009, Boise, ID EarthScope 9/17 

Short-Term Tectonics 6/22–26/2009, Golden, 

CO 

NSF/SCEC 18/39 
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CIG Workshop Summaries 
Table S2. Details of CIG Workshops and Training Sessions 

 

Geodynamic Modeling of Tectonic Processes 2005 Workshop, June 10‐12, 2005, in 

Breckenridge, Colorado. This workshop examined the scientific and computational 

issues that challenge geodynamic modeling of tectonic problems in the coming decade, 

and focused primarily on tectonic processes that affect continental lithosphere over 

timescales longer than the earthquake cycle. Attended by 26 individuals, 8 of whom 

were students. Final report, presentations, and other details are online at  

http://geodynamics.org/cig/workinggroups/long/workshops/breckenridge05/ 

Boulder Mantle Convection Workshop, June 19‐ 23, 2005, Boulder, CO. About 26 

graduate students and 39 geodynamicists and computational scientists attended the 

workshop. The morning sessions consisted of review and research talks, while 

afternoon sessions were for tutorials, demos, and practices. Also discussed were 

community software needs and goals that may require help from CIG. The workshop 

agenda, presentations, and final report are online at 

http://geodynamics.org/cig/workinggroups/mc/workshops/2005presentations/ 

Community Finite Element Models for Fault Systems and Tectonic Modeling 

workshop, July 11‐14, 2005, Los Alamos, NM. SCEC, LANL IGPP, NASA, and CIG jointly 

provided funding for the workshop. We had 42 participants, many of whom were new 

to the computational crustal deformation modeling community. The underlying goal of 

this workshop was to have all participants leave with a working FEM code on their 

home machine to get them over the start‐up hurdle. This goal was reasonably 

successful. In addition, this workshop focused on defining the tools necessary for end‐

to‐end modeling from concept, through structural models, meshes, and finally to 

solvers and visualization. Presentations are online at 

http://geodynamics.org/cig/workinggroups/short/workshops/cfem2005presentation

s/ 

2006 Purdue Workshop for Compressible Mantle Convection, March 27‐28, 2006, 

Purdue University, Lafayette, IN. Attended by 12 geophysicists (4 of them graduate 

students) including geodynamicists and mineral physicists and 2 CIG staff members. At 

the meeting, we clarified the set of governing equations to be solved (Anelastic liquid 

approximation or ALA and truncated anelastic liquid approximation or TALA); 

identified the areas for more studies including the effects of different reference states 

and different formulation; identified a number of algorithms (e.g., GMRES, BiCGstab) 

that can be potentially used in the CIG’s 3D compressible convection code; and defined 

benchmark problems for compressible mantle convection. The summary report, 

agenda, and presentations are available online at 

http://geodynamics.org/cig/workinggroups/mc/workshops/workshop2006/ 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Fault Systems and Tectonic Modeling, June 26‐30, 2006, Golden, Colorado on the 

campus of the Colorado School of Mines. Co‐sponsored by SCEC, NASA, NSF and CIG. 

The focus was on the science associated with simulating pre‐ and post‐seismic crustal 

deformation and training researchers in the use and customization of PyLith and 

GeoFEST, a JPL code for crustal deformation.  Workshop presentations are available 

online at http://geodynamics.org/cig/workinggroups/short/workshops/2006talks/ 

Computational Magma Dynamics Workshop, August 18‐19, 2006, Columbia 

University, New York. The purpose of this meeting was to discuss current progress and 

future goals for understanding and modeling magmatic processes in the Earth. In 

particular, discussion centered on opportunities for new software development 

afforded by CIG that would enable researchers to explore new science and better 

integrate theory with observations. Workshop announcement, presentations, agenda, 

and final report  are available online at 

http://geodynamics.org/cig/workinggroups/magma/workshops/2006‐magma‐

workshop  

CIG Workshop on Challenges and Opportunities at the Interfaces of Scientific 

Computing and Computational Geodynamics, October 16‐17, 2006, Austin, Texas. 

