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FORWARD

“Computational and Numerical Geosciences” is the thirteenth in a series of Geosciences
Research Program Symposia dating from 1995. These symposia are topically focused meetings
for principal investigators in the program and provide opportunities for our investigators to give
presentations on their Office of Basic Energy Sciences’ supported research. In addition to the
recognition the symposium gives to all of the investigators, we traditionally also recognize one
outstanding contribution from a DOE Laboratory Project and one from a University Project. The
outstanding contributions are selected by our session chairpersons. We are fortunate to have as
guest session co-chairs Prof. Ken Larner from the Colorado School of Mines, Prof. David
Zachmann from Colorado State University, Prof. Mary Wheeler from the University of Texas,
Austin, and Prof. Mark Reed from the University of Oregon. They join our Principal Investigator
co-chairs Prof. J.W. Rudnicki from Northwestern University, Prof. William Klein from Boston
University, Prof. John Tossell of the University of Maryland, and Prof. Tony Ladd from the
University of Florida. For their efforts on behalf of the investigators I thank them all. We are
looking forward to an outstanding series of presentations.

Nicholas B. Woodward
Geosciences Research Program
Office of Basic Energy Sciences
U.S. Department of Energy

* k% *
Table of Contents

AGONAA. .. e 3
Abstracts (listed in chronological order)

Session 1 (May 3, AV .o 7

Session 2 (May 3, P.ML) oo 14

Session 3 (May 4, AML) . .nuiiii it snnee s 24

Session 4 (May 4, P.ML) .o 35
PartiCIPantS. . ... e 48
Additional ADSIIACES. .. .. ..uet e 50

Cover illustration by Diana Swantek (LBNL): Geophysics cluster, LBNL; model of Zn(II)
adsorption dynamics onto rutile (110) surfaces (Zhang et al., 2006); rutile powders with
prominent (110) surfaces. Figures courtesy of E. Majer (LBNL), J. Kubicki (PSU), and D.
Wesolowski (ORNL).



Computational and Numerical Geosciences
-Agenda-
Hilton Washington DC North/Gaithersburg
Gaithersburg, MD
May 3-4, 2007

Thursday, May 3 (AM)

7:30 Registration/Continental Breakfast
8:35 Introductions and Greetings
Nicholas Woodward, Department of Energy
Session 1
Chairs: Prof. Ken Larner (CSM) and Prof. J.W. Rudnicki (Northwestern)
8:45 Lianjie Huang, Los Alamos National Laboratory
Wave-equation migration for subsalt imaging, monitoring carbon sequestration, and
ultrasound cancer imaging
9:10  Steven Pride, Lawrence Berkeley National Laboratory
Numerically modeling seismic attenuation in simulated porous rocks
9:35  Don Vasco, Lawrence Berkeley National Laboratory
Using time-lapse geophysical data to resolve permeability in the subsurface
10:00 John Rundle, University of California at Davis
Failure of rock masses from nucleation and growth of microscopic defects and disorder
10:25 Coffee/refreshments
10:45 Gary Egbert, Oregon State University
Efficient inversion of multi-frequency and multi-source electromagnetic induction data
11:10 Jeff Roberts, Lawrence Livermore National Laboratory
Permeability and electrical resistivity in partial melts: An integrated study combining
laboratory measurements, X-ray computed tomography, and computational methods
11:35 Walt Polansky, Office of Advanced Scientific Computing Research, DOE
An introduction to the research portfolio of the Advanced Scientific Computing Research
Program
12:05 Working Lunch



Thursday, May 3 (PM)

Session 2

12:40

1:10

1:35

2:00

2:25

2:50

3:10

3:35
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Chairs: Prof. David Zachmann (Colorado State) and Prof. William Klein (BU)

Dan Hitchcock, Office of Advanced Scientific Computing Research, DOE
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Greg Newman, Lawrence Berkeley National Laboratory
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Barbara Romanowicz, University of California at Berkeley
Towards regional tomography in South-East Asia using the spectral element method

