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FORWARD

The Department of Energy supports research in the geosciences in order to provide a sound foundation
of fundamental knowledge in those areas of the geosciences that are germane to the Department of
Energy's many missions, and those which provide stewardship for geosciences research capabilities at
the DOE National Laboratories. Excellent fundamental science that can improve and support DOE’s
mission needs will also provide basic knowledge applicable to many other areas of Earth science beyond
DOE’s borders. The Geosciences Research Program resides within the Division of Chemical Sciences,
Geosciences and Biosciences, part of the Office of Basic Energy Sciences of the Office of Science. The
participants in this program include researchers at Department of Energy laboratories and academic
institutions. These activities are formalized by a contract or grant between the Department of Energy and
the organization performing the work, providing funds for salaries, equipment, research materials, and
overhead. Collaborative work among these institutions is encouraged. The summaries in this document,
prepared by the investigators, describe the scope of the individual projects. The Geosciences Research
Program includes research in the two broad areas of geophysics and geochemistry. Particular focus areas
of interest include rock physics, flow and transport of geologic fluids through porous and fractured
media, analytical geochemistry and experimental and theoretical geochemistry. The research is
foundational to progress in the Department of Energy's long-range technological needs. Because of the
variety of the research needs in the different applied DOE programs, fundamental approaches with
multiple potential applications are favored. Further information on the Geosciences Research Program,
including recent program activities and highlights, may be found on the Geosciences Programs home
page at: http://www.sc.doe.gov/production/bes/geo/geohome.html.
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THE GEOSCIENCES RESEARCH PROGRAM IN THE OFFICE OF BASIC ENERGY SCIENCES

The Geosciences Research Program is directed by the Department of Energy's (DOE's) Office of
Science (SC) through its Office of Basic Energy Sciences (OBES). The Geosciences Research Program
emphasizes research leading to fundamental understanding of Earth’s natural processes and properties
that will advance the forefront of scientific knowledge, as well as help solve geosciences-related
problems in multiple DOE mission areas. Activities in the Geosciences Research Program are directed
toward building the long-term fundamental knowledge base necessary to provide for energy
technologies of the future. Future energy technologies and their individual roles in satisfying the
nation’s energy needs cannot be easily predicted. It is clear, however, that these future energy
technologies will involve consumption of energy and mineral resources and generation of technological
wastes. The Earth is a source for energy and mineral resources, and is also the host for wastes generated
by technological enterprise. Viable energy technologies for the future must contribute to a national
energy enterprise that is efficient, economical, and environmentally sound.

The Geosciences Research Program is divided into two broad categories, Geophysics and Geochemistry.

Geophysics: This sub-area focuses on innovative and improved approaches to interrogating the physical
properties of Earth’s crust though better collection and analysis of rock physics, seismic, and
electromagnetic data and improving understanding of geophysical signatures of fluids and fluid-bearing
Ieservoirs.

Geochemistry: This sub-area focuses on innovative and improved ways to interrogate the chemical
properties of the Earth’s crust through investigations of mineral-fluid interactions and studies of rates
and mechanisms of reactions at the atomistic/molecular scale; studying coupled flow and reactivity in
porous and fractured rocks; and tracking of mineral-mineral and mineral-fluid processes using isotopes.

The Geosciences Research Program evolves with time and progress in these and related fields.
Individual research projects supported by this program at DOE national laboratories, academic
institutions, research centers, and other federal agencies typically have components in more than one of
the categories or subcategories listed. In addition, it is common for research activities to involve a high
level of collaboration between investigators and different institutions. Cross-cutting issues include:
improving understanding of basic properties of rocks, minerals, and fluids; determining physical,
chemical, and mechanical properties of multi-phase, heterogeneous, anisotropic systems; improving
analysis of rock deformation, flow, fracture, and failure, and characterization of fluid transport
properties of large-scale geologic structures. Research progress, in addition, will be based on developing
advanced analytical instrumentation and computational methods, including: higher-resolution
geophysical imaging and inversion tools, angstrom-scale resolution analysis of heterogeneous minerals
with x-ray and neutron methods, and advancing computational modeling and algorithm development.
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PART I: ON-SITE

