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FORWARD

The Department of Energy's research provides a foundation of fundamental knowledge in areas relevant
to the Department's missions, and this is particularly true in the area of Geosciences, which has applied
programs in multiple other offices. The research support also maintains our stewardship for geosciences
research capabilities at the DOE National Laboratories. Excellent fundamental science that can improve
and support DOE’s mission needs also provides basic understanding applicable to broader areas of Earth
science beyond DOE. 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 National 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 for 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. The Office of Basic Energy Sciences has recently completed
a series of Basic Research Needs workshops including one entitled Basic Research Needs for
Geosciences: Facilitating 21st Century Energy Systems. All of the workshop reports can be downloaded
from the BES website. 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.



http://www.sc.doe.gov/production/bes/geo/geohome.html

THE GEOSCIENCES RESEARCH PROGRAM IN THE OFFICE OF BASIC ENERGY SCIENCES

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

Chemical Sciences and Engineering 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, Changyong Park, Neil
C. Sturchio, University of lllinois at Chicago

Website: http://www.cse.anl.gov/Nuclear_and_Environmental Processes/Interfacial _Processes.shtml

Objectives: 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 mineral-fluid interfaces.
This is crucial to establishing the relation between atomic-scale processes and macroscopic geochemical
transport in natural systems.

Project Description: The principal approach is to observe single-crystal mineral surfaces in situ during
chemically controlled reactions with fluids using high brilliance synchrotron radiation. Experimental
techniques include high resolution X-ray scattering (X-ray reflectivity, x-ray standing waves, resonant
anomalous X-ray reflectivity) as well as X-ray absorption spectroscopy. Phenomena of interest include
mineral-water interface structure, adsorption/desorption of 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. A fundamental
understanding of the molecular-scale processes is obtained through direct observations of interfaces
before, during and after reaction.

Results: Recent research focused on resolving mineral-water interface structure and reactivity with ~A-
resolution, primarily in studies of ion adsorption, and also in pursuing advances in interfacial X-ray
based analytical techniques.

Measurements of Rb" and Sr*” at the orthoclase (001)-aqueous interface revealed that Rb" adsorbs in the
K site as an “inner-sphere” (IS) species; Sr°" adsorbs at a substantially larger height indicating that it is
an outer-sphere species (OS). These results demonstrate that the distribution of cations between IS and
OS species is determined in part by the characteristics of the mineral surface.

Adsorption thermodynamics of Rb™ and Sr** at muscovite were measured. The cation coverage and

average cation height were measured. These results revealed: that the IS and OS Sr** species observed
at muscovite have similar adsorption enthalpies; and a pH-dependent hysteresis of the cation coverage
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for both ions, resulting in a net reduction in the saturation coverage with an OS-dominated Sr**
adsorption geometry.

The image contrast mechanism for X-ray reflection interface microscopy (XRIM) was determined.
These results show how the step direction (up/down) can be determined so that the XRIM images can be
converted to reveal interfacial topography. A new formalism for calculating image contrast was
developed that will be used to optimized future instruments.

Bulk water species
: .
b » » »n 9
QOuter-sphere species .
S -IIIIII’.. .'.7_ £

Figure: Schematic (side view) of cation adsorption at the muscovite (001)-aqueous interface. The image
illustrates the change in ion hydration geometry associated with a transition between outer-sphere and inner-
sphere species, which is inferred to be a major factor in controlling the partitioning between these two species.
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IDAHO NATIONAL LABORATORY
Center for Advanced Modeling and Simulation
Idaho Falls ID 83415

CONTRACT: ID13727

PERSON IN CHARGE: P. Meakin

Pathways for Redox Transformation of Semiconducting Minerals: The Iron Oxides

Paul Meakin, Paul Meakin@inl.gov; Kevin M. Rosso (PNNL), Kevin.Rosso@pnl.gov

Objectives: This project aims to: 1) Determine chemical mechanisms for dissolution of specific
surfaces of common electrically semiconducting minerals such as the iron oxides, 2) Establish linkages
to overall macroscopic dissolution behavior, in particular for chemically and morphologically complex
surfaces commensurate with those found in nature, and 3) Develop and apply analytical methods for
quantifying complex surface morphologies in microscopic image data, and computational molecular
methods for simulating dissolution dynamics of complex mineral surfaces.

Project Description: This project is a closely-coupled experimental and computer modeling study that
focuses on characterizing the chemical pathways involved in the dissolution of iron oxide minerals. In
particular, this project emphasizes understanding the dynamics from initial well-defined surfaces to
advanced stages of dissolution, and in linking this understanding to macroscopic behavior. This project
fills gaps in knowledge of the dissolution rates and mechanisms for specific crystallographic surfaces
where such information is typically only assumed. Mechanisms of iron oxide dissolution in particular
entail a possible role for solid-state charge migration affecting the rate of growth and the resulting
morphology of dissolution and growth features. This project relies primarily on surface-specific
scanning probe microscopic observations and surface spectroscopic characterization in conjunction with
molecular dynamics simulations, electronic structure calculations, and kinetic Monte Carlo simulations
to help identify key mechanistic processes.

Results: A manuscript titled “Simple kinetic Monte Carlo models for dissolution pitting induced by
crystal defects", by Paul Meakin, Kevin M. Rosso and Svetlana Yanina, was finalized and submitted for
publication to the Journal of Chemical Physics. This paper, which describes new, very efficient, solid-
on-solid Monte Carlo algorithms and their application to mineral dissolution, has now been accepted.
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LAWRENCE BERKELEY NATIONAL LABORATORY
Earth Sciences Division
Berkeley CA 94720
CONTRACT: CH11231
PERSON IN CHARGE: E. Majer
Upgrade of the Computational Cluster at LBNL

Ernest L. Majer (510) 486-6707, elmajer@lbl.gov; Gregory A. Newman, (510) 486 6887,
ganewman@lbl.gov

Objectives: Provide advanced computational capability in geophysics and geochemistry to address
needs in subsurface imaging using seismic and electromagnetic wavefields and complex geochemical
modeling. Address critical needs within the DOE mission, including waste legacy issues and energy and
environmental security, which are difficult to address with existing computational facilities.

Project Description: Establish a state-of-the-art cluster technology at LBNL that uses advanced
message transfer in a parallel fashion between the multi-processor nodes that optimizes load balance
between processor speed, memory allocation and data transfer.

Results: The newly expanded 512 processor cluster (3.7 Teraflops) was utilized at the 90+ percent rate.
The cluster was configured to address two general research areas, Geophysics and Geochemistry. In
Geochemistry the cluster supported clay mineral geochemistry (applying spin-polarized density
functional theory (DFT)) to examine and compare the structures of different species and geochemical
transport problems (Rate Controls in Chemical Weathering). In geophysics the cluster was used support
electromagnetic imaging research, joint seismic EM inversion, rock physics modeling and seismic
imaging. The cluster is proving to be an essential tool in a variety of Earth Science problems including
but not limited to: understanding 3-D complex subsurface processes at an unparalleled level of
resolution and accuracy, directly impacting BES Geosciences missions in Energy and Environment, and
supporting programs in BER, fossil, geothermal energy, nuclear waste disposal and environmental site
characterization and clean up.

Integrated Isotopic Studies of Geochemical Processes

Donald J. DePaolo, 510-486-7560, 510-643-5064 (Fax), 510-642-9520, djdepaolo@lbl.gov,; B.
Mack Kennedy, John N. Christensen, and Mark E. Conrad

Objectives: Combine high-precision measurements of isotopic ratios in natural materials with
mathematical models and laboratory experiments to understand the nature and time scales of
geochemical transport processes.
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Project Description: Geochemical processes are studied using measurements of isotope ratios and trace
element concentrations in natural materials and laboratory experiment products. Funding also supports
laboratory operations for the Center for Isotope Geochemistry, which includes mass spectrometry labs
for the measurement of isotopic ratios of solid radiogenic elements (Sr, Nd, Pb, Ca, U, etc.), light stable
isotopes (O, C, H, Li, N, S, Ca, Fe, etc.), and noble gases (He, Ne, Ar, Kr, Xe). Measurements of
isotope ratios in natural systems are used to measure the influence of competing chemical and physical
processes, and to determine their rates and evolution with time. This information is critical for
understanding the workings of geological systems ranging in size from microorganisms, plants, and
soils, to groundwater reservoirs, volcanoes, the oceans, and the atmosphere. Experimental studies are
used to determine the controls on isotopic fractionation due to phase changes and transport processes,
and the effects of nuclear interactions associated with radioactive decay.

Results: (1) U-Th-He: We have continued to explore the use U-Th/*He ages on olivine phenocrysts
from late Quaternary basalts. The approach employs abrasion to remove the outer rinds of olivine
crystals, which eliminates *He implantation from U-rich groundmass, and a specially designed
extraction system that allows U, Th and He concentrations and isotopic compositions to be measured on
the same olivine grains. New measurements of 80 to 200 ka basalts have been directly compared with
Ar-Ar ages and show that U-Th-He may provide more reliable ages for lavas of this age. The method is
now being extended to submarine basalts where it may have its greatest value, but where issues with
incomplete degassing upon eruption can complicate interpretations.

(2) Ca isotope probe of mineral precipitation: The mechanisms by which dissolved ions attach to
mineral surfaces to allow solid crystals to grow from aqueous solution are poorly characterized. We use
Ca isotopes to study calcite and calcium-sulfate precipitation from aqueous solutions. Results indicate
that at equilibrium there is no Ca isotopic fractionation during precipitation of calcite; the finite isotopic
fractionations observed at low temperatures are entirely dependent on kinetic processes at the mineral-
water interface. It appears that attachment kinetics control isotopic fractionation, but there is
competition with solid-fluid exchange, solid phase growth velocity, and aqueous phase diffusion. New
precipitation experiments are allowing us to separate the influence of these competing effects.

(3) Retardation of calcite dissolution by clay and organic material. We measured the Sr and Ca
isotopic composition of pore fluids in deep sea sediments that consist of mixtures of biogenic calcite,
clay and 1 to 5% organic carbon. In these sediments, even though the biogenic calcite is generally
unstable, the §*Ca of pore fluids indicates that there is virtually no calcite dissolution over millions of
years. This contrasts with sediments that are nearly pure biogenic calcite, in which calcite dissolves and
re-precipitates at rates of 10” to 10 yr' depending on age. The suppression of calcite dissolution is
linked to the presence of clays and organic material, and suggests that the surfaces of the calcite crystals
are modified. The effects have implications for geologic carbon sequestration and for reconstruction of
past climate changes from sedimentary records.