Ian Bourg, Lawrence Berkeley National Laboratory

Molecular dynamics simulation of kinetic isotope fractionation during the diffusion of
small inorganic solutes (alkali metal cations, chloride, magnesium, noble gases) in liquid
water

John Weare, University of California at San Diego

Progress towards parameter free quantitative molecular models of fundamental
geochemical processes: Application to metal ion and actinide species in solution and at
interfaces

Coffee/refreshments

Joel Koplik, City College of New York
Transport and deposition in self-affine fractures

Hernan Makse, City College of New York
Stress-dependent acoustic propagation and dissipation in granular materials

Ronaldo Borja, Stanford University
Brittle faulting and cataclastic flow in porous rocks

John Rudnicki, Northwestern University
Formation and extension of compaction bands in porous sandstone
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Dinner (On your own)



Friday, May 4 (AM)

7:00

Coffee/Continental Breakfast

Session 3

8:00

8:25

8:50

9:15

9:40

10:05

10:25

10:50

11:15

11:40

12:05

Chairs: Prof. Mary Wheeler (Texas) and Prof. John Tossell (Maryland)

David Benson, Colorado School of Mines
Lagrangian simulation of heavy-tailed nonlocal transport in lab- and field-scale tests: Is
there such a thing as a local scale?

Anthony Ladd, University of Florida
Parallel computation of flow and transport in rough fractures

Grant Garven, Johns Hopkins University
Geochemical observations and geohydrologic modeling of reactive fluid flow in faulted,
petroleum-bearing sedimentary rocks

Brent Lindquist, Stony Brook University
Network and mineral characterization of Viking Sandstones for reactive transport
modeling

Russell Detwiler, Lawrence Livermore National Laboratory
Reactive transport and aperture alteration in variable aperture fractures and discrete
fracture networks

Coffee/refreshments

Kevin Rosso, Pacific Northwest National Laboratory

Computational molecular simulation of charge transport underlying the reductive
transformation of iron oxides

Carl Steefel, Lawrence Berkeley National Laboratory

Resolving the discrepancy between laboratory and field rates: The role of reactive
transport modeling

Craig Bethke, University of Illinois
Reactive transport analysis of the origin of microbiological and geochemical zoning

Edward Bolton, Yale University
Computational models of kinetic processes in subsurface reactive flows
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James Kubicki, Penn State University
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Tjerk Straatsma, Pacific Northwest National Laboratory
Molecular basis for microbial adhesion and geochemical surface reactions

James Rustad, University of California at Davis
Carbonate defects in Al-Fe oxyhydroxide minerals: structure, vibrational spectroscopy,
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Andrey Kalinichev, University of Illinois
Molecular scale structure and dynamics of geologically important aqueous fluids and
mineral-fluid interfaces
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James Rustad, University of California at Davis
Site-specific, size-dependent reactivity of Al-oxide nanoparticle surfaces

Jeffery Greathouse, Sandia National Laboratories
Structural and vibrational properties of clay minerals from classical and ab initio
molecular dynamics simulations

Louise Criscenti, Sandia National Laboratories

A molecular dynamics investigation of alkaline earth metal complexation to aqueous
chloride and the gibbsite surface

Dimitri Sverjensky, Johns Hopkins University

Molecular surface geochemistry: Integration of spectroscopic and theoretical molecular
evidence with a predictive surface complexation approach

John Tossell, University of Maryland

Calculating the stability, Raman and UV spectra and acidity of As sulfides in aqueous
solution

Adjourn

Refreshments

Working Dinner/Awards Presentation



Wave-Equation Migration for Subsalt Imaging, Monitoring Carbon Sequestration, and
Ultrasound Cancer Imaging