ARGONNE NATIONAL LABORATORY
Chemistry Division, Building 200

Argonne, IL 60439

CONTRACT: DE-AC02-06CH11357
PERSON IN CHARGE: P. Fenter

Mineral-Fluid Interactions: Synchrotron Radiation Studies at the Advanced Photon Source

Paul Fenter (630)252-7053; fax (630)252-9570, Fenter@anl.gov

The objective of this program is to advance the basic understanding of rock-fluid and soil-fluid
interactions through experimental studies on atomic-scale processes at the mineral-fluid interfaces. This
is crucial to establishing the relation between atomic-scale processes and macroscopic geochemical
transport in natural systems. The principle approach is to observe single-crystal mineral surfaces in situ
during chemically controlled reactions with fluids using X-ray scattering, standing wave and absorption
techniques with high brilliance synchrotron radiation. Phenomena of interest include mineral-water
interface structure (including mineral surface structure and the perturbations of near-surface water
structure induced by the mineral), adsorption/desorption of metal ions and organic molecules,
dissolution, precipitation and growth. Experiments are performed on common rock- and soil-forming
minerals under conditions representative of geochemical environments near Earth's surface. Progress
includes determination of the systematic variation of orthoclase dissolution kinetics with temperature
and pH through in-situ and real-time measurements of dissolution at well-defined cleavage surfaces.
Determinations of surface hydration structures of various mineral surfaces (e.g., orthoclase, fluorapatite,
calcite) were also made. In particular, the structures of orthoclase (001) and (010)-water interfaces were
found to be similar and do not explain differences in apparent activation energies for dissolution
observed for these two surfaces. Direct measurements were also performed on cation adsorption sites
(e.g., on muscovite). A new approach that directly reveals model-independent element-specified site
density profiles with X-ray standing waves was demonstrated for the first time. The site distributions of
impurities in muscovite (e.g., Fe, Mn, Ba) were used to illustrate the approach.

12


mailto:Fenter@anl.gov

IDAHO NATIONAL LABORATORY
Idaho Falls ID

CONTRACT: ID13727
PERSON IN CHARGE: P. Meakin
Multi-Resolution Structure and Reactivity of Kinetically Roughened Oxide Surfaces

Paul Meakin, Paul.Meakin@inl.gov

Surfaces of minerals in natural settings usually exhibit a significant degree of morphological
heterogeneity. On scales from the molecular-scale to micron scales, surface roughness can be an
important factor in growth, dissolution, and adsorption processes. Despite this fact, the relationships
between these processes and roughness have not lent themselves to easy quantification because of their
inherent complexity. To address this complexity we are studying the dissolution behavior of various
mineral surfaces at various length scales of observation accessible by atomic force microscopy (AFM).
For example, the dissolution of prismatic and rhombohedral quartz surfaces by hydrothermal KOH/H,O
solution leads to the development of a variety of overlapping etch features each etching at different rates
(Yanina, Rosso, Meakin, 2005, Geochimica et Cosmochimica Acta, in review). The spatial density and
characteristics of these features, as well as their interaction upon coalescence, affects the total
dissolution rate for overall surface. The prismatic surface dissolves almost two orders of magnitude
faster than the rhombohedral surface, mostly due to the difference in the number and the rate of
dissolution of extended defects, such as dislocations. Crystal voids etched almost one order of
magnitude faster on the prismatic surface than on the rhombohedral surface due to differences in the
number and the density of steps formed by voids on the different surfaces. Studying the step-wise
dissolution of isolated etch pits is the current paradigm; however this approach fails when dissolution
features overlap and interact. By examining the surfaces at various length scales between 10 nm and 100
microns, we have been successful at separating the contributions of various overlapping dissolution
processes. In addition to AFM topographic analysis of the evolving surfaces, wavelet image processing
has been a useful tool for helping to categorize etch features on a length scale basis. Also, kinetic Monte
Carlo simulations have provided a basis for making a linkage between the AFM observations and the
molecular-scale (Meakin, Rosso, Yanina, 2005, Journal of Chemical Physics, in prep). Current efforts
are focused on adapting these tools to address the scaling behavior of a variety of low-index hematite
surfaces dissolving in various media.
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LAWRENCE BERKELEY NATIONAL LABORATORY
Earth Sciences Division
Berkeley CA 94720
CONTRACT: CH11231
PERSON IN CHARGE: E. Majer