The workshop, designed to bring together mathematicians, computational scientists 

and geoscientists, addressed meshing, solvers, graphics, and other common issues in 

computational geophysics. The workshop agenda, presentations, and a summary of the 

roundtable discussion are at 

http://geodynamics.org/cig/workinggroups/cs/workshops/austin06‐workshop/ 

Earthscope Imaging Science/CIG Seismology Joint Workshop on Computational 

Seismology, October 31‐November 2, 2006, St. Louis, MO. Topics included aspects of 

forward modeling and imaging with teleseismic data. The workshop agenda, photos, 

and presentations are available at 

http://epsc.wustl.edu/seismology/michael/CIG/workshop06/ 

CIG Training Session, EarthScope, March 27, 2007, in Monterey, CA. CIG conducted a 

training session during EarthScope 2007 in the use of the Gale and CitcomS software 

packages. Presentations from this and other sessions are at 

http://geodynamics.org/cig/proc/material/ 

Community Finite Element Models for Fault Systems and Tectonic Studies 2007 

Workshop, June 25‐29, 2007, Colorado School of Mines, Golden, CO. Attended by over 

60 participants, the majority of which were students and postdocs. This workshop 

included the tutorial and software introduction sessions of previous years, but had 

many more science application presentations. In the previous workshop, we began 

befriending the FARM community with talks on laboratory friction laws and on 

dynamic slip modeling. This represents a concerted effort by the community to merge 

the modeling codes to hand time scales of seconds to thousands of years – truly a 

daunting task, but an important one if we want to make progress in understanding the 

impact of 3D variations in crustal stress. The agenda, lectures, posters, and final report 

are at http://geodynamics.org/cig/workinggroups/short/workshops/cfem‐07/ 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Joint CIG/SPICE/IRIS Computational Seismology Workshop, October 9‐11, 2007, in 

Jackson, NH. A joint workshop between SPICE (Seismic wave Propagation and Imaging 

in Complex media: a European network), IRIS (Incorporated Research Institutions for 

Seismology), and the CIG Seismology Working Group. It was a joint meeting between 

European and American Seismologists to discuss current "hot topics": algorithm 

development, imaging developments, and the future goals of a united American‐

European scientific community. Participants examined the current and future 

possibilities for computational seismology. The agenda, presentations, posters, and 

discussion points are available online at 

http://geodynamics.org/cig/workinggroups/seismo/workshops/spice07/ 

AMR Tutorial Workshop 2007, October 24 to 27 in Boulder, Colorado. The invited 

talks and tutorials allowed participants to see the potential benefits of AMR and the 

feasibility of building the software. Discussion centered on how to implement AMR in 

codes that are not easily extended to incorporate AMR capabilities. The workshop 

report, agenda, presentations, and the tutorial are online at 

http://geodynamics.org/cig/workinggroups/cs/workshops/amr07/ 

2008 Workshop on Numerical Modeling of Crustal Deformation and Earthquake 

Faulting, June 23‐27, 2008, Colorado School of Mines, Golden, CO. The focus of this 

gathering was on computational models addressing the seismic cycle across single and 

multiple events. The workshop blended science talks on case studies from particular 

faulting environments and on key rheological behavior with discussions of current 

obstacles to crustal deformation modeling. The first four days (Monday‐Thursday) 

were a mixture of science talks, discussion, and hands‐on tutorials. The fifth day 

(Friday) was dedicated to informal tutorials and collaboration. The workshop agenda, 

presentations, posters, and final report are available online at 

http://geodynamics.org/cig/workinggroups/short/workshops/cfem‐08/ 

Workshop for Advancing Numerical Modeling of Mantle Convection and 

Lithospheric Dynamics, July 9‐11, 2008, UC Davis, Davis, CA. This workshop built on 

the success of the 2005 Boulder workshop on Mantle Convection, but was broader in 

terms of audience than the Boulder workshop by bringing together both the mantle 

convection and lithospheric dynamics communities. Discussions were on scientific 

advances and, importantly, technical and scientific issues related to the quantitative 

modeling of the origin and evolution of the mantle‐lithosphere system.  The workshop 