Lianjie Huangl, Michael Fehlerl, Ru-Shan Wuz, and Xiao-Bi Xie®

'Los Alamos National Laboratory, Los Alamos, NM
2University of California at Santa Cruz, Santa Cruz, CA

High-resolution and high-fidelity imaging is extremely important for many different
applications, including subsalt imaging for oil/gas exploration, monitoring geological carbon
sequestration, and ultrasound cancer imaging. Due to reflection/scattering, diffraction, and
attenuation in complex media, seismic/ultrasound reflection data contain complicated wave
phenomena. It is a great challenge to use reflection data to image structures beneath complex salt
bodies, to detect and characterize regions with precipitation and dissolution due to geochemical
interactions of rocks with CO,, and to detect tiny cancers at their earliest stages. Reflection
imaging/migration with solutions of the wave equation in heterogeneous media can more
accurately account for complex wave phenomena than ray-based Kirchhoff migration imaging,
leading to significantly improved image resolution and quality. With support from DOE Office
of Basic Energy Sciences (BES), we have developed a suite of novel wave-equation migration
methods based on solutions of the one-way wave-equation and downward continuation of
wavefields in the frequency-space and frequency-wavenumber domains (dual domains).

We have quantitatively studied the effects of an acquisition system and the imaging (migration)
process on migration imaging resolution, and demonstrated that wave-equation migration
produces higher image resolution than Kirchhoff migration. For 3D subsalt imaging, we have
successfully obtained high-quality images from an ultra-deep water Gulf of Mexico dataset.

Faults in the caprock and wellbores are the two primary potential CO, leakage paths for
geological carbon sequestration. It is critical to characterize the integrity of the caprock to ensure
safe carbon sequestration. We have investigated the capability of our advanced wave-equation
migration method to detect faults in the caprock. We need to study the potential applications of
wave-equation migration for detecting where CO, moves. To detect CO, saturation and
fingering, and characterize precipitation and dissolution, we have to further improve imaging
resolution and develop novel approaches for quantifying small changes in geophysical
properties.

One out of seven women in the U.S. will develop breast cancer during their lifetime, and breast-
cancer mortality has changed little since 1930's. The key to reducing cancer mortality is early
detection. We investigate the capability of our advanced wave-equation migration methods for
ultrasound breast-cancer imaging. Our preliminary results show that wave-equation migration
has great potential to dramatically improve ultrasound image resolution for early breast-cancer
detection and diagnosis.



Numerically Modeling Seismic Attenuation in Simulated Porous Rocks

Steve Pride
Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

Over the seismic band of frequencies (10 Hz to 1 kHz), it is difficult to measure the intrinsic
seismic attenuation of rock samples in the laboratory. In an effort to help understand the nature
of seismic attenuation in the seismic frequency band, we numerically model seismic attenuation
on simulated porous rock samples that contain mesoscopic-scale heterogeneity in the local elastic
moduli (mesoscales are larger than grain sizes, but smaller than seismic wavelengths). The
approach is to numerically apply stress to the surface of a simulated heterogeneous porous rock
sample, and measure the strain rate of the sample. After taking a Fourier transform, the ratio of
stress rate to strain rate defines the effective complex elastic moduli of the sample (the moduli
are complex if there are loss mechanisms that allow stress rate to be out of phase with strain rate)
from which the seismic attenuation, as measured by Q' can be determined . The basic loss
mechanism is that the applied stress creates a heterogeneous fluid pressure response that
correlates with the mesoscale heterogeneity in the elastic moduli. The fluid pressure distribution
so created attempts to equilibrate in each cycle of applied stress by fluid flow (i.e., fluid pressure
diffusion). The viscous flow is responsible for intrinsic seismic attenuation. The local laws
controlling such response are those of poroelasticity theory (i.e., Biot theory). We have
developed a time-stepping finite-difference code that stably and accurately solves Biot’s
equations when there is heterogeneity in the porous material properties. We will report on the
various discoveries we have made about the nature of Q™ associated with this mechanism. For
example, we have demonstrated, both numerically and analytically, that the level of Q7 is
proportional to the square of the fluctuations in the local elastic moduli; i.e., the stronger the
fluctuations, the stronger the attenuation. We have also shown, both numerically and
analytically, that in a self-affine material having a Hurst exponent H, the relation between
seismic Q and frequency fis Q(f)=af" . Other results concerning the nature of the frequency
dependence under various circumstances will also be presented.