(4) U-series alpha-recoil as a nanoscale probe of natural systems: (“*U/*"U) of fine-grained
sediments show systematic effects suggesting that alpha-recoil associated with the decay of ***U is
primarily responsible for >**U depletions in minerals. Because the rate of ***U loss reflects the scale of
recoil, which is 30-50 nm, and the shape and surface properties of mineral grains, the U-series
characteristics of minerals constitutes a nanoscale probe of mineral surface structure. Models for
quantifying the alpha-recoil loss fraction based on theoretical estimates of recoil range, mineral grain
geometry, surface area constraints, and chemical methods have been developed. Results show that
surface roughness factors vary with grain size and differ from those estimated with gas adsorption
techniques.
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(5) Field scale Ca isotope effects in hydrothermal systems: Ca isotopes can provide information on
the degassing and precipitation history of hydrothermal fluids. A survey of the Long Valley
hydrothermal system was done for the isotopes of water, Sr, Ca, and noble gases, and the concentrations
of major cations, anions, and total CO,. Correlated variations among total CO,, noble gases and the
concentration of Ca suggest progressive fluid degassing, driving calcite precipitation, as the fluid flows
across the caldera. The degassing and calcite precipitation is further correlated with a 0.5 per mil
increase in 8**Ca, consistent with non-equilibrium processes occurring during calcite precipitation. This
is the first use of Ca isotopes to study calcite precipitation from hydrothermal fluids.

(6) High pressure biochemical isotopic fractionation effects: Isotopic signatures are widely used to
identify the existence and activity of microorganisms within the earth’s crust. Whereas for inorganic
reactions pressure has a negligible effect on isotopic fractionation, for biochemical reactions it does.
Experiments with researchers from Idaho National Laboratory and Oregon State University show
significant differences in 8"°C of biogenic methane produced at atmospheric pressure and seafloor
pressures of ca. 500 atmospheres.

(7) Collaborative studies: We collaborate with other BES investigators on isotopic fractionation
due to diffusion in aqueous fluids and silicate liquids, and in modeling isotopic effects using numerical
reactive transport codes. The diffusion studies have the dual objective of characterizing the isotopic
effects for application to natural geochemical processes, and using them to understand the chemical
structure of fluids and melts. The modeling studies relate isotopic effects to models of mineral reaction
kinetics, in order to allow isotopic measurements to be used as monitors of chemical reactions in nature.

Physicochemical Controls on Unsaturated Flow and Transport in Geological Media

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

Objectives: The flow of water and transport of chemicals through variably saturated soils and geologic
formations is strongly dependent on the water content, with flow and transport rates at low saturation
levels controlled by water films. Basic properties of water films in unsaturated media remain poorly
understood. Latest work on this project tests the hypothesis that film flow rates scale in proportion to
grain size.

Project Description: Calculations of thin film equilibrium that combine the effects of adsorption and
capillarity are providing a general framework for understanding film hydraulics on mineral surfaces of
arbitrary curvature. Experiments on flat mineral surfaces and monodisperse sands are being conducted to
test models for adsorbed water film equilibrium and transport. Model predictions are being developed
and experimentally tested using microscopic (film-scale) and bulk (porous medium) approaches. Direct
measurements of film thickness are obtained in a small suction plate chamber by equilibration with
aqueous solutions under sub-atmospheric pressures. The chamber is placed in front of an X-ray beam
(National Synchrotron Light Source X26A, and Advanced Photon Source 13-ID-C) used to determine
film thicknesses through X-ray fluorescence of monovalent (Rb" and Br) and divalent (Mg®" and
Se04”) ion tracers in the water films. These hard X-ray synchrotron sources permit efficient X-ray
fluorescence monitoring of ionic tracers in water films within sealed environmental control chambers.
Larger scale measurements of film-controlled hydraulics in porous media are being conducted in flow
cells packed with monodisperse sands, regulated within ranges of matric potential where thin aqueous
films separate pendular rings of water at grain-grain contacts.
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Results: Because there are more adsorbed water films per unit volume in unsaturated media of finer
grain size, it has been suggested that film flow is more efficient in such systems. This conjecture is an
extension of the familiar phenomenon of cross-over in the unsaturated hydraulic conductivity relations
of sands and clays; where sands are more conductive at higher (near-zero) potentials but at more
negative potentials drain to become less conductive than clays. We have addressed this problem through
combining considerations of adsorbed film thickness-potential relations, film hydrodynamics, and
capillary scaling. This analysis shows that, in the Langmuir limit of low ionic strength films, the bulk
unsaturated hydraulic conductivity scales in proportion to the square-root of the characteristic grain size.
Thus, film flow is less effective in finer-grained unsaturated media, despite having a greater density of
transmitting surfaces. The equation derived for the bulk unsaturated hydraulic conductivity also
contains an inverse-cubic dependence on ion valence, thus predicting an eight-fold greater film flux of
monovalent solutions than divalent solutions at the same potential. Experimental testing of this equation
is further motivated by the fact that it contains no adjustable parameters. However, predicted flow rates
and times required for establishing local equilibrium conditions indicate difficult experimental
challenges. Predictions of scale- and valence-dependence are currently being tested in bulk systems
consisting of monodisperse packs of quartz sands (0.1 to 2.0 mm), infused with dilute KCIl and MgSO4
solutions.
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Figure 1. Water film characteristics at low ionic strength (Langmuir-limit). (a.) Water film thicknesses for dilute
1:1 (z= 1) solutions on grains of different size (A). Intersections of film thickness curves with f, occur at critical
potentials, below which films control flow. (b.) Dependence of film velocities on grain size, at critical matric
potentials, showing predicted ion charge influence.
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Clay Mineral Surface Geochemistry

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

Website: http://esd.Ibl.gov/sposito/

Objectives: The overall objective of this project is to investigate the chemical properties of clay
mineral nanoparticles (layer type minerals) at molecular scales using computer simulation methods.
Current research focused on the metal-binding properties of bacteriogenic MnO, nanoparticles, which
are layer type Mn oxides, using quantum mechanical calculations.

Project Description: Many bacteria produce layer type Mn(IV) oxides (birnessite, MnO;), which are
known to impact a broad range of geochemical processes mainly through their high capacity for metal
sorption. An important structural characteristic of these oxides is the presence of Mn(IV) cation
vacancies whose charge deficit is typically compensated by metal cations or protons. The vacancies in
birnessite have long been identified as strong adsorption sites for transition metals. Zinc has been
observed to form both tetrahedral (Zn'") and octahedral (Zn"") triple-corner-sharing surface complexes
(TCS) at the Mn(IV) vacancy sites in birnessite. The octahedral complex is expected on the basis of the
local coordination environment of Zn in the mineral, chalcophanite (ZnMn3;07:3H,0), but the reason for
the occurrence of the four-coordinate Zn surface species remains unclear. We addressed this issue using
spin-polarized density functional theory (DFT) to examine and compare the structures of the Zn'" -TCS
and Zn"'-TCS species. Our DFT geometry optimization calculations, performed with the code
CASTEP, required massively-parallel supercomputing resources of the National Energy Research
Scientific Computing Center (NERSC).

Results: Structural parameters obtained by DFT geometry optimization were in excellent agreement
with available experimental data for Zn-birnessites, including chalcophanite (Figure 1). Total energy,
magnetic moments, and electron-overlap populations obtained by DFT for isolated Zn''-TCS revealed
that this species is stable in birnessite without the need for Mn(III) substitution in the octahedral sheet
and that it is more effective in reducing undersaturation of surface O at a Mn vacancy than is Zn"'-TCS,
thus making it somewhat more stable. Comparison between geometry-optimized chalcophanite and a
hypothetical monohydrate mineral, ZnMn3;O7-H,O, which contains only tetrahedral Zn, showed that the
hydration state of Zn significantly affects birnessite structural stability. This comparison made possible
uniquely by DFT geometry optimization suggested that H-bonds are stabilized for octahedral Zn by
linking the interlayer Zn through water molecules, whereas tetrahedral Zn is stabilized by H-bonds with
adjacent octahedral sheets that alter the sheet registration, thereby compensating for having no H-bonds
between neighboring Zn. Our DFT study provides insight into the occurrence of Zn'" and Zn"" surface
complexes at Mn vacancies in hexagonal birnessite, demonstrating that Zn'" forms stronger chemical
bonds with O of a Mn(IV) vacancy site than Zn"' does. This is consistent with experimental
observations of the predominance of Zn'-TCS at low loading of sorbed Zn in birnessite. Comparison
between ZnMn3;0O7-:3H,0 and ZnMn3;O7-H,O, which have a high Zn/Mn ratio, suggested that the
occurrence of Zn"'-TCS along with Zn'-TCS in birnessite may be more related to interactions of Zn
ions (e.g., through H-bonding) with neighboring Zn ions or with adjacent Mn octahedral sheets than it is
to the existence of Mn(III) substitution or Zn bond strength differences.
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Figure 1. Visualization of the geometry-
optimized structure of ZnMn;07-3H,0
(chalcophanite), viewed perpendicularly to
(a) the c-axis and (b) the ab plane (Red: O;
White: H; Teal: Zn; Purple octahedron:
Mn(IV) octahedron). Zn-O, Zn-Mn, and H-
bond distances (dotted lines) and sheet
thickness are given in A. Water molecules
are omitted for visual clarity in (b), where
the double-headed arrow indicates the
distance between nearest-neighbor Mn
(Mn;y) and Zn. Gray represents Mng
octahedra. The labels O1 and O3 identify O
bonded to three Mn (Osy,), whereas O2
identifies O bonded to two Mn and one Zn

(OZMn) .

Rate Controls in Chemical Weathering: A Reactive Transport Approach

C.1. Steefel 510-486-7311; ClSteefel@lbl.gov

Objectives: The objective 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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Project Description: The project consists of experimental and modeling components that are intended
to complement each other. Preliminary work involved determination of the dissolution and precipitation
rate of kaolinite at 22°C, and this is being followed with coupled illite dissolution and kaolinite
precipitation studies to determine the rates of the incongruent reaction. The results are applied to the
Santa Cruz chronosequences and to the Shale Hills Critical Zone Network site in Pennsylvania.