Center for Isotope Geochemistry

Donald J. DePaolo, 510-486-4975, 510-643-5064, Fax 510-642-9520, depaolo@eps.berkeley.edu
or djdepaolo@Ibl.gov

Funding is requested to support research on geochemical processes using isotope ratios and trace
element concentrations in natural materials. Natural isotopic tracers provide critical calibration of
process models used in environmental management, radioactive waste management, geothermal
technology development, global climate change, and energy exploration. A major focus of the proposed
work involves using multi-collector ICP mass spectrometry to investigate natural isotopic variations of
Fe, Ca and other elements. This work may provide new perspectives on the role of Fe and Ca in the
carbon cycle and in weathering processes. Cr isotopic variations will also be investigated as a way to
better understand the mobility and environmental effects of Cr contamination. Ca, Sr and U isotopes will
be used to study in situ rates of weathering reactions in fluid-rock systems, and evaluated as measures of
groundwater velocity and infiltration flux. U-Th-He geochronology will be investigated as a
geochronologic tool for the Late Pleistocene and Holocene. Noble gas concentration measurements will
be developed for continental paleo-temperature studies, and their use as a global change monitor
explored. Modeling studies are aimed at relating isotopic variations to reservoir characteristics,
atmospheric moisture transport, and drainage rates in deep soils of arid regions.

The primary research area of concern to the BCIG is the use of isotopic ratio measurements of natural
materials to monitor geological processes. The impetus for our studies is the fact that most geological
transport processes cannot be modeled accurately starting from first principles in the absence of
observations to provide constraints. This limitation stems from heterogeneity on many scales and
complex coupling between processes. The tracers provided by natural isotopic variations measure the
net effects of these complex processes, and ultimately provide the critical calibration of models that can
make the models useful for prediction. Our aim is to advance the state of the art of the isotopic
approaches, partly by demonstrating or improving isotopic measurement methodology, and partly by
advancing isotopic data analysis strategies.

Reactive Chemical Transport in Structured Porous Media

Tetsu K. Tokunaga, 510-486-7176, tktokunaga@Ibl.gov

Diffusion can exert strong and often unrecognized influences on subsurface solute transport and
reactions. Many aspects of reactive chemical transport in diffusion-limited domains remain poorly
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understood, despite the fact that the various possible reaction mechanisms are often known. Since the
spectrum of microenvironments are coupled and stratified through diffusive mass transfer in interior
regions of sediment blocks, soil aggregates, and even within sand grains, these diffusion-limited
domains are the simplest systems within which the full range of geochemical transformations can occur.
Moreover, when such stratification occurs, systems cannot be understood based on commonly employed
bulk measurements that average across important geochemical gradients. This research proposal is
directed at improving understanding of reactions within diffusion-limited domains. Two categories of
reactions are considered, redox and sorption. For the redox case, the role of aqueous ferrous iron in
reducing chromium(VI) will be examined. The hypothesis to be tested is that local Fe” concentrations in
diffusion-limited regions largely account for Cr(VI) reduction. For the sorption case, intragranular
diffusion of uranium(VI) will be examined. The hypothesis for this part of the project is that
intragranular diffusion accounts for most of the time-dependence observed in U(VI) sorption. The
processes to be investigated require determination of chemical profiles with high spatial resolution.
Therefore, key measurements will be obtained with spatially resolved synchrotron x-ray techniques
including the x-ray microprobe, micro- x-ray absorption near-edge structure spectroscopy, and chemical
microtomography.