announcement and presentations are available online at 

http://geodynamics.org/cig/workinggroups/mc/workshops/litho2008/ 

CIG Workshop on Mathematical and Computational Issues in the Solid Earth 

Geosciences, Sept. 15‐17, 2008, Santa Fe, NM. This CIG workshop brought together 

solid‐earth geoscientists, mathematicians, computational and computer scientists to 

focus on specific issues arising from a range of solid‐Earth dynamics problems that 

have proven both difficult and critical for progress in studying and modeling the 

dynamics of the planet. The agenda, presentations, and posters are available at 

http://geodynamics.org/cig/workinggroups/cs/workshops/geomath08/ 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Opportunities and Challenges in Computational Geophysics, March 30‐31, 2009, 

California Institute of Technology, Pasadena, CA. The workshop addressed scientific 

activities involving state‐of‐the art software such as that being supported by CIG, 

innovations and opportunities in computational geophysics, and ways to support and 

grow computational geoscience through community education programs.  An important 

objective was to obtain community input on the future of the CIG initiative.  The overall 

format combined invited talks, discussion sessions and posters.  Participants in all areas 

of our science attended, including experts in computational science and in geophysics. 

The agenda, presentations, and posters are available at 

http://geodynamics.org/cig/workinggroups/cs/workshops/future‐of‐cig09/ 

Training Sessions on Tectonic Models and LargeScale Earth Models at EarthScope 

2009, May 12, 2009, Boise Centre on the Grove, Boise, ID. During EarthScope, CIG 

conducted two separate training sessions: one in the use of the Gale and PyLith software 

packages for Tectonic Models, and the other in Large‐Scale Earth Models using 

SPECFEM3D/CitcomS software. Presentations from these and other sessions are at 

http://geodynamics.org/cig/proc/material/ 

2009 Workshop on Numerical Modeling of Crustal Deformation and Earthquake 

Faulting, June 22‐26, 2009, Golden, CO. The focus of this gathering is on computational 

models addressing crustal deformation with an emphasis on the seismic cycle across 

single and multiple events. The workshop will blend science talks on case studies from 

particular faulting environments and on key rheological behavior with discussions of 

current obstacles to crustal deformation modeling. The announcement for this 

workshop is available at 

http://geodynamics.org/cig/workinggroups/short/workshops/nmcdef‐09 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List of Members 

CIG Institutional Members 

Argonne National Laboratory (MSC) 
Brown University 
California Institute of Technology 
Colorado School of Mines 
Colorado State University 
Columbia University 
Cornell University 
Georgia Institute of Technology 
Harvard University 
Johns Hopkins University 
Lawrence Livermore National Laboratory 
Los Alamos National Laboratory (ES) 
Massachusetts Institute of Technology 
Oregon State University 
Pennsylvania State University 
Princeton University 
Purdue University 
Rensselaer Polytechnic Institute 
Rice University 
State University of New York at Buffalo 
State University of New York at Stony Brook 
U.S. Geological Survey (Menlo Park) 

University of Arizona 
University of California, Berkeley 
University of California, Davis 
University of California, Los Angeles 
University of California San Diego 
University of Colorado 
University of Hawaii 
University of Maine 
University of Maryland 
University of Michigan 
University of Minnesota 
University of Missouri-Columbia 
University of Nevada, Reno 
University of Oregon 
University of Southern California 
University of Texas at Austin 
University of Washington 
Virginia Polytechnic Institute and State 
University 
Washington University 
Woods Hole Oceanographic Institution 

CIG Foreign Affiliates 
 
Australian National University 
Geological Survey of Norway (NGU) 
GNS Science 
Monash University 
Munich University LMU 

University College London 
University of Science and Technology of China 
University of Sydney 
Victorian Partnership for Advanced Computing 

 

CIG By‐Laws 
 
As approved by the Electorate, February 28, 2005  
As amended by the Electorate, December 12, 2006  

PREAMBLE 
  
The By-Laws of the Computational Infrastructure for Geodynamics (CIG) are adopted by the Member 
Institutions for the purpose of conducting CIG business in a collegial manner.  They should not be 
construed as overriding the standard responsibilities and prerogatives of Principal Investigators or their 
respective institutions.  However, situations and issues may arise from time to time for which resolution 
through standard procedures cannot be achieved. Consequently, should the Director and the Executive 
Committee not be able to reach agreement on any given issue, the Director, as Principal Investigator on 
the core CIG grants/contracts, will ultimately retain full authority to make and implement decisions on 
core CIG programs and policies.   
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Article I   Name   
  
Section 1. Name: The name of the Organization is Computational Infrastructure for Geodynamics  
(abbreviated as CIG).    
  