Results: Dissolution and precipitation rates of low defect Georgia kaolinite (KGa-1b) as a function of
Gibbs free energy of reaction (or reaction affinity) were measured at 22°C and pH 4 in continuously
stirred flow through reactors (Yang and Steefel, 2008). Dissolution and precipitation rates determined at
steady state could not be described with the same rate law—dissolution was described well by a
Transition State Theory (TST) rate formulation with a Temkin coefficient of 2

R,. (m%l zs) =1.15x10™" {1 —exp (%ﬂ

In contrast, long-term precipitation rates showed a linear dependence on solution saturation state that is
generally consistent with a two dimensional nucleation growth mechanism following the equation

181776
mol — -14 _
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Measuring precipitation rates at room temperature and circum-neutral pH conditions is difficult if not
impossible to carry out experimentally, but it appears to be possible to use of data from field systems to
constrain rates under these conditions. Reactive transport calculations of coupled albite dissolution and
kaolinite precipitation using the code CrunchFlow were carried out for conditions broadly similar to
those investigated by White et al (2008) at the Santa Cruz chronosequences to attempt to constrain
kaolinite precipitation rates at a pH of about 7. A flow rate of 0.088 m/yr, volume fractions of albite and
kaolinite of 15% and 10% respectively, and specific surface areas of 0.43 mz/g and 11.83 mz/g for albite
and kaolinite respectively were assumed for the calculations, which were then carried out to 65,000
years (the approximate age of the youngest terrace at Santa Cruz). In the calculation, a modified
rainwater with a pH of 5.73 infiltrates the sandy material (porosity = 40%) under partially saturated
conditions. Using the kaolinite precipitation rate determined in this study at pH 4 along with the rate
law for albite proposed by Hellmann and Tisserand (2006), the reactive transport calculations predict
that the pore water composition will remain close to equilibrium with respect to kaolinite ( log Q/K¢q ~
0.1), while albite remains far from equilibrium (Figure 1). However, the results at circumneutral pH (6-
8) depend critically on the pH dependence of kaolinite precipitation rates. If the pH dependence is
significant (e.g., a dependence > 1), then the decrease in the kaolinite precipitation rate as the pH
increases could have marked effect on the weathering rate of albite. This can be evaluated by simulating
the same system using slower rates for kaolinite precipitation. As the kaolinite precipitation rate
constant decreases from 10™"° mol/m%/s (log k = -15) to 107'° mol/m?/s (log k = -16), the simulations
predict that the kaolinite supersaturation will rise substantially, while the feldspar approaches
equilibrium more closely (Figure 1). The simulation results most closely match the field data when a
rate of 10™'® mol/m?/s is used, suggesting that an dependence of the kaolinite precipitation rate on pH of
about 1 is appropriate.
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Figure 1: Reactive transport simulations of kaolinite and albite saturation state in the Santa Cruz
chronosequences. The best match with the data is provided by a log Ky,omnice Of about 1071 mol/mz/s, suggesting a
pH dependence of about 1 for the precipitation rate. The profile marked as “This Study” corresponds to the rates
determined in the laboratory at pH 4.

Nanoparticle Aggregation in Natural Aqueous Systems

B. Gilbert (510) 495-2748, fax (510) 486-5686, BGilbert@lbl.gov, G. Lu, LBNL,; C. S. Kim,
Chapman University, Orange, CA

Website: http://nanogeoscience.berkeley.edu

Objectives: The project goal is to achieve a quantitative understand of the way that aggregation, and
aggregate morphology affects the accessibility and effective reactivity of the surfaces of natural
nanomaterials in the environment. Nanoscale oxide and oxyhydroxide minerals play important roles in
adsorbing and sequestering aqueous ions including nutrients such as phosphates and contaminants such
as heavy metals. These materials are typically subjected to natural flocculation events upon formation
that reduce the nanoparticle surface area that is accessible by aqueous ions. In prior research, we
demonstrated that aggregation pathway affects pore geometry and consequently the rate and extend of
metal ion uptake by the nanoparticle surfaces. Crucially, however, no quantitative relationship exists
between simple measures of aggregate structure (e.g., porosity or surface area) and sorption capacity.
We proposed that aggregation principally retards the diffusion of aqueous ions, requiring kinetic
modeling.

Project Description: We synthesized a suspension of approximately 6 nm iron oxyhydroxide
nanoparticles and formed dense aggregates by subjecting the suspensions to drying and rehydration. We
used small-angle x-ray scattering (SAXS) to characterize the pore morphology of aggregates. Three-
dimensional models the aggregates that are consistent with the SAXS data were generated using
numerical approach described by Hedstrom et al., Langmuir 20, 1535 (2000). The models were
transformed into 2D slabs and we implemented a novel lattice Boltzman (LB) method capable of
simulating diffusion and sorption processes. As shown in Figure 1b, the new LB scheme is able to
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model the simultaneous diffusion and adsorption of aqueous ions in pore networks of arbitrary
complexity.

25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
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Figure 1. (a) Slices through 3D model of nanoporous aggregate structure derived from SAXS data. Solid
aggregate (red) and water pores (blue) (b) 2D images of lattice Boltzmann simulations of copper ion diffusion
and sorption within nanoporous aggregates. A constant copper concentration is imposed at the top, and the left
image shows the diffusion front that is propagating downwards. Solid regions are shown dark blue. The right
image shows the copper coverage on the solid surfaces.

Results: By performing lattice Boltzmann (LB) simulations of aqueous ion diffusion within models of
nanoparticle aggregates derived from the SAXS data, we showed that solute transport is retarded by the
tortuous pore morphology by over two orders of magnitude. Moreover, adsorption and desorption
processes further attenuate uptake and release of metal ions by nanoparticle aggregates. This work will
lead to better understanding the relationship between aggregation and effective surface reactivity.

Molecular-Level Studies of Mineral-Water Interface Structure and Chemistry

Glenn Waychunas, 510-495-2224, gawaychunas@lbl.gov; Y. Ron Shen (UC Berkeley), J.
A. Davis (USGS, Menlo Park, CA)

Objectives: We wish to define the specific molecular geometries of mineral surfaces equilibrated with
aqueous solutions, including the nature of surface relaxations or reorganizations, the attachment sites
and type of binding of sorbates, and the structure of interfacial water. This type of information is
important for the testing of molecular reaction models and simulation techniques that model the
sorption/desorption and incorporation of migrant species in natural fluids, and hence determine the fate
and transport of both toxic and nutrient species in the environment.

Project Description: Our studies are done using a combination of molecular probes, largely
synchrotron-based, with relatively simplified model systems. The chief synchrotron methods are:
surface diffraction by which we can refine the position and occupation of surface atoms at an interface;
surface x-ray spectroscopy by which we can obtain specific structural information about the local
molecular environment of a sorbed molecule at an interface; and nonlinear optical spectroscopy whereby
we can probe the infrared vibrational spectrum of water molecules only at the solid-aqueous solution

22


mailto:gawaychunas@lbl.gov

interface. Variations on these techniques also yield specific information such as the redox state of
surface atoms, or the lifetimes of particular surface species.

Results: Our most recent work focuses on the hematite, goethite, diaspore and corundum surfaces. For
hematite we are interested in the surface variations produced by acids or bases, as well as the geometry
of sorbed species like arsenate or silicate. Both CTR and GUXAS results have shown that the geometry
of monomeric silicate sorption is as a bidentate complex with strong surface attachment. Molecular
dynamic simulations and ab initio calculations have verified the relative stability of the experimentally
deduced topology. For the goethite surface we found that the surface is relaxed from the bulk, but also
has two distinct layers of ordered water at the termination (Figure 1). The water has a structure similar to
that of ice XI, and our analysis is able to deduce the local dipole moments so that a direct comparison
with PS-SFVS is possible. Analogous surface refinements are in progress for the aluminum-analog of
goethite—diaspore. Our surface SFG water studies show that the pH point of zero charge (PZC) for
clean corundum (0001) faces is ca. 6.3, rather than the ca. 9.0 measured for corundum powders.
Continuing work suggests the differential is due to the types of Al hydroxyl sites exposed in powders.
The silicate/hematite work is vital to an understanding of how the reactivity of natural Fe oxide surfaces
changes in varied environments, and whether effective remediation approaches for particular pollutants
are efficacious. The goethite and diaspore work are crucial to the application of surface complexation
modeling with accurate molecular parametrization. For example, current models assume bulk-goethite
like structure for the interface, which we show is not accurate. Work in progress will compare the
interface structures and interface water of goethite and disapore, as well as changes due to acid-base
treatments.

Figure 1. CTR-determined
model for the (100) Goethite
surface with two layers of
ordered water and two surface
hydroxyl sites. Dashed lines
indicate the positions of
hydrogen bonds. The water
layer closest to the surface is
bound by the —OH acceptor site
(blue), and by the —OH, donor
site (green).

The second water layer is bound
by hydrogen bonds to the first
water layer.

How Does Nanoparticle Structure Control Interfacial Phenomena?

Glenn Waychunas, 510-495-2224, gawaychunas@lIbl.gov; Jillian F. Banfield (UC
Berkeley)

Objectives: Our past work has shown that nanoparticles differ in structure and strain depending on their
precise chemical environment. It is also anticipated that structure, strain and reactivity may change as a
function of size. Our investigations aim to characterize possible differences in sorption mechanisms as a
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function of Fe oxyhydroxide (goethite and ferrihydrite) nanoparticle size, growth rate, and degree of
aggregation.

Project Description: Our studies are done using a combination of molecular probes, bulk
measurements, and thermodynamic measurements. Some of the analysis is done in concert with
molecular dynamic simulations. For nanoparticle size and shape we employ small angle x-ray scattering
(SAXS) and dynamic light scattering (DLS), while the specific molecular nature of surface species is
determined with extended x-ray absorption fine structure spectroscopy (EXAFS). Other aspects of
nanoparticle structure are determined via determination of pair correlation functions with high energy
wide angle x-ray scattering (WAXS). The x-ray measurements are done at the APS (Advanced Photon
Source) and SSRL (Stanford Synchrotron Radiation Laboratory) synchrotron sources.

Results: Most recent work has focused in two areas.

1) The nucleation and initial growth of nanoparticles on quartz and other single crystal surfaces have
been studied as models for how natural surfaces become either activated or passivated by such
nanoparticle development. We developed a grazing-incidence SAXS technique which allows
examination in situ of the initial phases of nanoparticle growth under bulk water solution, the first time
this has been accomplished. The technique has been used to study heterogeneously-nucleated iron
oxyhydroxide nanoparticle formation on quartz as a function of solution ionic strength, iron
concentration and temperature. We find very strong dependence of the early nanoparticle size and shape
on ionic strength, and a changeover in growth mode as size increases. Surface features such as steps and
terraces have an effect on nucleation at the earliest stages, with nucleation tending to occur on terraces
near steps. After initial nucleation, secondary nucleation events occur on already nucleated particles,
leading to a different growth topology.

2) The effect of different ligands on the structure of ZnS nanoparticles show well-defined regimes of
behavior depending on the strength of the ligand-zinc bond (Figure 1). Strongly bound ligands like water
have a dramatic effect on the surface, reducing strain throughout the nanoparticles, while weakly bound
ligands like methanol allow considerable strain to persist post formation, creating a well-defined core-
shell structure. Intermediate strength bound ligands show a weaker core-shell topology. These effects
have now been studied by combined experimental measurements and MD simulations, with excellent
agreement. Analogous experiments are in progress with TiO, nanoparticles.

+ 0. 013 M NaCl Figure 1. Pair correlation functions for ZnS nanoparticles as a
function of different types of surface ligands. The groups represent
&1 strong binding (group III: NaCl, CaCl,, Na,SO,), medium strength
binding (group II: C¢HeS, H,0), and weak binding (group I:
CH;0H, C¢H;sCl). The structural order in the nanoparticle is a
}? toup I function of the binding strength, e.g. methanol ligation leads to
strongly distorted surface structure and considerable structural

strain, while Cl ligation allows surface relaxation and less overall
strain.