Clay Mineral Surface Geochemistry

Garrison Sposito, (510) 643-8297, fax (510) 643-2940, gsposito@Ibl.gov

The objective of this project is to characterize and elucidate the dual hydrophilic-hydrophobic properties
of smectite clay mineral surfaces that figure in the attenuation of pollutant hydrocarbons and the
sequestration of organic matter. This objective will be accomplished through state-of-the art computer
simulations and spectroscopic experiments on molecular structure in the interlayer region between
smectite particles where intercalation of organic compounds takes place. The simulations will involve
tested codes, applying density functional theory, Monte Carlo or molecular dynamics techniques, and
molecular mechanics methods, while making full use of the NERSC supercomputers. The results of the
project will contribute directly to fundamental understanding of clay mineral structure and reactivity; the
sequestration of carbon in gas hydrates or natural organic matter; and the fabrication of composite
nanoparticles based on clay mineral-organic complexes.

Rate Controls in Chemical Weathering: A Reactive Transport Approach

Carl I. Steefel 510-486-7311; ClSteefel@lbl.gov

The purpose of this project is to increase our understanding of the controls on reaction rates in natural
porous media and to quantify the rates of precipitation and nucleation of important secondary mineral
phases in soils and aquifers, a critical deficiency in current hydrogeochemical models. The present lack
of understanding limits our ability to develop effective bioremediation schemes for contamination
cleanup, to develop predictive models for CO, sequestration in deep aquifers, and even to determine the
fundamental controls on the rates of chemical weathering, an important long-term regulator of
atmospheric CO; levels.
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A major focus of this project is to use the X-ray microtomography beamline at the Advanced Light
Source (8.3.2) to create 3D images of the pore structure of weathered basalt at the 2-4 micron scale. This
information is then used to establish the correlation between porosity and pore connectivity, which
control the percolation and diffusion behavior of the material.

Prediction and Evaluation of Coupled Processes

Kartsten Pruess, k pruess@Ibl.gov

The purpose of the research proposed here is to develop a systematic, rational, and mechanistic
understanding of the coupled physical and chemical phenomena that would be induced by injection of
CO, into aquifers. This will be accomplished by means of conceptual, mathematical, and numerical
models that are based on rigorous continuum theories of fluid dynamics, coupled with detailed rock
fracture mechanics and chemical speciation and reaction path analyses. By developing a mechanistic
understanding of the relevant processes, this research will provide a sound basis for evaluating the
feasibility of CO, disposal in different hydrogeologic environments, including fractured rock systems,
and will provide engineering tools for the design, implementation, and monitoring of CO, disposal
systems in aquifers.

The analysis demonstrates how a large-scale CO; injection operation results in a gradual increase of
aquifer pressure, which could reach close to the lithostatic stress after years of injection. Such aquifer
pressure increase will induce a number of hydromechanical interactions and geomechanical responses
through changes in the effective stress field in both the injection aquifer and the overlying semi-
permeable caprock. A general reduction in the vertical effective stress induces vertical expansion of the
aquifer, which can be significant and can be monitored on the ground surface. A relatively slow increase
of the aquifer pressure during a typical constant rate injection will induce poroelastic stresses in the
caprock which prevent catastrophic mechanical rock failure in the form of hydraulic fracturing through a
caprock. Instead, the principal rock mechanics effect will be shear-slip along pre-existing faults and
fractures occurring in the lower part of the caprock near the injection aquifer. The analysis shows that
although shear-slip would be induced in the lower part of the caprock, it is not likely to propagate a rock
failure zone through the upper part of the cap if preventive operational actions are taken. Thus,
monitoring of seismic events in the lower part of the cap together with monitoring of ground surface
movement are essential for controlling the hydromechanical responses during a CO; injection operation.