Article II   Member Institutions  
 
Section 1. Membership: Institutions that are both educational and not-for-profit, chartered in the United 
States, with a major commitment to research in Earth Science with a particular emphasis on geodynamics 
and computational geophysics, and related fields, including single or multiple campuses of multi-campus 
university systems, may become Members of the Organization.  Governmental research laboratories with 
a close link to the academic research community in geodynamics and computational geophysics are also 
eligible for Membership. The current list of member institutions shall be maintained by the Director.  
 
Section 2. Election: An institution applying for membership must be qualified as an educational and not-
for-profit institution according to criteria adopted by the Electorate. Qualified institutions may be elected 
as members by the affirmative vote of two-thirds of the members of the entire Electorate, or by 
unanimous vote of the Executive Committee of CIG. The rights and privileges of Members with respect 
to participation in the scientific activities of CIG will be according to policies established by the 
Electorate.   
 
Section 3. Foreign Affiliation: Institutions not chartered in the United States may be elected as Foreign 
Affiliates for an indefinite term by the affirmative vote of two- thirds of the members of the entire 
Electorate or by a unanimous vote of the Executive Committee of the Electorate. A Foreign Affiliate will 
be entitled to designate a nonvoting representative to the Electorate, and will be able to participate in all 
activities in the governance of CIG other than voting at business meetings as a regular CIG Member or 
serving in a position specifically restricted to Electors. The rights and privileges of Foreign Affiliates with 
respect to participation in the scientific activities of CIG will be according to policies established by the 
Electorate.   
 
Section 4. Resignation or Removal: Any Member or Affiliate may resign at any time by giving written 
notice to the Chairperson of the Executive Committee or the Director of the Organization. Such 
resignation shall take effect at the time of receipt of be removed by the affirmative vote of two-thirds of 
the Members of the entire Electorate.   

Article III   Electorate  
 
Section 1. Powers: So long as they do not conflict with the responsibilities of Principal Investigators, 
power in the management of the affairs of the Organization is vested in the Electorate. To this end and 
without limitation of the foregoing or of its powers expressly conferred by these By-Laws, the Electorate 
shall have power to authorize such action on behalf of the Organization, make such rules or regulations 
for its management, create such additional offices or special committees and select, employ or remove 
such of its officers, agents or employees as it shall deem best. The Electorate shall have the power to fill 
vacancies in, and change the membership of, such committees as are constituted by it.   
 
Section 2. Power of Appointment: The term "Executive Officer" referred to in Sections 3-6 shall mean a 
Senior Officer of a Member institution above or at the level of Department Head.   
 
Section 3. Composition: The Electorate shall be composed of one person from each of the Member 
institutions. An Executive Officer of each such Member institution shall designate one Elector, who shall 
be the holder of an academic appointment, with major responsibilities for instruction and/or research in 
the earth sciences, in a department, program or other organizational unit of such member institution.   
 
Section 4. Term of Office: Each Elector shall continue in office until a successor is chosen and qualifies 
or until he or she dies, resigns or is removed by an Executive Officer of the member institution.   
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Section 5. Resignation: Any Elector may resign at any time giving written notice to the Chairperson of 
the Executive Committee or the Director of CIG. Such resignation shall take effect at the time of receipt 
of the notice, or at any later time specified therein.   
 
Section 6. Alternate Electors: An Executive Officer of each Member institution may appoint from within 
the Member institution an alternate Elector to serve for the term specified by such appointment. In the 
absence of an Elector from any meeting of the Electorate, his or her alternate may, upon written notice to 
the Director of the Organization from the Elector or from a duly authorized representative of the Member 
institution of the Electorate, attend such meeting and exercise all the rights, powers and privileges of the 
absent Elector.  