+AIMOCsHs S

+ 1L OMH; O

in CH: OH group 1
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Imaging Electronic and Atomic Redistribution during Redox Reactions at Surfaces

Glenn Waychunas, 510-495-2224, gawaychunas@lIbl.gov; Ben Gilbert, Jillian Banfield
(UC Berkeley), Roger Falcone (UC Berkeley and ALS), Robert Schoenlein, Klaus
Attenkofer (APS/ANL)

Objectives: A number of important geochemical reactions are activated by electron transfer at mineral
surfaces. Processes include reductive and oxidative dissolution, coupled redox-sorption of complexes,
respiration of surface-associated biota, photoactivated reactions, and electrochemical cell reactions. Our
research focuses on electron-transfer initiated dissolution reactions, which are important drivers for acid
mine drainage development and pollutant transfer in the environment. The actual electron transfer is
faster than can be studied by currently available means, but the series of succeeding relaxation steps can
be probed to elucidate much of the reaction mechanism.

Project Description: In reductive dissolution electrons are transferred from solution species via shared
surface ligands to surface metal ions, like Fe(III), producing surface Fe(Il) species. The Fe(II)-O bonds
at the surface must lengthen from this reaction, introducing surface vibrations and a general expansion
of the surface. This localized strain may act to limit the numbers of Fe(Il) that can be produced at the
surface, depending on the rate of electron transfer within the mineral. We wish to measure the rate of
Fe(IT) buildup on Fe oxide surfaces and the ultimate concentration limit, as well as surface and bulk
conduction rates. These processes are slower than electron transfer, but for investigation microsecond to
picosecond time-resolution is necessary. We are conducting such experiments at the APS (and soon also
at the ALS) starting with observations of Fe(Il) creation from a photostimulated ligand attached to Fe
oxide nanoparticles and single crystal surfaces. A femtosecond laser system activates electron transfer
from the ligand, and the synchrotron x-rays detect the result at variable delay times after the excitation.
This is a “pump-probe” experiment. Part of the project includes development of fast surface diffraction
methods using new 2D pixel detectors, and custom designed software.

Results: Our first static experiments at the APS beamline 131D showed proof of concept with respect to
electron injection from the organic ligand alizarin red into the (1-102) hematite surface. A significant
amount of surface Fe(Il) is produced within minutes of exposure to the dye. We observe the Fe(Il) by
collecting surface diffraction data via the (10L) crystal truncation rod. Our first time-resolved
experiments at the APS beamline 11-ID using nanoparticle maghemite 11-ID showed measureable
Fe(Il) creation in 2 nm with eosin Y surface ligands with a time delay of 154 nanoseconds, but no
similar effect using alizarin red. In these experiments the nanoparticles were studied in a continuously
refreshed slurry, and the near Fe K-edge x-ray absorption spectra was collected (Figure 1). The static
results with large single crystal hematite surfaces, when compared with earlier thesis work, suggest that
significant concentrations of sorbed Fe(Il) are not stable for long time periods, but convert quickly to
structural Fe (III) which fills up typically vacant metal sites on the surface. This conversion rate is
unknown, but may be accessible when full time-resolved experiments commence.

Another complex issue with such experiments is the possibility of laser heating damage created by the
pump pulse. We examined this thoroughly by using different laser spot sizes and pulse totals while
continuous monitoring sensitive positions on one off-specular truncation rod. A noticeable drop in rod
intensity signaled a change in atomic positioning. These experiments showed that heating effects were
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observed only after a large number of pump pulses, so that the typical pump-probe experiments we plan
should not be limited by laser damage, even if the same sample spot is used. Follow up experiments
will detail the processes by which heat is dissipated after each pulse.

Experimental Geometry

X-ray Fluorescence Detector Assembly

' sample circulation

Nozzle & liquid jet

Detector | Detector 2

‘u

pump

Sample collactor

L x-ray

Figure 1. Scheme for studying electron injection into nanoparticles using laser pump-x-ray probe
technology, and a continuous moving slurry sample. The actual laser and x-ray beams are co-incident and
excite the same liquid stream volume. Laser intensity is typically 1.0 millijoule, with maximum repetition
rate of 1.4 KHZ. Experimental setup is at the APS sector 11 ID-D.

Development of Isotope Techniques for Reservoir and Aquifer Characterization

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

Objectives: This project develops geochemical and isotope techniques for reservoir and aquifer
characterization in support of CO, geologic sequestration studies and measurement of groundwater ages.
Two projects constitute the main focus of our research: (1) the development of isotope tracers to study
and quantify water-CO, interaction along a flow path as part of planned CO; pilot injection tests, and (2)
assisting in the evaluation, verification, and application of new isotopic techniques for placing time
constraints on groundwater flow.

Project Description: Isotope Tracers and CO>-Injection:

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. An important issue for gas
transport in water-saturated zones is the amount of interstitial pore water, the extent of gas-water
interaction and the chemical impact on the reservoir due to CO; injection. Modeling predicts that
precisely measured details of a chromatographic separation profile for a suite of gases with different
solubility would provide important information regarding the extent of gas-water interaction and provide
an integrated gas/H,O volume ratio. Noble gases are well suited for chromatographic separation studies
because they exhibit a smooth increase in solubility by a factor of ~10-15 from Ne to Xe and are
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chemically inert with very low concentrations in most rocks and minerals, minimizing the effects of
potential water-rock interaction. During and after CO, injection, temporal and spatial changes in the
isotopic compositions of various solutes (e.g. Ca, Sr, Pb, C, O) are expected to trace the occurrence and
rates of mineral dissolution and precipitation driven by changes in the chemical attributes of the water-
rock system as a result of CO, injection.

Results: Isotope Tracers and CO,-Injection:

Our initial work has focused on gas-water interaction using noble gases as phase-partitioning tracers.
For proof of concept, a noble gas monitoring project was conducted as part of a CO, sequestration
experiment in the Frio Formation in the Gulf Coast South Liberty Field, Texas in which noble gases
along with other tracers were injected along with the CO, stream and monitored downstream. A
significant difference in the peak arrival times for Kr and SF¢ was observed leading to an inferred
integrated aqueous phase saturation of ~32-45%. If the rate limiting step for equilibrium partitioning
between the CO,-water phases, then the degree of aqueous saturation implies a characteristic length
scale for the water phase of ~10-100 cm, consistent with CO,-water fingering. The pilot test
demonstrated the utility of phase-partitioning tracers, such as noble gases, in defining reservoir
environments and processes relevant to geologic sequestration of CO,. Currently we are formulating
field projects in support of the SECARB and WESTCARB demonstration projects and measuring the
solubility partitioning of noble gases between CO, and water at the P and T conditions appropriate for
deep sequestration.

Project Description: Groundwater Ages:

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, CO, sequestration, 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 are required.

Results: Groundwater ages:

In collaboration with Neil Sturchio, University of Illinois, Chicago and Dr. Zheng-Tian Lu, Physics
Division, Argonne National Laboratory, radio-chlorine (*°Cl) and radiogenic noble gases (‘He and *°Ar)
were measured to assess the residence time of old groundwater in the Nubian Aquifer of the Western
Desert of Egypt. A systematic increase in the amount of radiogenic ‘He that accumulated in the
groundwater along the inferred flow path confirmed the age progression indicated by the *°C1/Cl ratios,
but a flux of external radiogenic *“He equivalent to ~3.5 times the in situ production rate of the aquifer is
required to reconcile the *He accumulation ages with those determined from *°Cl. Furthermore, a
divergence of the oldest sample (~650 kyr) from a linear trend between the *°Cl age and the amount of
accumulated *He suggests the external *He flux is not constant along the entire flow path. We are
expanding this line of research to include other radio-chronometers, such as *'Kr, by investigating old
groundwater from aquifers of the mid-continental United States. An initial suite of samples collected
from springs and wells predominately across Kansas and Missouri have analyzed and a second suite has
been collected.
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Kinetic Isotope Fractionation by Diffusion in Liquids

John N. Christensen, 510-486-6735, jnchristensen@lbl.gov; Frank M. Richter (Univ. of
Chicago), lan D. Hutcheon (LLNL)

Objectives: The overall objective of our research effort is to document and quantify kinetic isotope
fractionations during chemical and thermal (i.e., Soret) diffusion in silicate melts and in water.

Project Description: In addition to experiments involving diffusion in silicate melts (described
elsewhere in this volume by Richter et al.), the project also involves determining the magnitude of
isotope fractionation of dissolved species by diffusion in water and using these to validate molecular
dynamics calculations for the relative mobility and isotopic fractionation of Ca, Mg, K and Li. The
experiments use a simple diffusive system that acts as a Rayleigh fractionator. The system consists of a
small spherical container that communicates via a small tube with a much larger volume in which it is
immersed. We fill the spherical container with a solution of the dissolved salt of the element to be
measured for kinetic effects, and allow diffusion to the larger volume of initially pure water. Different
diffusive pairs are run for different length of times, after which the run products are measured for their
isotopic composition by multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) (or
by TIMS as appropriate). The resultant data from the experiments provides determinations of the
relative diffusivities of elements or isotopes.

Results: In our previous research, we found no measurable diffusive isotopic fractionation of
magnesium, but small but well-resolved isotopic fractionation of both Li and CI (Richter et al., 2006).
Molecular dynamics (MD) calculations by Ian Bourg and Garrison Sposito have reproduced these
results (Bourg and Sposito, 2007). From the simulations they suggest that the small isotopic
fractionation we observed for diffusion in water compared to that in silicate melt, is related both to the
number of water molecules in hydration spheres around the dissolved ions as well as the residence time
of water in the inner hydration shell.

Our measurements of experiments involving diffusion of K in water have demonstrated fractionation of
the *K/*°K ratio of up to ~8 %o relative to the starting solution (Fig. 1). The data indicate a fractionation
factor of 0.9979+0.0001, representing the ratio (D*'K/D*’K) of the relative diffusivities of *'K and *’K
ions in water. Similar experiments for Ca isotopic fractionation by diffusion in water (Fig. 2) reveal a
much smaller but resolvable fractionation effect. The data indicate a fractionation factor (for **Ca/*’Ca)
0f 0.99956+0.00005. These values agree well with results of MD calculations by Bourg et al. (in prep)
indicating values of 0.9976+0.0009 and 1.000+0.001for D*'K/D*K and D™K/D*K respectively.
Compared to Ca>*, this would be consistent with a lower charge density for the K'* ion, and implies a
shorter residence time for H,O in the hydration sphere of K.
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Fig. 1. Plot of 8"'K against F, the fraction of K remaining in the source reservoir (V), for experiments regarding
the diffusion of K" in water. Inset shows a cartoon of the experimental set up. Results for flasks run up to F =
~0.02 indicate an isotopic fractionation factor of 0.9979+0.0001, which was used to calculate the black curve.
Experiments run past F=0.01 have been affected by the finite volumes of the sink (V,) and source (V) reservoirs.
The green squares are data for the companion containers for the flasks, and show the expected isotopically light K
diffusing from the flask to the container volume.