Using Time-Lapse Geophysical Data to Resolve Permeability in the Subsurface
D.W. Vasco
Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

Methods for geophysical model assessment, in particular the computation of model parameter
resolution, indicate the value and the limitations of time-lapse data in estimating reservoir flow
properties. A trajectory-based method for computing sensitivities provides an effective means to
compute model parameter resolution. We examine the common situation in which water
encroaches into a reservoir from below, as due to the upward movement of an oil-water contact.
Using straight-forward techniques we find that, by including reflections off the top and bottom of
a reservoir tens of meters thick, we can infer reservoir permeability based upon time-lapse data.
We find that, for the case of water influx from below, using multiple time-lapse 'snapshots' does
not necessarily improve the resolution of reservoir permeability. An application to time-lapse
data from the Norne field in the Norwegian Sea illustrates that we can resolve the permeability
near a producing well using reflections from three interfaces associated with the reservoir.



Failure of Rock Masses from Nucleation and Growth of Microscopic Defects and Disorder
John B. Rundle' and W. Klein®

!Departments of Physics, Geology and Engineering, University of California, Davis, CA
’Department of Physics, Boston University, Boston, MA

Storage of nuclear waste, oil recovery and earthquakes are examples of how the structure and
failure of rock masses affect processes of interest to the DOE. Each of these processes involve
the multi-scale physics of geological materials at shallow depths. Observations of rock masses
over a range of spatial scales indicate that the failure modes of these systems, such as fracture,
demonstrate scale invariant deformation, or power law behavior, characteristic of complex non-
linear systems. These are observed in both laboratory settings in acoustic emission experiments,
as well as in large scale field settings associated with tectonic faults (Gutenberg-Richter
magnitude-frequency relation; Omori relation for aftershocks). One important reason for this
behavior is that driven threshold systems of rock masses in which defects interact with long
range interactions display near mean field dynamics and ergodic behavior. This result, which
was first proposed on the basis of simulations and theory, was subsequently observed in field
observations on the tectonic scale.

We are investigating the failure of rock masses resulting from the complex physics of
microscopic dynamical processes in rocks, as manifested in the nucleation and growth of defects,
microcracks, damage, and macroscopic fracture. These processes are a result of the complex
emergent dynamics of self-organizing geological materials which we will analyze using the
methods of statistical physics and large scale simulations employing both molecular dynamics
and Monte Carlo methods.

Fully interacting fields of defects and damage are generally not included in most current models
for material deformation. Instead, defect density and damage fields are assumed to be non-
interacting or dilute, implying a strictly mean field approach. We have used statistical physics
methods to understand the dynamics of interacting defect and damage fields, made possible by
the construction and use of statistical field theories, to greatly improve our predictive capability
for the macroscopic failure of materials.

In this talk I will summarize our current understanding of rock deformation as a response to
stresses driving the evolution of damage and defects within the rock mass. The important
quantities to compute are the nucleation rate, or its inverse, lifetime to failure. I will also discuss
applications of this research to rock deformation across a range of spatial and temporal scales.
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Efficient Inversion of Multi-Frequency and Multi-Source Electromagnetic Induction Data
Gary D. Egbert
College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR

We present a new class of more efficient algorithms for regularized inversion of multi-frequency
electromagnetic (EM) data. To generate one search direction conjugate gradient (CG) methods
used for penalty functional minimization require two solutions per frequency of the governing
differential equations. These calculations effectively generate data sensitivities for one linear
data contrast for each frequency. By saving the results of these calculations a good
approximation to the full Jacobian of the penalty functional can be built up in a comparatively
small number of CG steps, allowing use of approximate Gauss-Newton (GN) methods. Using
this idea we develop a new hybrid algorithm combining elements of the standard CG and
“Occam” minimum structure inversions, which adjust the regularization parameter for step-
length control. Rather than calculate the full Jacobian, the scheme uses the Lanczos
bidiagonalization of the Jacobian, separately for each frequency, to generate (and save) a series
of linear data contrasts, and the corresponding data sensitivities. The bidiagonalization
procedure is truncated after a small number of steps, and the saved sensitivities, and
corresponding linear combinations of data (for each frequency separately) are then used in a
reduced data space Occam inversion. Tests on synthetic data for a two-dimensional
magnetotelluric problem show the method provides essentially the same solutions as those
obtained using a GN method requiring full calculation of the Jacobian, but at a fraction of the
computational cost. The new approach is also 3-5 times more efficient than the standard CG
approach. We will discuss implementation of this and other algorithms for 2D MT within the
context of a modular EM inversion system we are using as a test-bed for algorithm development.
Progress on generalization to the three-dimensional MT inverse problem will be discussed.
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Permeability and Electrical Resistivity in Partial Melts: An Integrated Study Combining
Laboratory Measurements, X-ray Computed Tomography, and Computational Methods

Jeffery J. Roberts
Lawrence Livermore National Laboratory, Livermore, CA

Permeability is an important transport property in a large number of systems and applies to a
wide variety of problems. Often, in the absence of direct laboratory or field measurements,
electrical resistivity is used to infer permeability. These physical properties are inter-related in a
complex way that can depend on a variety of factors including microstructural properties such as
porosity, pore size distribution, tortuosity, and interconnectivity. Furthermore, there exist classes
of materials where traditional methods of measuring permeability are impractical or virtually
impossible. For these materials alternative techniques to measure permeability are x-ray
computed tomography and electrical resistivity measurements. Here we focus on the use and
development of these techniques to assess phase distribution and interconnectivity and
permeability of a previously unmeasured system.

The system we have chosen to study is silicate partial-melts, specifically, olivine and iron-
sulfide. The interconnectivity of metallic melt in contact with silicates addresses a central
question in planetary science: How do metallic cores of terrestrial planets and planetesimals
form? There are a number of proposed core formation models that vary in mechanism and
timing. An important issue is the interconnectedness and potential migration of iron-sulfide
(FeS) melts in contact with silicates at high temperature and pressure. The permeability of these
systems is a key property used to determine melt extractability, which, in turn, applies to the
larger questions of the timing and mechanisms of terrestrial core formation.

We will report on our progress in three main areas: 1) synthesis and characterization of texturally
equilibrated olivine-sulfide partial melts; 2) x-ray microtomographic determination of the 3D
structure and interconnectedness of the melt phase including lattice-Boltzmann simulations of
the permeability; and 3) electrical conductivity measurements at pressure and temperature while
maintaining textural equilibrium.
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An Introduction to the Research Portfolio of the Advanced Scientific Computing Research
Program

Walter M. Polansky
Office of Advanced Scientific Computing Research, DOE, Germantown, MD
The status of and the plans for the research program supported by the Office of Advanced
Scientific Computing Research will be discussed. An overview of the base programs in applied
mathematics, computer science and networks as well as the SciDAC Centers and Institutes will

be presented. Accomplishments will be reviewed and candidates for emerging areas of research
interest will be identified.
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High Performance Computing and Networking Facilities in the Office of Science
Daniel A. Hitchcock
Office of Advanced Scientific Computing Research, DOE, Germantown, MD

This talk will describe the current status and future plans of High Performance Computing
Facilities supported by the Office of Advanced Scientific Computing Research, including
NERSC and the two Leadership Computing Facilities at ORNL and ANL. In addition, the
existing programs for managing access and resource allocation at NERSC and through the open
INCITE process will be described. Finally, the current status and future plans of ESnet and their
implication for distributed science will be described.