Molecular-Level Studies of Fe-Al Oxyhydroxide Coating Formation on Quartz

Glenn Waychunas, gawaychunas@Ibl.gov; 510-495-2224

Synchrotron-based spectroscopy and chemical analysis are used to characterize the nature of sorbates,
precipitates and coatings formed on quartz and other mineral surfaces. This is important for the
prediction of environmental processes that sequester natural and anthropogenic toxic ions, as these
processes are affected not only by the type of mineral surface, but also by coatings that render the
surfaces more or less reactive. Grazing-incidence x-ray absorption spectroscopy (GIXAS), which
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enables extreme surface sensitivity, is used to obtain the molecular structure and chemistry of
precipitates on quartz single crystal surfaces. Both model surfaces prepared in the laboratory, and single
crystals exposed to natural aquifer conditions, are utilized. In the former case the conditions affecting Fe
oxyhydroxide formation can be examined selectively, while in the latter case the coating formation and
composition are studied as a function of duration within well sites. Other synchrotron spectroscopy
experiments are aimed at understanding the reactivity towards precipitation and sorption with other toxic
species and utilizing differing surfaces of corundum and hematite. These minerals serve as analogs of a
wide range of naturally occurring reactive mineral surfaces. The precise nature of the mineral-water
interface is also being evaluated by x-ray diffraction studies of the surface structure of mineral surfaces
equilibrated with water. Such surfaces are found to be different from analogous surfaces equilibrated in
vacuum, and from models based on terminations of the bulk structure. Knowledge of the true surface
structure termination is necessary to understand the nature of sorption topology and the initiation of
precipitation, and further allows comparison with molecular dynamics (MD) simulations of the wet
mineral interfaces. Another part of the investigation examines the nature of water molecular structure at
the quartz and other mineral surfaces as a function of surface structure and preparation, solution pH, and
the presence of sorbing ions. This work is done using sum-frequency vibrational spectroscopy (SFVS), a
non-linear laser-scattering technique that allows collection of water vibrational spectra from a few
molecular layers at the mineral-water interface region. All of these interface studies are combined to
draw an improved picture of particular surface-mediated processes.

Experimental, Theoretical, and Model-Based Studies of Crystallographically Controlled Self-
Assembly During Nanocrystal Growth

Glenn Waychunas, gawaychunas@Ibl.gov; 510-495-2224

The growth of ZnS nanoparticles with both water and mercaptoethanol was found to occur
predominantly via crystallographically-specific oriented attachment (OA). The growth mechanism
determines particle morphology and microstructure. Twins and stacking faults form in the coarsened
mercaptoethanol-capped ZnS, whereas more complex, closely spaced twins, stacking faults, and
polytypic intergrowths form in coarsened water-ZnS. At long reaction times, diffusion-controlled
growth removes surface irregularities arising from OA to yield rounded particles with complex internal
structures. The character of the surface ligands affects both phase transformation pathway and
temperature of phase transformation. Methanol desorption and rewetting, and water binding cause
structural changes, reversible in the case of methanol ligands. Aggregation and disaggregation also
cause reversible structural modification. Dispersed nanoparticles in suspension have a more distorted
internal structure than aggregated nanoparticles of the same size. Reversible switching between distorted
and crystalline structures can be induced by changing the aggregation state at room temperature,
implying a low activation energy for the transformation. The results are believed to be the first surface-
driven room temperature transitions observed in nanoparticles. The results indicate that nanoparticle
structure is not kinetically trapped, but responsive to environmental changes. The growth of goethite
nanoparticles was explored with a variety of synthesis methods, including a flash annealing technique to
create nanoparticles in the range from 5-80 nm with differing crystallinity, habit and surface properties.
TEM characterization shows aggregation in the more equant particles that is suggestive of initial face-to-
edge impingement. This mode of aggregation was further suggested in large scale 10,000 atom MD
simulations that showed positive charge buildup at the edges of goethite nanoparticles and negative
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charge buildup in the centers of the faces. We thus infer a possible mechanism for OA in these
nanoparticles that mitigates the problem of particle-particle electrostatic repulsion. Other work has
measured the growth of goethite nanoparticles in real time via synchrotron-based wide and small angle
x-ray scattering (WAXS and SAXS, respectively). As with ZnS there is evidence for a change of
mechanism with nanoparticle size in the tens of nm regime, possibly from OA to diffusion-controlled
growth.

Development of Isotope Techniques for Reservoirs

B. Mack Kennedy, 510-486-6451, bmkennedy@Ibl.gov

The primary sites being considered for underground sequestration of anthropogenic CO, are active or
depleted oil and gas reservoirs, deep aquifers, and underground coal beds. Efficient and safe
sequestration of large quantities of CO, will require reliable characterization of potential storage
formations, reservoirs and aquifers. Many deep aquifers and oil and gas reservoirs are complexly
partitioned by differing structural, petrologic, stratigraphic, and hydrologic controls that will inhibit
efficient injection and limit reservoir potential. Hydrodynamic processes such as advection, dispersion,
and mixing/dilution, as well as chemical processes such as diffusion into low permeability matrix rocks,
phase partitioning, and mineral dissolution and precipitation bear directly on the transport efficiency and
fate of injected CO,. To maximize the safety and efficiency of geologic sequestration, it will be
necessary to address these and similar issues related to reservoir and aquifer characterization.