CaCly in H,0

Flask
A Containor

w ~ "] -
F4Ca, %o relative to starting solution

w

@ = Du/Diye = 0.99956(20.00008) %

0.8 ['X 0.4 0.2 o
F. fraction of Ca remaining in flask

Fig. 2. Plot of 3*'Ca against F, the fraction of Ca remaining in the source reservoir (V,), for experiments regarding
the diffusion of Ca®" in water (similar set up as shown in inset to Fig. 1). Results for flasks run up to F = ~0.01
indicate an isotopic fractionation factor of 0.99956+0.00005, which was used to calculate the red curve.
Experiments run past F=0.005 have been affected by the finite volumes of the sink (V,) and source (V)
reservoirs. The green squares are data for the companion containers for the flasks, and show the expected
isotopically light Ca diffusing from the flask to the container volume. The scale is similar to Fig. 1.

Evolution of Stress-Sensitive Seismic Properties in Sediments and Granular Rock during
Compaction

Seiji Nakagawa, 510-486-7894, snakagawa@lIbl.gov, Liviu Tomutsa
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Objectives: The primary objectives of this research are to understand from laboratory experiments: (1)
how mechanical and chemical compaction of sediments affects their seismic properties; (2) how stress-
induced seismic anisotropy evolves in both granular media and fractures during compaction; and (3)
how the microscale geometry of intergranular contacts and microcracks in sediments and rock changes
during compaction.

Project Description: This project involves conducting a series of laboratory experiments to understand
how some of the diagenetic processes occurring in the earth affect the seismic properties of sediments
and rock. These experiments involve four steps: (1) First, the process of sediment compaction is
simulated using a specially designed sediment compaction cell. The resulting changes in the elastic
transverse isotropy are determined via seismic waves. (2) Next, the process of pressure dissolution and
cementation is simulated, using halite (rock salt) crystals as analogue sand with concurrent seismic
measurements. Using halite allows the experiment to be conducted within a reasonable time period
(several days to weeks), compared to using quartz, feldspar, or calcite. (3) Third, the process of
intergranular cementation of rock is simulated, using synthetic sandstone samples (fabricated from
quartz sand and glass cement) with a controlled porosity. These sandstone samples, together with natural
rock samples, are also used to examine how induced microcracks and fractures affect stress-sensitive
seismic properties. (4) Finally, shearing of fluid-saturated, single fractures is conducted with concurrent
seismic wave measurements.

Results: In the first year, we conducted a series of seismic anisotropy measurements in granular
sediments using a special compaction cell equipped with ultrasonic transducers. Packs of water (or
brine)-saturated spherical glass beads, silica sands (with both smooth and extremely rough surface
textures), and halite crystals were compacted, and the resulting evolution of seismic velocities and
anisotropy was determined. The glass bead and silica sand tests were conducted as a function of cyclic
compaction stresses up to 8 MPa. Because of the large friction between the grains, the seismic properties
of the sand samples changed dramatically compared to the glass-bead sample, after the first cycle of
loading was applied. The halite compaction experiment was conducted under a constant temperature and
stress (25°C and 0.5 MPa). A porosity reduction of up to 6% was observed in the sample within 3 weeks,
owing to the pressure dissolution. During the sediment compaction, both P and S wave velocities
increased monotonically with reducing sediment porosity. However, all the samples exhibited
decreasing S-wave anisotropy with compaction (porosity reduction), while P-wave anisotropy showed
the opposite behavior (anisotropy increase). This result is somewhat inconsistent with what we observed
previously, and the cause of this behavior is under investigation. An example of the seismic anisotropy
evolution for the halite sample is shown in Figure 1.
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Figure 1. Evolution of transverse seismic isotropy during pressure-dissolution-induced compaction of a halite
pack. The blue and red circles indicate the Thompson’s € and y parameters respectively (for P-wave and S-wave
anisotropy). With compaction (reducing porosity), P-wave anisotropy increased in magnitude while S-wave
anisotropy decreased.

Propagation of Elastic Waves in Complex Media

Lane R. Johnson, 510 486-4173, [rjohnson@Ibl.gov

Objectives: The general objective is to perform fundamental research on elastic wave propagation in
media with various types of heterogeneity and various scales of heterogeneity. The challenge is to
develop computational methods that consistently account for the various types and scales of
heterogeneity while retaining fidelity to the basic physics of the problem.

Project Description: At the smallest scale where the media is typically described in a statistical sense a
dynamic composite medium approach will be used to model both the velocity and attenuation in a self-
consistent manner for all frequencies. In order to treat the effects of large-aspect inclusions such as
elongated pores or flattened cracks it will be necessary to derive the solution to the boundary value
problem for scattering of elastic waves by a spheroid. The Maslov integral approach will be used to
treat wave propagation at the scales where the media can be described in a deterministic manner with a
general three-dimensional model that includes both smoothly varying properties and discontinuities.
Having developed and integrated these basic approaches, a number of extensions will be considered,
guided by testing through application to realistic data sets.
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Results: One area of effort during FY08 was testing solutions of the boundary value problem for
scattering of elastic waves by a spheroidal inclusion that had been developed in the previous year. This
involved developing and testing the numerical accuracy of a small library of computer subroutines for
calculating spheroidal eigenfunctions over a large range of parameter values. This phase of the research
was nearly completed and a paper describing the method and results is also close to completion. The
incorporation of these results into the composite media method that had been previously developed
should be straightforward.

Good progress was also achieved on the task of calculating synthetic seismograms in three-dimensional
media. A general and flexible method was developed for describing earth models that have both smooth
and abrupt variations in material properties and the equations for dynamic ray tracing were solved and
implemented in computer programs for these types of models. The remaining step is to incorporate
these results into the Maslov integral method.

The scope of the research was slightly expanded during the past year to accommodate specific
applications to geothermal problems. This involved the development of a new approach to small
seismic sources that treats an earthquake as the failure of asperities. The theory for elliptical asperities
was developed and the problem of dynamic interaction of multiple asperities was also solved. Computer
programs that implement this new approach were developed and these are now being tested. A paper
describing these results is also nearing completion.

Joint Three-Dimensional Electromagnetic-Seismic Imaging: A Structurally Based Approach

Gregory A. Newman, (510) 486-6887, ganewman(@lbl.gov

Objectives: Provide an enabling technology in subsurface imaging using seismic and electromagnetic
wavefields, extended to gravitational fields. The project addresses critical needs within the DOE
mission, including waste legacy issues and energy and environmental security, which are difficult to
treat with existing 3D geophysical imaging technologies.

Project Description: Establishing the precise relationship between electrical conductivity, seismic wave
velocities and mass density and their interrelationships to fluid properties in 3D heterogeneous media
(saturation, porosity and permeability) is of fundamental interest in subsurface science. Knowledge of
such relationships could lead to a much better understanding of subsurface fluid, flow and transport,
with critical implications for environmental site characterization and remediation, exploration for oil and
gas and reservoir monitoring for safe sequestration of CO,. Correlations between electrical, seismic and
density properties are increasingly observed at different scales in collocated experiments. For example,
relevant data from multidimensional dc resistivity and seismic refraction investigations of the near
surface have conventionally been inverted separately leading sometimes to unequivocal models. Joint
inversion of such data is a better approach and allows for an objective testing of different geophysical
parameters (conductivity, velocity, density) and their fluid property interrelationships on experimental
data. The types of electromagnetic, seismic and gravitational data to be considered include, controlled
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and natural source electromagnetic measurements, amplitude and travel time seismic data sets,
gravitational vector fields and corresponding gradiometer measurements.

Results: Because the grids used to simulate electromagnetic (EM), seismic and gravity data are
different, due to the respective methods differing resolving power, it makes sense to impose an
independent grid for the joint imaging of the different types of data. Underlying grids used to simulate
the EM, seismic and gravity fields are distinct and grid transfer operators are required to (1) transfer
material properties from the common imaging grid to the respective simulation grids and (2) map the
gradients of the cost functional for the different data types from the simulation grids to the inversion
grid. Grid-transfer operators for the EM and gravity problems have been developed. Corresponding
operators for the seismic problem have yet to be developed, but will be based upon the well known
Backus averaging relationships. We have demonstrated this concept in the context of 3D controlled
electromagnetic inversion and we believe this provides the framework to make joint 3D imaging
practical.

3D gravity and gradiometer simulators have now been developed and tested. These simulators have now
been incorporated with a massively parallel 3D EM field simulator and will ultimately provide an
algorithm for joint geophysical imaging. In this algorithm we have also implemented a cross gradient
constraint to link the geophysical properties for structural similarity on the common imaging grid. This
constraint has also been generalized for seismic velocity and will be enforced in the inversion process
using as a penalty scheme, where the objective functional to be minimized is penalized if the cross
gradient constraint is not sufficiently satisfied. The inversion update is also to be obtained using gradient
based descent methods with a simple line search so large scale geophysical image and data volumes can
be efficiently treated. For the seismic problem we have completed the initial development of a 3D
Eikonal simulator for travel time data. This simulator also provides the derivatives of the travel time
data with respect to discrete seismic velocity model using a ray tracing methodology. While testing of
the seismic simulator is ongoing, results thus far are encouraging.

Once the different geophysical simulators have been coupled, we will direct our attention to
investigating the coupled conductivity-velocity-density images for fluid property interrelationships on
synthetic and experimental data at controlled sites where verification can be made.

Permeability Dependence of Seismic Amplitudes

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

Objectives: 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 that are consistent with field 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.
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Project Description: The approach taken in this study to better understand the mechanism of seismic
attenuation in the presence of mesoscopic heterogeneity is largely one of numerical simulation.
Computer-generated synthetic rock samples are created that have spatially variable poroelastic moduli
and porous-continuum properties (e.g., porosity and permeability) distributed over the pixels. The
numerical experiments consist of applying a time-varying stress to the sample surface, and measuring
the resultant sample strain (defined as the average local strain throughout a sample). The Fourier
transform of the stress and strain determine the sample’s complex frequency-dependent moduli, while
the ratios of the imaginary and real parts of these moduli define the inverse quality factor 1/Q for the
compressional and shear modes. The local response within such synthetic samples is obtained using
finite-difference approximations of Biot’s poroelasticity equations. A range of experiments on diverse
synthetic materials are performed in order to learn how seismic attenuation is quantitatively related to
the presence of mesoscopic-scale heterogeneity.