14



New Solution Strategies for Solving Large Scale 3D Electromagnetic Inversion Problems
Gregory A. Newman
Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

Large-scale controlled source electromagnetic (CSEM) 3D geophysical imaging is now receiving
considerable attention for mapping complex geological systems, with emphasis of mapping
fluids associated with potential oil and gas and geothermal reservoirs and subsurface
contamination. When combined with established seismic methods, direct imaging of reservoir
fluids is possible. While modeling in 1D is relatively easy and trial and error 3D forward
modeling straight forward the need for 3D imaging is necessary in highly complex and subtle 3D
geological environments. Faster 2D CSEM imaging technology has some relevance to this
problem, but because of its assumption of 2D geology it cannot be relied upon for a consistent
treatment of the 3D imaging problem, especially when data are acquired specifically for a 3D
imaging experiment. Because of the size of the 3D CSEM imaging problem strategies are
required exploiting computational parallelism and optimal meshing. Here we report on an
imaging experiment, utilizing 32,768 tasks/processors on the IBM Watson Research Blue
Gene/L supercomputer. Over a 24 hour period we were able to image a large scale field data set
that previously required over four months of processing time on distributed clusters based on
Intel or AMD processors utilizing 1024 tasks on an Infiniband fabric. Results of the Blue Gene/L
experiment showed that the broadside inline component data displays a systematic bias that
could not be fit to a degree which is within the anticipated noise level of the measurements; other
field components were satisfactorily fit. Modeling confirms that a likely explanation for this
outcome is the need to incorporate conductivity that exhibits transverse anisotropy within the 3D
model. The speed at which the Blue Gene/L platform delivered this result is consistent with
timeframes required by practical exploration problems.
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Towards Regional Tomography in South-East Asia Using the Spectral Element Method

Barbara Romanowicz', Aimin Cao', Mark Panningz, Federica Marone3, Yann Capdeville4, and
Paul Cupillard*

'Berkeley Seismological Laboratory, University of California, Berkeley, CA
2Princeton University
*Paul Scherrer Institute, Switzerland
*Institut de Physique du Globe, Paris, France

We are developing a progressively more sophisticated waveform tomographic approach to model
three dimensional shear velocity structure in the upper mantle beneath south eastern Asia. First,
we assembled a large dataset of long period (> 60 sec) three component fundamental mode and
overtone teleseismic waveforms and obtained a preliminary radially anisotropic 3D model of the
region using our well-established normal-mode based NACT approach (non-linear asymptotic
coupling theory, Li and Romanowicz, 1995) and a starting global 3D model previously
developed (Panning and Romanowicz, 2006). This approach is based on a combination of the
path average (PAVA) approximation and the Born approximation, treated asymptotically, which
provides 2D kernels in the vertical plane containing the source and the receiver. Next, we have
been implementing the complete Born approximation (without asymptotics) for the across-
branch mode coupling part of the problem, which is theoretically more accurate, but significantly
more computationally intensive. We discuss comparisons of the results using these two methods.
In parallel, we have been developing a regional spectral element (SEM) code in spherical
geometry which includes PML (perfectly matched layers) on a non-conformal grid. Issues to
resolve, in particular, have been the inclusion of ellipticity and anisotropy, and an accurate and
convenient way to handle the 3D crust. The code is operational and has been tested. We will
discuss preliminary results, as well as our experiments in applying SEM to global tomography, in
this case using a version of SEM coupled with normal modes (Capdeville et al., 2003), which
significantly speeds up computations.

References:
Capdeville, Y., A. To, and B. Romanowicz (2003) Coupling spectral elements and modes in a spherical
carth: an extension to the "sandwich" case. Geophys. J. Int. 154(1), 44-57.