Placing time constraints on recharge and flow of groundwater is an extremely important and difficult
problem that affects a wide variety of geologic processes that are relevant to environmental issues, such
as water resource management, waste management, and paleoclimate studies and subsurface water-rock
reaction and transport rates. To address these and similar issues, reliable techniques for determining
aquifer recharge rates and water residence ages will be required.

The goal of this project is to develop geochemical and isotope techniques for reservoir and aquifer
characterization in support of CO, geologic sequestration studies and measurement of groundwater ages.
Three projects will constitute the main focus of our proposed research for the next three years. (1) We
will conduct a noble gas isotopic study of an oil and/or gas field to test the feasibility of using the
conservative nature of noble gases to evaluate fluid compartmentalization and leakage from a reservoir.
(2) We will use noble gas abundances to study water-CO, interaction along a flow path as part of
planned CO; pilot injection tests. (3) We will evaluate, verify, and apply isotopic techniques for placing
time constraints on groundwater flow.

Kinetic Isotope Fractionation

John N. Christensen, 510-486-6735, jnchristensen@Ibl.gov
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High-precision measurements of isotopic ratios in natural materials are combined with mathematical
models to understand the spatial and time scales of geochemical processes of interest for energy
management. Natural isotopic tracers provide critical calibration of process models used in
environmental management, radioactive waste management, geothermal technology development,
global climate change, and energy exploration. Isotopic measurements represent a means to interrogate
complex natural fluid-rock-microbe systems to improve conceptual models of the chemical and physical
processes that affect their behavior. The aim is to advance the state of the art and to use these advances
to investigate fundamental issues in geochemistry. Modeling and systematic measurements of natural
systems are supplemented by efforts to improve sampling methodologies and measurement techniques.
A major focus of the work involves using multi-collector ICP mass spectrometry to investigate natural
isotopic variations of Fe, Ca, U, Th, Ra, Sr, Pb, and Cr. Recent results demonstrate that helium
production by alpha decay of U and Th can be used to date volcanic eruptions over an age range from a
few thousand years to several million years. Alpha-recoil effects on U isotopes in natural systems are
being used to measure the rates of mineral dissolution in active low-temperature groundwater systems.
The same recoil effects are being investigated as a means of measuring the timescale of sediment
transport. Noble gas concentration measurements are being developed for continental paleotemperature
studies, and as a global change monitor. Measurements suggest that there is systematic fractionation of
Fe and Ca isotopes associated with weathering of silicate rock material. Modeling studies are aimed at
relating isotopic variations to reservoir characteristics such as matrix versus fracture flow, to
atmospheric moisture transport and moisture sources, and drainage rates in deep soils of arid regions.
Discrepancies between isotopically-measured natural mineral dissolution rates and theoretically
predicted rates are being investigated with numerical models that account for pore scale transport
effects.

Imaging Shear in Rocks

Seiji Nakagawa, 510-486-7894, snakagawa@|Ibl.gov

The primary objective of this project is to develop a basic understanding of the seismic properties of
fractures and faults that are being subjected to and have been subjected to shear stress in the past. The
focus of the research is on the (1) anomalous seismic wave scattering and mode conversion off a sheared
fractures and faults, (2) seismic wave scattering by a heterogeneous fracture and a fault, and (3)
laboratory measurements on fractures and faults at field employed frequencies.