Results: Starting FY2008, the focus of the work has shifted specifically to the seismic properties
(velocity and attenuation) of unconsolidated grain packs. Attenuation data on sand packs shows there
to be more attenuation than the usual Biot theory of macroscopic (wavelength) flow can account for.
To explain the additional attenuation, it is first observed that grain packs have a large amount of stress
fluctuation over the grain contacts in the packing which results in mesoscopic-scale patches having
different frame moduli. We modeled this both with the analytical double-porosity model and our finite-
difference modeling of the poroelastic equations. Unfortunately, even when great attention was made to
model all parameters properly, not enough attenuation was produced to explain the measured levels of
attenuation in sand packs at low confining pressure. Although the mesoscale fluctuations in the frame
moduli are large in the grain pack in a percentage sense, the frame moduli are small relative to the
modulus of water at low confining pressure and thus significant fluid-pressure fluctuations are not
induced by seismic compression.

To resolve the situation, we proposed, in collaboration with Jim Berryman, that perhaps rattler grains are
responsible for the missing attenuation. Rattlers are grains that have not been jammed into immobile
contact with the surrounding grains. They typically occupy 10 to 15% of the grain pack at low
confining stress, and become jammed as the stress levels on the pack are increased. When the grain
pack is shaken by a passing seismic wave, a rattler will experience relative motion between itself and the
surrounding jammed grains. This will create an enhanced amount of shearing in the viscous fluid of the
pores that will attenuate more energy than either flow at the macroscopic or mesoscopic patch scale.
This mechanism has been analytically modeled in great detail and can explain the attenuation data.

Another part of our work has been to model how the elastic moduli of a random grain pack increases
with increasing confining pressure. It is well known that the classic Hertzian pressure dependence P’
of the moduli does not correspond well to the experimental measurements which are closer to a P
dependence. To explain the difference, we appeal to the creation of new grain contacts as the material is
compressed, or more specifically, to the disappearance of the rattler grains. We propose that the rattlers
will rotate as the jammed grains that surround them are strained to occupy a smaller volume until there
is no more wiggle room and the rattler becomes jammed and begins bearing stress. This mechanism has
been analytically modeled in great detail and can explain the lab measurements. Work is ongoing into
obtaining the observed levels of stress fluctuations over the grain contacts via this mechanism.
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Last, in the laboratory, we are measuring the mesoscale fluctuation elastic properties on actual rocks.
The method is to use a servo-controlled indentor to measure the fluctuations of the “surface” or
“indention” modulus over the surface of planar rock slabs. The apparatus has been built and
experiments and calibrations have begun.

Imaging Permeability and Fluid Mobility in a Deformable Medium Using Time-Lapse
Measurements

D. W. Vasco, (510) 486-5206, dwvasco@lbl.gov

Objectives: T am investigating the fundamental relationships between changes in time-lapse geophysical
attributes and sub-surface flow properties in a deformable medium. 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 subsurface 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. Time-lapse data includes both geodetic estimates as well as more conventional time-
lapse seismic and electromagnetic data.

Project Description: In this project I explore new ways to relate time-lapse measurements and flow
properties in the subsurface. One set of methods utilizes trajectory-based modeling of fluid flow and
transport in order to map time-lapse observables, primarily time-lapse seismic amplitude changes, into
images of subsurface permeability. Another set of methods follows directly from the equation
governing pressure evolution in a multiphase environment. In this approach time-lapse geophysical data
are used to infer pressure changes in the subsurface. These estimates of pressure change are mapped
into subsurface permeability via the multiphase pressure equation. The mapping is linear and allows for
an examination of model parameter resolution. The methods have been applied to time-lapse seismic
data and to measurements of deformation.

Results: During the past year I explored three topics: (1) A trajectory-based method for modeling
quasi-static deformation in a poroelastic medium (2) How to use time-lapse Interferometric Synthetic
Aperture data to image permeability variations within a reservoir (3) A semi-analytic solution for the
modeling of flow in a medium with pressure-sensitive flow properties.

A Trajectory-Based Method for Modeling Quasi-Static Deformation in a Poroelastic Medium -
Using an asymptotic methodology 1 have derived a trajectory-based solution for pressure and
displacement in a poroelastic medium. The technique provides semi-analytic expressions for the travel
time and amplitude of pressure changes and deformation. As such, they are useful in treating the inverse
problem in which one tries to estimate properties of the medium, elastic moduli and flow properties,
using pressure and displacement observations. The method was developed for a medium with variable
flow properties and constant geomechanical properties. An extension for layering was also developed.
A comparison of the method to a purely numerical approach indicates fairly good agreement. A paper
describing this work was published in the Geophysical Journal International.
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Using Time-Lapse Deformation Data to Infer Permeability - Transient pressure variations within a
reservoir can be treated as a propagating front and analyzed using an asymptotic formulation. From this
perspective one can define a pressure 'arrival time' and formulate solutions along trajectories, in the
manner of ray theory. I combined this methodology and a technique for mapping overburden
deformation into reservoir volume change as a means to estimate reservoir flow properties, such as
permeability. Given the entire 'travel time' or phase field, obtained from the deformation data, I
constructed the trajectories directly, there-by linearizing the inverse problem. A numerical study
indicated that, using this approach, one may infer large-scale variations in flow properties. In an
application to Interferometric Synthetic Aperture (InSAR), observations were made associated with a
CO; injection project at the Krechba field, Algeria. Two papers describing this work were published in
the journal Geophysics.

Derivation of an Semi-Analytic Solution for Flow in a Medium with Pressure-Sensitive Properties
- Using an asymptotic technique I have derived a semi-analytic solution for flow in a medium in which
the porosity and permeability are pressure-dependent. The initial derivation presents a one-dimensional
solution for linear, cylindrical, and spherical symmetry. The porosity and permeability are assumed to
be separable in the medium, in the form of a product of a spatial dependent term and a pressure
dependent term. A comparison between a numerical approach, an analytic solution for a special
medium, and the new technique indicates the approach recovers the general variation of pressure. A
paper describing this work was submitted to the journal Water Resources Research. Some work
extending the approach to three dimensions has begun.

Air-Derived Noble Gases in Sediments: Sites and Mechanisms for Trapped Components

B.M. Kennedy, 510-486-6451, bmkennedy(@Ibl.gov, Thomas Torgersen, University of
Connecticut

Objectives: This project seeks to (1) isolate noble gas components and carrier phases in sediments to
address the fundamental processes that lead to the observed enrichment/depletion patterns of noble gases
in sedimentary rocks and fluids, (2) examine the processes by which such noble gas patterns are
acquired and the mechanisms by which such patterns are trapped, and (3) thereby improve the
application of noble gas isotope studies to multiphase fluid processes in the Earth's crust.

Project Description: 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 abundance patterns
suggest an adsorption hypothesis, three observations argue against adsorption as the only mechanism:
(1) The difference between Xe and Ar adsorption coefficients (Xe ~30% Ar) is too small to account for
the observed large relative Xe enrichments; (2) heating experiments suggests the enriched component is
tightly bound, counterintuitive to a simple adsorption history; (3) many sedimentary rocks (~half) and
some oil field gases contain excess Ne in conjunction with excess Xe.

Results: Presently, we are concentrating on noble gas abundances in a variety of silica samples. In

samples of inorganic silica, (except for a hydrothermal sinter), noble gas abundances are significantly
depleted with respect to the noble gas concentrations in an assumed air-saturated water (ASW) source
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fluid and lack requisite enrichment/depletion factors needed to explain the noble gas inventory in oil
field fluids. On the other hand, noble gases extracted from silica spicules from live sponges
(Calyxnicaeensis) show (1) significantly enriched Ar, Kr, and Xe concentrations (['Ng]sample/[ Nglasw >
1), (2) very little if any mass dependence in the acquisition and trapping of Ar, Kr and Xe, and (3)
essentially no Ne. To our knowledge, this is the first evidence that noble gases are either directly or
indirectly processed and enriched during the formation/secretion of biominerals. Noble gases in silica
samples from the (diatomaceous) Monterey Formation (Elk Hills oil field, CA) and an Atlantic box core
are depleted with respect to the sponge spicule and fractionated, favoring the heavy noble gases.
Furthermore, unlike the sponge spicule, these samples are strongly enriched in Ne. This identifies an
important issue: are the differences in noble gas absolute and relative abundances between the sponge
spicule sample and the more evolved diatomaceous samples related to (1) fundamental differences in the
biologically controlled mineralization or (2) post-depositional effects related to the progressive
crystallization of amorphous silica (e.g. opal-A) to more ordered structures? We have initiated a
collaborative project with Ben Gilbert (Earth Sciences Division, LBNL) measuring noble gases in
laboratory-produced nanoparticle agglomerates.  Samples of goethite (alpha-FeOOH) clusters
agglomerated under different pH conditions have absolute and relative abundances of the noble gases
that are remarkably similar to the organic silica samples discussed above. As the sites, mechanisms and
materials in which noble gas enrichments are created, trapped and released is explored in greater depth,
the results could have far reaching implications regarding trapping, storage and release of gases from
nano-structured materials.

Seismic Wave Propagation in Earth Systems with Fluids and Fractures

J.G. Berryman, (510) 486-5349, fax (510) 486-5686, jgberryman@lbl.gov

Objectives: The main objective of this continuing project has been to understand the physics of seismic
wave propagation in earth systems, especially those containing fluids (oil, gas, water, CO,) in rock pores
and fractured reservoirs. Seismic waves provide the tool used to image the earth, and thereby locate
potential deposits of resources or contaminants, depending on the focus of each investigation. In some
cases, the waves can also be used to characterize the nature and state of the pore fluids. One example is
Amplitude Versus Offset (AVO) analysis (or bright spots), which can be used to distinguish liquids from
gases. But other methods with similar objectives have been developed in this project, with special
emphasis on fractured reservoirs in recent work.

Project Description: Recent work of the PI has concentrated on systems that might be intrinsically
anisotropic or that become anisotropic due to the presence of oriented fractures (either dry or containing
fluids). Anisotropy has been analyzed using both approximate and rigorous analytical methods, as well
as computational methods when appropriate. Inclusions that are very flat fluid-filled or only partially
saturated cracks, and/or dry cracks all might produce strong effects on the seismic wave propagation
speed, and also on losses via wave attenuation. Results are particularly important therefore in reservoirs
containing arrays of vertical fractures containing fluids, and have implications for estimating fluid
permeability, and also pore-fluid type and spatial distribution. While working with researchers in the oil
industry having extensive experience with numerical simulations of fractured reservoirs, one of our
recent successes has been to show how to analyze large amounts of such data and reduce the information
contained therein to a few pertinent constants that can then be used to analyze and/or study other
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characteristics of fractured reservoirs. In all cases we take special care to incorporate as much rigorous
information (such as mathematical bounds and results from modern effective medium theories) and such
known-to-be-correct physical theories such as Biot-Gassmann for the mechanics of systems having
fluids saturating the pores.