Li, X.D., and B. Romanowicz (1995) Comparison of global waveform inversions with and without
considering cross-branch modal coupling. Geophys. J. Int. 121(3), 695-709.

Panning, M., and B. Romanowicz (2006) A three-dimensional radially anisotropic model of shear
velocity in the whole mantle. Geophys. J. Int. 167(1), 361-379.
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Molecular Dynamics Simulation of Kinetic Isotope Fractionation During the Diffusion of
Small Inorganic Solutes (Alkali Metal Cations, Chloride, Magnesium, Noble Cases) in
Liquid Water

Ian C. Bourg and Garrison Sposito
Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

Isotopic ratios of aqueous solutes are widely used as natural ‘signatures’ of chemical, biological
or transport processes. Isotopic fractionation during one such process, solute diffusion in water,
is particularly relevant to isotopic distributions in porous media yet is currently poorly
understood. Richter et al. (2006) showed that lithium and chloride isotopes (but not magnesium
isotopes) are fractionated during diffusion in water, and hypothesized that solute self-diffusion
coefficients follow an inverse power-law relation to solute isotopic mass (D o m'B). Molecular
dynamics (MD) simulations have recently corroborated the -values measured by Richter et al.
(2006) and confirmed the existence of an inverse power-law relation between solute isotopic
mass and self-diffusion coefficient (Bourg and Sposito, 2007). Additional MD simulation results
are reported for the noble gas series He, Ne, Ar, Xe and the alkali metal cation series Li', Na',
K", Cs". All noble gases and alkali metal cations behave according to the relation D oc m™®, with
0 < B <0.5. For noble gases, B-values decrease as solute radius increases, as expected from the
hydrodynamic-theory prediction that § = 0 for Brownian particles. For alkali metal cations, -
values are lowest for hydrophilically-solvated Li" and hydrophobically-solvated Cs", highest for
the more weakly-solvated K', suggesting that the mass-dependence of solute self-diffusion
coefficients is more closely related to solvation shell stability than to solvation mechanism
(hydrophilic or hydrophobic).

References:

Bourg I.C. and G. Sposito (2007) Molecular dynamics simulations of kinetic isotope fractionation during
the diffusion of ionic species in liquid water. Geochim. Cosmochim. Acta,
doi:10.1016/j.gca.2007.01.021 (in press).

Richter F.M., R.A. Mendybaev, J.N. Christensen, I.W. Hutcheon, R.W. Williams, N.C. Sturchio, and
A.D. Beloso, Jr. (2006) Kinetic isotopic fractionation during diffusion of ionic species in water.
Geochim. Cosmochim. Acta 70, 277-289.
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Progress Towards Parameter Free Quantitative Molecular Models of Fundamental
Geochemical Processes:
Application to Metal lon and Actinide Species in Solution and at Interfaces

John H. Weare', Eric J. Bylaskaz, and Marat Valiev?

'Chemistry and Biochemistry Department, University of California, San Diego, CA
Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory,
Richland, WA

New reliable quantitative modeling strategies for geochemical systems at the fundamental atomic
scale are required to analyze the environmental impacts of the energy and materials production
processes of the future. While the observed behavior of environmental processes is on time
scales of days to thousands of years, the process that are the origin of this behavior occur on
atomic time and length scales of tenths of picoseconds (107 sec) and several angstroms
(10%cm). Nevertheless, these processes retain the atomic specificity (chemistry) characteristic of
their position in the periodic table. The chemical complexity of the materials (e.g., the presence
of highly correlated and poorly screened f and d electrons in the actinide elements which are the
chief components of nuclear waste), the extreme temperature, pressure, complex mixing and pH
conditions that may be encountered and the need for unbiased reliable predictions requires the
development of dynamical simulation tools based on interactions calculated directly from the
electronic Schrodinger equation (e.g. 1% principles methods). The critical challenge of the
methods development required for a more quantitative geochemical interpretation is both:

e To predict the complex time dependant chemistry of geochemical processes on the
fundamental atomic scale while retaining the specificity of the elemental chemistry,

¢ And to provide reliable tools to translate these behaviors to the many orders of magnitude
larger scales of geological problems without loss of their fundamental atomic character.