When a fracture with rough, partially contacting surfaces is subjected to statically applied shear loads,
seismic waves scattered by the fracture exhibit unique signatures that can be related to the magnitude
and orientation of the shearing. This effect can be seen most dramatically when a normally incident
plane compressional (P) wave is scattered by a plane infinite fracture, which results in co-generation of
transmitted and reflected plane shear (S) waves. This project investigated the effect of fracture surface
geometry and stress via 2D dynamic boundary element models and the discrete-particle dynamics
method. Also, laboratory experiments using both natural rock and steel blocks containing single
fractures were conducted to examine the effect of stress history on the anomalous scattering of seismic
waves. For the case of fractures within steel blocks, the fractures were mediated by synthetic fault gouge
(glass beads); and changes in the seismic responses were measured until the fracture (fault) failed under
increasing shear stress. The effect of heterogeneous compliance distribution along fractures and faults
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was investigated by theoretical and numerical models that expanded a conventional model for seismic
wave scattering by a homogeneous fracture. Finally, to examine the effect of fluid and clay in a fracture
at field-related frequencies in the laboratory, a resonant bar-test device for fractured, small rock samples
was developed and used on dry and water-saturated sandstone cores containing single fractures.

This project is currently continued by a renewed project (with an extended scope) to investigate the
effect of poroelasticity on seismic wave scattering by fractures and faults.
Scattering and Intrinsic Attenuation in Rock with Heterogeneous Multiphase Fluids

Kurt Nihei, ktnihei@Ibl.gov

The proposed research is a fundamental investigation of scattering and intrinsic attenuation of seismic
waves in rock with heterogeneous distributions of fluids and gas. This research represents a departure
from past studies on seismic attenuation in that the focus here is not a detailed study of a specific
attenuation mechanism, but rather to investigate theoretical and laboratory methods for obtaining
separate estimates of scattering and intrinsic attenuation in heterogeneous rock.

This project combines laboratory, numerical, and theoretical studies to the investigation of scattering
and intrinsic attenuation in rock with heterogeneous gas and fluid distributions. The objectives of this
project are threefold: (1) to adapt and further refine methods for decomposing scattering and intrinsic
attenuation in rock with heterogeneous multiphase fluids, (2) to apply these methods to laboratory
seismic measurements and compare these results with numerical viscoelastic and poroelastic
simulations, and (3) to examine a new method for focusing seismic waves in heterogeneous media using
elastic time reversal mirrors. These objectives are addressed in four tasks to be performed over a period
of three years.

Permeability Dependence of Seismic Amplitudes

Steven R. Pride, (510) 495-2823, fax (510) 486-5686, srpride@Ibl.gov

The goal of this research is to develop a quantitative understanding of what seismic attenuation is due to.
Many attenuation mechanisms have been proposed over the years, but only a few recent models have
both begun to predict attenuation levels consistent with measurements in the seismic band (10 Hz to a
few kHz) and been based on a realistic physical description of rocks. These models assume that rock
contains “mesoscopic-scale” heterogeneity, which is defined as heterogeneity over scales larger than the
grains, but smaller than the seismic wavelengths. When rocks containing mesoscopic structure are
stressed, the more compliant parts of the rock respond with a larger fluid pressure change than the stiffer
parts, which results in fluid flow and wave attenuation.

Imaging Permeability and Fluid Mobility
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D. W. Vasco, (510) 486-5206, dwvasco@Ibl.gov

We are investigating the fundamental relationships between changes in time-lapse geophysical attributes
and sub-surface flow properties. A key feature of this work is the development of new ways to relate
changes in geophysical observations directly to flow properties. The ultimate goal is to further our
understanding of multi-phase flow in the sub-surface and to develop methods for estimating flow
properties. Time-lapse geophysical observations are a relatively new source of information, used to infer
saturation and pressure change induced by the movement of fluids. It is possible to infer flow properties
within the Earth, such as porosity and permeability, using time-lapse measurements. Doing so requires
new approaches for relating saturation and pressure change to flow properties.

Air-Derived Noble Gases in Sediments

B.M. Kennedy, 510-486-6451, bmkennedy@Ibl.gov

Sedimentary rocks and oil field gases typically are enriched in heavy noble gases: Xe/Ar ratios of ~10-
10,000 times the ratio in air have been observed. Although smooth mass dependent abundance patterns
have led to an adsorption hypotheses, three observations argue against single stage adsorption as the
only mechanism. (1) The difference between Xe and Ar adsorption coefficients (Xe ~30x Ar) is too
small to account for the observed large relative Xe enrichments. (2) Laboratory heating experiments
suggests the enriched component is tightly bound, counterintuitive to a simple adsorption history. And
(3) many sedimentary rocks (~half) and some oil field gases contain excess Ne in conjunction with
excess Xe.