Results: Fractures filled with either gas or liquid have been a major focus of the recent work. Some of
this research has been published in Geophysics, and further extensions of the work have been recently
accepted for publication in Geophysical Prospecting (GP). Results are expected to help explain various
discrepancies that have been noted in well-logging, laboratory, and field data by many workers.
Thomsen’s weak anisotropy approximation in seismology has been found to have a serious weakness
when applied to vertically polarized shear waves. A way of correcting this deficiency has been found
and is the main focus of the paper in GP. We are also trying to popularize a method of Sayers and
Kachanov (1991) for parametrizing the mechanical behavior of fractured systems. The method has been
used very little, but has a natural generalization to permit rigorous analysis of fluid effects on fractured
systems. The resulting rigorous formulas differ significantly from the usual ad hoc approach taken by
most workers in the field. This new approach (with included fluids) shows explicitly and easily how the
fluids influence both compressional and shear wave speeds in fractured media.

Density-Driven Brine Convection: A Process for Accelerating CO, Dissolution and Enhancing
Security of Geologic Storage

Karsten Pruess, (510) 486-6732, K_Pruess@lbl.gov, Timothy J. Kneafsey

Objectives: The purpose of this project is to investigate through laboratory experimentation and
mathematical modeling the process of dissolution-diffusion-convection (DDC) as a mechanism for
transferring CO; stored in a saline aquifer to the aqueous phase.

Project Description: CO, injected into saline formations at typical subsurface temperature and pressure
conditions has lower density than the aqueous phase, will experience an upward buoyancy force, and
will rise through the aqueous phase to spread out laterally beneath a low-permeability caprock. Storage
security may be enhanced by dissolution into the aqueous phase. Dissolution is limited by the rate at
which aqueous CO, is removed from the phase boundary by molecular diffusion, but can be greatly
enhanced by density-driven convection, induced by a small increase in aqueous phase density as CO,
dissolves. This project aims to perform laboratory experiments to visualize and quantify the DDC
process, and to develop and demonstrate high-resolution numerical models to gain quantitative insight
into DDC and its controlling parameters.

Results: Flow visualization experiments were performed in Hele-Shaw cells assembled from glass
plates that were either flat or featured different kinds of surface roughness. In these experiments, CO; is
introduced as a gas at ambient conditions atop the water or brine. Dissolution is monitored and visually
recorded through pH-sensitive dyes that were added to the aqueous phase. Video recordings of time-
dependent patterns of pH change are enhanced through post-processing (Fig. 1). From the visual
recordings, quantitative characteristics of the DDC process are deduced, such as number and wavelength
of convective fingers, rates of finger advancement and growth, and increase of dissolved inventory with
time.
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(a) (b) (c)

Figure 1. Laboratory visualization of CO, dissolution and convection (a - 2 minutes, b - 10 minutes, ¢ - 23
minutes).

Our mathematical modeling efforts focused on adapting our TOUGH2/ECO2N simulator for CO;
storage to a parallel processing environment. Simulations of the DDC process were performed over a
range of spatial scales with resolution down to 0.1 mm, and exploring different hydrogeologic
parameters and boundary conditions. Our simulation results show that CO, dissolution proceeds through
four distinct time periods, as follows.

1) At early times, transport of CO, away from the dissolution boundary occurs only by molecular
diffusion, so that dissolution rate declines with time as 1/vt, while total dissolved inventory
grows as Wt

2) This is followed by a period in which convective instabilities begin and grow, leading to a
general increase in dissolution rates. These are modulated by significant quasi-periodic
variations, as convective fingers partially coalesce and grow.

3) The third period is characterized by a continuous downward progression of convective fingers,
while total dissolution rates remain constant except for modest random fluctuations of order + 15
%.

4) The final period begins when dissolved CO, reaches the lower boundary. At that time, dissolved
CO; concentrations begin to increase in the upwelling limbs of the convective process, leading to
diminished buoyancy force and a gradual decline in dissolution rates.

The final equilibrium state of the system consists of constant dissolved CO, concentrations throughout,
equal to those applied at the CO,-brine phase boundary.
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Investigation of the Physical Basis for Biomineralization

James J. DeYoreo, 510-486-7343, JJDeYoreo@lbl.cov; P.M. Dove, 540-231-2444,
dove(@vt.edu

Objectives: To determine principles governing interactions of simple protein analogs and key inorganic
impurities with carbonate minerals and the resulting structures/polymorphs that form. A long-term goal
is to establish the physical basis for biomineralization and accompanying roles of solutes in natural and
engineered Earth systems.

Project Description: This work is focused on developing a mechanism-based picture of controls
imposed by Asp-rich polypeptides and biomineralizing proteins on the elemental signatures in calcite.
We are also probing the transient events and phase evolution during CaCO; nucleation at peptide-
derivatized templates. In particular, we seek an understanding of the amorphous to crystalline
transformation that we recently showed routinely occurs during nucleation at these templates. Growth
studies include: AFM and ToF SIMS studies of Mg in calcite grown in the presence of polypeptides and
proteins. Nucleation studies include: in situ AFM, X-ray absorption spectroscopy, eSEM, in situ TEM
and molecular modeling of directed CaCOs3 nucleation and transformation on peptide derivatized SAMs.
Investigations into the fundamentals of mineral growth and dissolution utilize in situ AFM
measurements of kink dynamics, kMC simulations, and development of analytical theories.

Results: Growth of crystals in biological and geological systems are widely interpreted within classical
theories that assume thermal fluctuations of the step are sufficiently rapid to produce an abundance of
kink sites for attachment of growth units. Using AFM imaging with true molecular resolution, we have
now shown this assumption is invalid for calcite. Instead, steps exhibit low kink density and weak
fluctuations. As a consequence, the control of impurities on calcite growth cannot be explained by
traditional models based on free energy minimization. By coupling in sifu AFM measurements of step
kinetics with kinetic Monte Carlo simulations of impurity pinning of steps with weak fluctuations, we
have found that growth inhibition follows a different mechanism. The formation and spread of new
kinks by solute attachment to otherwise complete step edges is blocked by impurity attachment to the
steps. This kink-/imited model offers a plausible explanation for reports of ‘kinetic disequilibrium’ of
trace element signatures in calcite and the findings argue for a theory based on weak fluctuations to
interpret growth of many common minerals.

We have successfully commissioned our fluid cells and holder for performing in situ TEM studies of
nucleation from solution (Fig. 1). The system exhibits excellent temperature response between 0 and
60°C and has electrochemical control via a working electrode on the gold-coated SiN4 window through
which the electron beam passes. We have developed a sealing procedure that enables to form cells with
a thickness between ~100nm and ~1mm. We have shown that, even in 10mm thick cells, we can resolve
nanoparticles that are less Snm in size, follow their diffusion in fluid and observe their growth due to
programmed changes in temperature. Most importantly, we have now shown that we can set the
operating parameters to induce calcium carbonate nucleation at will on the working electrode and, thus,
directly observed nucleation at sub-10nm resolution under conditions of well-defined temperature and
chemical potential.
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Studies relating the magnesium content of calcified skeletons
to temperature often report unexplained deviations from
signatures expected for inorganically precipitated calcite.
These ‘vital effects’ are believed to have biological origins
but mechanistic bases for measured offsets remain unclear.
The composition of biologic molecules isolated from
biominerals suggests that control of mineral growth must
certainly be linked to biochemical features. Building on
papers funded by this project that established a relationship
between the ability of biomolecules in solution to promote
calcite growth and their and hydrophilicity, we hypothesize
that because 1) cation incorporation is the rate-limiting step
to growth and 2) Mg is more strongly solvated than Ca, then
rate-modifying peptides could also lower the desolvation
barrier to Mg incorporation relative to Ca, and thereby alter
Mg content. In this study, we show that a simple hydrophilic
peptide, sharing the same carboxyl-rich character as
macromolecules isolated from sites of calcification, increases
calcite magnesium content up to 3 mol%. Comparisons to
previous studies correlating Mg content with temperature
show that the Mg enhancement due to peptides results in
offsets equivalent to 7-14°C.
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Fig. 1 — (A) Design of TEM fluid cell
with temperature and electrochemical
control built to investigate surface-
directed nucleation at near-molecular
scale in real time. Temperature can be
varied from 0-60°C and gold electrode
on transparent window provides means

for inducing crystallization as well as
surface for functionalization. (B) Optical
image showing calcite nucleation
induced electrochemically on electrode
in sealed fluid cell. (C) TEM image
showing  nm-scale resolution  of
individual gold nanocrystal in sealed
fluid cell. (D-F) Sequence of images
showing growth of silicone-based
colloids.

Fluid Chemistry, Surface Chemistry and Fracture Mechanics: An Investigation of the Connection
at the Nanoscale

Kevin G. Knauss, (510) 486-5344, KGKnauss@Ibl.gov, Steven R. Higgins (937) 775-
2479, fax: (937) 775-2717, steven.higgins@wright.edu

Objectives: The project objectives center around two major hypotheses: (1) That the surface chemistry
of minerals has a direct influence on fracture mechanics at the molecular scale and (2) that changes in
the surface chemistry have a quantifiable influence on the sliding resistance between a scanning probe
microscope tip and mineral surfaces. The former objective requires development of new capabilities for
the Hydrothermal Atomic Force Microscope (HAFM).

Project Description: The project has two main thrusts toward understanding the principal influences on
surface chemistry of carbonate minerals upon exposure to aqueous solutions. These areas include the
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elucidation of lateral force contrast mechanisms in mineral/water interface systems and of the coupling
processes among fluid chemistry, surface chemistry, and applied stress and the resulting impacts on
subcritical crack growth (SCG) and mineral growth/dissolution using in-situ scanning probe microscopy
(SPM). Our approach is to quantify the friction forces between an atomic force microscope (AFM)
probe tip and carbonate mineral surfaces of interest using frictional force microscopy (FFM). In
addition, the surfaces are fully characterized using fluid cell AFM measurements of growth and
dissolution kinetics and x-ray reflectivity measurements. These methods of characterization allow us to
describe both the thermodynamic properties of the surface layers as well as their atomic-scale structure
and composition. The FFM measurements then enable us to relate the mechanical surface properties to
the chemical and physical properties in a manner that could lead to future applications of the AFM as a
surface chemistry-mapping tool with nanometer-scale resolution. In order to achieve the objective of
developing improved models for the coupling of fluid chemistry, surface chemistry and mechanical
stress at mineral-fluid interfaces, the project will develop a mini-bending jig for the HAFM and make
extensive modifications (see Results below) to accommodate the jig and to greatly increase the HAFM
scan range. The results from this project will improve our understanding of the surface chemistry of
carbonate minerals relevant to surface and subsurface aquifer systems under mechanical stress and on a
distance scale (nanometers) that can be computationally modeled at the semi-empirical level.