Currently the most efficient approximations to the solution of the electronic Schrodinger
equation are based on the density functional approximation. While simulations using this
approximation are efficient enough for dynamical simulation and the results adequate for reliable
interpretations for many systems, there are limitations to the application to important technology
problems (e.g., to the actinide and transition metal elements, treatment of long range forces, etc.).
In addition present methods do not scale well with respect to processor number. Without
significant development 1* principles simulations methods will not be able to exploit the large
increases in performance of the next generation supercomputers with many more processors.

In this talk the new technologies that we are developing to address the problems with present
methods will be discussed in terms of algorithm implementation, accuracy, etc., and applications.
Focus will be on development in the following areas: large scalable solvers implemented in a
quantum chemistry/molecular mechanic method for simulations of very large systems with
application to the structure of highly charged ions in solution; the development of a plane wave
implementation of exact exchange with application to the localization of vacancy states on solid
surfaces; the development of spin-orbit methods for performing relativistic calculations of
actinide solutions and surface complexes with application to UO,>" sorption and structure in
aqueous solutions; the development of rare event methods for up-scaling the time frame of 1*
principle simulations with application to reactions in solutions (see figure below).

18
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Figure: Water exchange in the hydration shell of Ca>'+64H,0 first-principle simulations. Note
that in the trajectories in the right panel the change in structure occurs in a few ps. Whereas the
process occurs on a time scale of greater than 40 ps (i.e. an example of rare event dynamics).
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Transport and Deposition in Self-affine Fractures
Joel Koplik
Levich Institute, City College of New York, New York, NY

We first review numerical computations and supporting experiments on permeability, anisotropy
and dispersion in transport through geological self-affine fracture joints. We then discuss
calculations in progress concerning the evolution of the fracture walls when suspended
particulates deposit upon them. The calculations are largely based on the lattice Boltzmann
method, supplemented by molecular dynamics simulations to determine the particle-wall
interactions.
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Stress-Dependent Acoustic Propagation and Dissipation in Granular Materials
Hernan Makse
Department of Physics, City College of New York, New York, NY

This project is motivated by a desire to understand acoustic propagation and dissipation in earth
formations. Specifically, we study unconsolidated sediments, as those are the ones with the
largest nonlinearity. The stress response and relaxation properties of granular materials confined
by an external stress are enormously nonlinear and show slow relaxation dynamics in
comparison with the microscopic motion of the constitutive particles. Many industrial
applications depend crucially on the correct interpretation of nonlinear acoustics effects in
granular materials, as exemplified by the large variation of the sound speeds or the elastic
constants of the granular formation as a function of the external stress. However, a basic
understanding of the physics of nonlinear granular elasticity is currently lacking.

The industrial motivation for this research derives from the fact that acoustics and nonlinear
elastic methods are at the forefront of the evolving technology to help plan and optimize well
location. In order to position a well correctly, the knowledge of the stress distribution around the
borehole is essential. Acoustic measurements in granular materials provide the natural way to
understand the distribution of stress around the borehole. The most important question is how to
determine the stress from the field acoustic measurements, a method that will be the outcome of
a study of elasticity of granular materials.

We study the nonlinear elastic and viscoelastic properties of cohesionless granular assemblies
using computer simulations and experiments. Our experiments on the isotropic compression of a
granular assembly of spheres show that the shear and bulk moduli vary with the confining
pressure faster than the 1/3 power-law predicted by Hertz-Mindlin effective medium theories
(EMT) of contact elasticity. Moreover, the ratio between the moduli is found to be larger than the
prediction of the elastic theory by a constant va