The goal of this project is to isolate and identify the various air-derived noble gas components in
sediments, particularly, but not exclusively, those sediments associated with hydrocarbons. The project
is designed to (1) characterize the noble gas carrier phases in sediments and address how noble gas
elemental patterns are acquired and retained, (2) how noble gases are transferred to basin fluids in which
they have been measured, and (3) to improve the application of noble gas isotope studies to multiphase
fluid processes in the Earth's crust.

Colloid Transport in Unsaturated Fractured Rocks and Porous Media

Jiamin Wan, (510) 486-6004, jmwan@Ibl.gov

Although there is now a general appreciation for the importance of colloid transport in the subsurface,
most of the fundamental understanding in this area is limited to the saturated zone, and most of that
understanding is largely borrowed from filtration theory. The basic physics and chemistry unique to
vadose zone colloid transport is a consequence of the existence of a second immiscible fluid phase, gas.
Traditional filtration theory can not be directly applied in the vadose zone colloid transport because of
the coexistence of air and water. The concept of particles being strained by becoming trapped within
thin water films in unsaturated porous media, "film straining", was recently introduced. A clearer
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understanding for flow and transport in unsaturated fractures has also recently emerged with the
identification of film flow. A quantitative method for measuring colloid partitioning between bulk water
and the air-water interface has also recently been presented. These recent developments in combination
provide the basis for understanding the physics and chemistry unique to colloid transport in the vadose
zone. With this background, it now appears possible to make significant progress towards understanding
vadose zone colloid transport in a thorough manner, encompassing both porous media and fractures, and
accounting for differences in surface chemistry of different types of colloids. This research proposal is
directed at reaching these goals.

Faster and Better Solutions to Three Dimensional Electromagnetic Inversion Problems

Gregory A. Newman, ganewman@|Ibl.gov

Inversion of transient electromagnetic (TEM) data sets to image the subsurface three-dimensional
electrical conductivity and magnetic permeability properties can be done directly in the time domain.
The technique, first introduced by Wang et al. (1994) for causal and diffusive electromagnetic fields, is
based upon imaging methods originally developed for seismic wavefields (Claerbout, 1971; Tarantola,
1984), but was not correctly formulated for the full treatment of 3D TEM fields. In our work we modify
the original theory of Wang et al. (1994), to overcome this limitation as well as extend the method to
treat non-causal TEM fields. Our algorithm uses a conjugate-gradient search for the minimum of an
error functional involving EM measurements governed by Maxwell’s equations without displacement
currents. Treatment for magnetic field, voltage (time derivative of the magnetic field) and electric field
data are given. The functional can be computed by propagating the data errors back into the model in
reverse time along with a DC field, sourced by the integrated data errors over the measurement time
range. By correlating these fields, including the time-integrated back-propagated fields, with the
corresponding incident field and its initial value at each image point, efficient computational forms for
the gradients are developed. The forms of the gradients allow for additional efficiencies when voltage
and electric field data are inverted. In such instances the combined data errors can be back-propagated
jointly, significantly reducing the computation time required to solve the inverse problem. The inversion
algorithm has already been applied to the long offset transient electromagnetic measurement (LOTEM)
configuration thereby demonstrating its capability in inverting non-causal field measurements of electric
field and voltage, sourced by a grounded wire.
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LAWRENCE LIVERMORE NATIONAL LABORATORY
Energy and Environment Directorate
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Livermore, CA 94550

CONTRACT: SFENG48

PERSON IN CHARGE: F. Ryerson

Investigation of the Physical Basis for Biomineralization

Jim DeYoreo, (925)423-4240, fax: 925-424-4820, deyoreol@lInl.gov

Through biomineralization, living organisms utilize organic modifiers and molecular scaffolds to control
nucleation and growth of both shaped single crystals and crystal composites. The purpose of this project
is to explore the physical mechanisms, energetic