Article IV   Meetings of the Electorate   
 
Section 1. Annual Meeting: A meeting of the Electorate for the election of officers and for the transaction 
of such other business as may properly come before it shall be held once per year.   
 
Section 2. Special Meetings: Special meetings of the Electorate may be called by the Chairperson of the 
Executive Committee or by the Director upon written request of at least four Electors or one-fifth (1/5) of 
the membership of the Electorate, whichever is greater.   
 
Section 3. Place of Meetings: The Chairperson of the Executive Committee or the Director shall designate 
the place of the annual meeting or any special meeting and which shall be specified in the notice of 
meeting or waiver of notice thereof.   
 
Section 4. Notice of Meetings: Notice of such meeting of the Electorate shall be given to each Elector by 
the Director, or by an officer directed by the Chairperson of the Executive Committee or the Director to 
give such notice, by delivering to him or her personally, by electronic means, or by first-class mail, 
postage prepaid, addressed to him or her at the address of his or her Member institution, a written or 
printed notice not less than thirty nor more than sixty days before the date fixed for the meeting. Notice of 
any meeting need not be given to any Elector, however, who submits a signed waiver of notice, whether 
before or after the meeting. The attendance of any Elector at a meeting without protesting prior to the 
conclusion of the meeting the lack of notice thereof shall constitute a waiver of notice by him or her. 
When a meeting is adjourned to another place or time, it shall not be necessary to give any notice of the 
adjourned meeting if the time and place to which the meeting is adjourned are announced at the meeting 
at which the adjournment is taken.   
 
Section 5. Quorum: Except as may be otherwise expressly required by law or these By-Laws, at all 
meetings of the Electorate forty percent (40%) of the Electors then serving shall constitute a quorum. At 
all meetings of any committee of the Electorate a majority of the members of that committee shall 
constitute a quorum. For the purposes of election of Officers and Executive Committee members, a 
quorum shall be determined in accordance with Article VIII. If a quorum is not present, a majority of the 
Electors present may adjourn the meeting without notice other than by announcement at said meeting, 
until a quorum is present. At any duly adjourned meeting at which a quorum is present, any business may 
be transacted which might have been transacted at the meeting as originally called.   
 
Section 6. Voting: Each Elector shall be entitled to one vote. Except as otherwise expressly required by 
law or these By-Laws, all matters shall be decided by the affirmative vote of a majority of the Electors 
present at the time of the vote, if a quorum is then present.   
 
Section 7. Action without a Meeting: Any action required or permitted to be taken by the Electorate, or 
the Executive Committee, may be taken without a meeting if all Electors or the Executive Committee 
consent in writing to the adoption of a resolution authorizing the action. The resolution and the written 
consents thereto shall be filed with the minutes of the proceedings of the Electorate or the Executive 
Committee.   
 
Section 8. Participation by Conference Telephone or Video Conference: In any meeting of the Electorate 
or any committee thereof, any one or more Electors or members of any such committee may participate 
by means of a conference telephone or similar communications equipment allowing all persons 
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participating in the meeting to hear each other at the same time. Participation by such means shall 
constitute presence in person at a meeting.   

Article V   Officers  
 
Section 1. Officers and Qualifications: The officers of the Organization shall consist of a Chairperson and 
a Vice Chairperson of the Executive Committee, a Chief Software Architect, and a Director and such 
other officers as the Electorate may from time to time establish and appoint.  Unless otherwise specified 
by Electorate action, officers need not be Electors.   
 
Section 2. Chairperson: The Chairperson of the Executive Committee shall, when present, preside at all 
meetings of the Electorate and shall perform such other duties and exercise such other powers as shall 
from time to time be assigned by the Electorate.  The Chairperson of the Executive Committee shall be an 
ex officio member of all CIG committees.  
 
Section 3. Vice Chairperson: The Vice Chairperson of the Executive Committee shall preside, in the 
absence of the Chairperson, at all meetings of the Electorate and shall perform such other duties and 
exercise such other powers as shall from time to time be assigned by the Electorate.   
 
Section 5. Chief Software Architect: The Chief Software Architect will act as the chief advisor to the 
Director and Executive Committee on matters of software development and integration.  The Chief 
Software Architect shall be a non-voting member of the Executive Committee.  
 
Section 4. Director: Except as otherwise provided by the Electorate, the Director shall be the Chief 
Executive Officer of the Organization, and unless authority is given by the Electorate to other officers or 
agents to do so, he or she shall execute all contracts and agreements on behalf of the Organization. The 
Director shall be the Principal Investigator on proposals which fund the core CIG facility.  It shall be his 
or her duty, insofar as the facilities and funds furnished to him or her by the Organization permit, to see 
that the orders and votes of the Electorate and the purposes of the Organization are carried out. In the 
absence of the Chairperson or the Vice Chairperson of the Executive Committee, the Director shall 
preside at meetings of the Electorate. The Director shall be a non-voting member of the Executive 
Committee.  
 
Section 5. Election and Term of Office: The Chairperson and Vice Chairperson of the Executive 
Committee shall each be elected by the Electorate for a term not to exceed three years or until his or her 
successor is chosen and qualifies. The Chairperson of the Executive Committee shall not be eligible for 
reelection until another person shall have served an intervening term, or a portion of a term of more than 
one year, as Chairperson. All other officers of the Organization, with the exception of the Director, shall 
be elected by the Electorate for terms not to exceed three years or until their successors are chosen and 
qualify, and they shall be eligible for reelection. The Director and the Chief Software Architect shall be 
appointed by the Executive Committee.  
 
Section 6. Resignation: Any officer may resign at any time by giving written notice to the Chairperson, 
the Vice Chairperson or the Director of the Organization. Such resignation shall take effect at the time of 
receipt of the notice, or at any later time specified therein.   
 
Section 7. Vacancies: Any vacancy in any office may be filled for the unexpired portion of the term of 
such office by a vote of the Electorate.   
 
Section 8. Removal: Any officer may be removed at any time either with or without cause by vote of the 
Electorate.  

Article VI   Executive and Other Committees   
 
Section 1. Executive Committee of CIG: There shall be established an Executive Committee of CIG 
comprised of five voting members (the Chairperson, the Vice Chairperson, and three additional members 
elected by the Electorate) and three non-voting members (the Director, the Chief Software Architect and 
the Chairperson of the Science Steering Committee).  The elected members of the Executive Committee 
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shall have terms not to exceed three years or until his or her successor is chosen and qualified.  Members 
of the Executive Committee may not simultaneously serve on of the Science Steering Committee.   
 
Section 2. Powers of the Executive Committee of CIG: Unless otherwise provided by resolution adopted 
by the affirmative vote of a majority of the entire Electorate, the Executive Committee may have and may 
exercise all the powers of the Electorate, except that it shall not have authority as to the following matters:  
  

 (a) the amendment or repeal of the By-Laws, or the adoption of new By-Laws;   
 (b) the amendment or repeal of any resolution of the Electorate, which by its terms shall not be so 

amendable or repealable; and   
 (c) the levying or assessment of fees and dues.  

 
The responsibilities of the Executive Committee include coordination of activities, meetings, and 
workshops. The Executive Committee shall establish the priorities for software development undertaken 
by CIG. In establishing these priorities, the Executive Committee will consider input obtained from the 
Electorate directly and from recommendations made by the Science Steering Committee.  
 
At all meetings of the Executive Committee, the presence of a simple majority of its members then in 
office shall constitute a quorum for the transaction of business.   
 
Section 3. Special Committees: The Electorate may create such special committees as may be deemed 
desirable, the members of which shall be appointed by the Chairperson of the Executive Committee from 
among the Electors, with the approval of the Executive Committee. Each such committee shall have only 
the lawful powers specifically delegated to it by the Electorate.   
 
Section 4. Science Steering Committee: There will be standing committees as defined in Article VII for 
overseeing the major scientific and research programs to which the Organization provides scientific 
counsel and advice or management direction and fiscal recommendations.   
 
Section 5. Other Committees: The Executive Committee may create committees other than Standing or 
Special committees to be Committees of the Organization. Such committees shall be appointed in such a 
manner as may be determined by the Executive Committee and shall have such lawful duties as may be 
specified by the Executive Committee. An individual or an institution may be a member of any such 
committee whether or not they are an Elector or officer of the Organization.   

Article VII   Science Steering Committee  
 
In order to carry out and oversee CIG operations, a Science Steering Committee (SSC) shall be 
established.  The members will be selected by the Electors and will serve terms up to three years duration.  
A committee will be formed according to Article VI, section 4 to determine and prioritize software 
development from the perspective of the Earth science and Computational science disciplines represented 
by the Electorate. This committee will evaluate the utility of software developed and delivered to the 
community by CIG. This committee will consider the community’s needs and recommend changes in the 
levels of support of CIG development resources.  The committee will formulate policies for evaluation of 
user proposals for CIG software development.  At least twice per year, the committee shall report in 
writing to the Executive Committee priorities for software development and resource allocation.  

Article VIII   Elections   
 
Section 1. Officers, Executive Committee, and Standing Committees: Officers, Executive Committee 
members, and Science Steering Committee members may be elected by the Electorate at the Annual 
Meeting or by an E-mail Election, in accordance with the procedures established in this Article.   
 
Section 2. Nominating Committee: No less than 90 days before the Annual Meeting or the E-mail 
Election, the Executive Committee shall appoint a Nominating Committee, which shall prepare a slate of 
one or more nominees for each position to be filled. The Nominating Committee shall solicit the Electors 
for the names of suggested nominees. Any candidate shall be placed on the slate by the Committee upon 
receipt of written nomination signed by three Electors at least 40 days before the Annual Meeting.   
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Section 3. Mailed notice of election and ballot: If the election is to be held at the Annual Meeting, the 
ballot prepared by the Nominating Committee shall be included in the Notice of Meeting. If the election 
is to be held by E-mail, then a copy of the ballot shall be mail to the Electorate not less than thirty nor 
more than sixty days before the date fixed for the E-mail Election.  
 
Section 4. Election: If the election shall take place at the Annual Meeting, it shall include the opportunity 
for nominations to be made from the floor. Election shall be by written ballot, which may be cast in 
person by an Elector at the meeting, or may be submitted by mail, email, or facsimile, if received by the 
Vice-Chairman before the meeting. If the Election is by E-mail, then the ballot shall be sent to the 
Electorate ten (10) days before the date of the Election.  Election shall be valid if ballots are received 
from one-half of the membership of the entire Electorate in accordance with this Article, even if a quorum 
is not present for the purpose of conducting other business.   
 
Section 5. Method of Voting: In the election of officers, a valid ballot shall contain at most one vote for 
each office; election shall be decided in favor of the nominee receiving a plurality of votes. In the election 
of Executive and Science Steering Committee members, a valid ballot shall contain no more votes than 
vacancies being filled; election to each vacancy shall be determined in sequence in favor of those 
qualified nominees with the most votes.   
 
Section 6. Counting of ballots: Ballots shall be counted by the Vice-Chairman and the Chair of the 
Nominating Committee.  

Article IX   Compensation  
 
Section 1. Compensation: The Electorate shall have the power to fix the compensation and fees payable to 
officers and employees for services rendered to the Organization; provided, however, that these fees and 
compensation are consistent with the policies of the host Institution that oversees the employment of said 
person or persons, and that no Elector shall be paid any compensation for serving as Elector. All Electors 
may be reimbursed for the actual expenses incurred in performing duties assigned to them by the 
Electorate.   
 
Section 2. Dividends: The Organization shall not pay dividends or distribute any part of its income or 
profit to its members, Electors or officers.   

Article X   Amendments to the By‐Laws  
 
Section 1. Amendments: All By-Laws of the Organization shall be subject to amendment or repeal and 
new By-Laws may be made by the affirmative vote of two-thirds of the entire Electorate at any annual or 
special meeting, the notice or waiver of notice of which shall have specified or summarized the proposed 
amendment, repeal or new By-Laws.  
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