Results: During this third year of the project we continued our extensive modifications of the HAFM to
permit studies of the connection between mechanics and chemistry. In the first two years we developed
a mini-bending jig for the HAFM. We redesigned
the HAFM to use a longer piezo tube that extends
the x-y scan range from 30 to 120 p and the z-
range from 1.2 to 2.3 u. We devised a new
Kalrez® membrane shape and used a new
composition material for the membrane that has a
higher T limit, lower durometer (it’s softer), and
yet has a lower gas permeability. After calibrating
the new HAFM, we made our first real SCG
measurements and realtime movies of the process
in the HAFM under controlled T, P, and fluid
chemistry conditions, including switching fluid
composition during an experiment. We redesigned
the HAFM to use the new style TopView©
optical head, that provides the ability to make
lateral force measurements (frictional force
microscopy) and also allows realtime movie
making using the optical CCD camera. The base
plate for the optical head was redesigned to use a
kinematic mount consisting of 80-pitch screws,
allowing fine positioning/focusing of the laser on
the tip and to permit flow of cooling water
through it. We designed and had manufactured
(Watlow) an etched foil heater for the larger flow
cell.

Fig. 1 Etched foil heater for HAFM
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This year we used a reactive transport simulator (CRUNCHFLOW, developed by Carl Steefel at LBL)
to model the interaction of aqueous CrOs  with the mineral barite (BaSO4). The model was
benchmarked against Plug Flow Reactor experiments run as part of PhD research being done by a WSU
student. We also completed the testing of the new etched foil heater designed for the HAFM, which was
initiated at the end of last year, but completed early this year. Fig. 1 shows the new heater in place on the
HAFM. Finally, we began the process of migrating a significant amount of equipment from LLNL into a
new lab constructed at LBL. We maintain an office at LLNL and continue to have access to labs and
equipment left behind.
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LAWRENCE LIVERMORE NATIONAL LABORATORY

Energy and Environment Directorate
Chemistry, Materials, and Life Sciences Directorate
Livermore, CA 94550

CONTRACT: SFENG48
PERSON IN CHARGE: F. Ryerson
Aqueous Geochemistry at High Pressures and Temperatures

Jay D. Bass (217-333-1018), jaybass@uiuc.edu, Daniel L. Farber, (925-424-2256),
farber2@linl.gov

Objectives: The goal of this study is to understand deep subduction zone processes that involve
aqueous fluids, including halide and CO;-bearing fluids. This will be achieved through equation of state
measurements of H,O- and CO;-rich fluids at high pressures and temperatures, and by X-ray and
neutron scattering experiments.

Project Description: Convergent margins are critical for understanding the global geochemical cycles
of volatiles such as hydrogen (as H,O) and carbon (as CO,). Despite the essential role of deep fluids in
subduction zone processes, the absence of experimental thermodynamic data precludes quantitative
modeling of reactions and mass transfer in this setting. The vast majority of aqueous geochemistry
studies have been conducted at pressures below ~0.3 GPa, and the widely-used Helgeson-Kirkham-
Flowers equations of state for aqueous species are applicable to < 0.5GPa (~ 15km depth). The aim of
this project is to determine the sound velocities, equations of state (EOS), and atomic-scale structures of
model fluid systems to the high pressures and temperatures appropriate to subduction zones. Brillouin
scattering measurements of velocities and EOS on aqueous fluids will be performed to at least 10 GPa
and 700° C, and X-ray and neutron scattering experiments will be performed to constrain the atomic-
scale structures of the same solutions.

Results: In FYO08 we initiated this project and began measurements. One of the major technical
difficulties that has limited spectroscopic measurements on fluids under high pressure and temperature
conditions was the lack of instrumentation that could generate the required pressures and temperatures
and remain stable over long periods of time. In FY08 the LLNL group produced the prototype
membrane diamond-anvil cell for use in Brillouin scattering measurements with a ~50° scattering
geometry. The UIUC group modified the Brillouin spectrometer to accommodate these membrane cells.
The cells were tested and Brillouin spectra were collected jointly by the UIUC and LLNL groups in late
FY 08 on compressed CO,. The cells performed well over a week of measurements and Brillouin data
were collected on liquid CO, and several solid CO, phases (I, II, III). Subsequently, modifications to the
diamond-cell design were made to allow for 90° scattering, which will be advantageous for all future
measurements.
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Reactive Fluid Flow through Variable Aperture Fractures: Permeability Alterations Due to
Dissolution

Russell Detwiler (now at University of California, Irvine), 949-824-71529, fax: 949-824-3672,
detwiler@uci.edu

Objectives: The objective of this project is to explore the local mechanisms that lead to transmissivity
alterations in variable-aperture fractures under conditions that cause coupled chemical alteration and
mechanical deformation of fracture surfaces.

Project Description: Many energy-related problems involve coupled subsurface processes that can
significantly alter the permeability of fractured rock masses. This project integrates experiments in
transparent analog fractures with the development of large-scale computational models in which the
small-scale physical processes are represented explicitly. Transparent, variable-aperture fractures
fabricated by mating a rough glass surfaces with smooth reactive surfaces (e.g., KH,PO4, CaCO3) allow
reproducible experiments in fractures with well-characterized surface mineralogy. Previously developed
light transmission methods yield high-resolution (83 x 83 um pixels at +4 um measurement resolution)
measurements of fracture apertures over the entire fracture repeatedly during experiments.
Computational algorithms developed during this project are built upon a library of scalable routines
developed at LLNL for solving large systems of linear and nonlinear equations on massively parallel
architectures. Thus, models developed to simulate chemical alteration and mechanical deformation of
individual fractures at the laboratory scale (tens of centimeters) can be directly scaled to large single
fracture and networks of fractures that are on the scale of tens of meters without using up-scaled
constitutive relationships.

Results:  Previous experiments demonstrated the influence of mineral dissolution on fracture
transmissivity in variable aperture fractures when the fracture surfaces are fixed in space and when a
steady normal stress is applied to the fracture surfaces. In FYO08, we continued development and
evaluation of a parallelized model of fracture flow and reactive alteration. The computational model
provides a means for exploring the response of individual fractures to mineral alteration over a much
broader range of parameters and larger scales than are feasible in laboratory experiments. Previous
theoretical and experimental results suggest that the influence of mineral dissolution on transmissivity
alteration will be sensitive to two dimensionless parameters: the Peclet number (Pe=(V){b)/D,,, where
(V) is the mean fluid velocity in the fracture, (b) is the mean fracture aperture, and D,, is the molecular
diffusion coefficient of the dissolved mineral in the aqueous phase) quantifies the relative magnitudes of
advective and diffusive transport and the Damkohler number (Da=k/V), where k is the reaction rate
coefficient quantifying mineral dissolution at the fracture surfaces) quantifies the relative rates of mass
transfer from the dissolving surfaces and advective transport of dissolved species through the fracture.
Figure 1 summarizes results from a computational parametric study of the relative influence of Pe and
Da on fracture dissolution and transmissivity alteration. Pe and Da play a critical role in controlling the
formation and growth of dissolution channels, which strongly influence transmissivity changes in the
fracture. In addition, results point to the difficulty of using laboratory measurements alone to interpret
the influence of mineral alteration on field-scale fracture transmissivities.
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Figure 1: The left-hand frame shows results from 49 simulations in the same fracture for values of Pe and Da
ranging over 4 orders of magnitude. Flow of a reactive fluid from top to bottom led to varying dissolution
patterns; the images shown for each simulation represent a 50% increase in (b). Dissolution behavior ranges
from uniform dissolution along the entrance (low Pe and high Da) to relatively uniform dissolution throughout
the fracture (high Pe and low Da). The characteristics and growth rate of the dissolution fingers that form at
intermediate values of Pe and Da are sensitive the location in the Pe-Da parameter space. In addition,
increasing the scale of the simulations by a factor of 4 (right-hand frame) demonstrates how the channel
growth observed in the right-hand frame is influenced by fracture scale. In the region of parameter space that
was dominated by uniform dissolution at the lab scale (25 cm fracture), initiation and growth of dissolution
fingers is observed in the 4-meter fracture (note the grid spacing in both fractures is 0.5 mm, and the spatial
correlation of the fracture aperture fields is identical). These results suggest that in addition to the location
within the Pe-Da parameter space, the length of the fracture is a critical parameter controlling the initiation and
growth of dissolution fingers.

Why Does Aluminum Inhibit Silicate Dissolution Rates? An Experimental Study Combining
Kinetics with HAFM and NMR to Determine the Reaction Mechanism

Susan Carroll (925) 423-5694, fax (925) 422-0540, carroll6@linl.gov; Jacqueline
Houston (925) 422-4163, houston23@IInl.gov Robert Maxwell (925-423-4991),
maxwell7@lInl.gov
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Objectives: This project investigates aluminum geochemistry in the presence of silicate phases
combining water chemistry with NMR to determine the reaction mechanism responsible for the
observed effect of dissolved aluminum on silicate reaction rates.

Project Description: Characterizing the structural form of Al(IIl) associated with silicate solids has
been the subject of interest for a number of years because dissolved AI(IIl) is known to inhibit
dissolution rates and correspondingly enhance precipitation rates for silicate minerals. In order to
determine the reaction mechanisms responsible for this behavior, we use both bulk and surface-selective
solid-state NMR techniques to identify the coordination geometry and chemical environment of AI(III).
We investigate aluminum sorption and precipitation on amorphous silica and the growth kinetics of
aluminum tobermorite. Abstracts to these publications are provided in the Results section.

Results: The following abstracts are presented as a summary of project results.

1) Association of dissolved aluminum with silica: Connecting molecular structure to surface
reactivity using NMR

We studied uptake mechanisms for dissolved Al on amorphous silica by combining bulk-solution
chemistry experiments with solid-state Nuclear Magnetic Resonance techniques (*’Al magic-angle
spinning (MAS) NMR, ?’Al{'H} cross-polarization (CP) MAS NMR and *’Si{'H} CP-MAS NMR). We
find that reaction of Al (ImM) with amorphous silica consists of at least three different reaction
pathways; (1) adsorption of Al to surface silanol sites, (2) surface-enhanced precipitation of an
aluminium hydroxide, and (3) bulk precipitation of an aluminosilicate phase. From the NMR speciation
and water chemistry data, we calculate that 0.2 (+ 0.04) tetrahedral Al atoms nm™ sorb to the silica
surface and that this amount is nearly constant from pH 4.3-8.2. Once the surface has sorbed roughly
half of the total dissolved Al (~8% site coverage), aluminium hydroxides and aluminosilicates
precipitate from solution. These precipitation reactions are dependent upon solution pH and total
dissolved silica concentration. We find that the Si:Al stoichiometry of the aluminosilicate precipitate is
roughly 1:1 and suggest a chemical formula of NaAlSiO, in which Na" acts as the charge compensating
cation. For the adsorption of Al, we propose a surface-controlled reaction mechanism where Al sorbs as
an inner-sphere coordination complex at the silica surface. Analogous to the hydrolysis of AI(OH,)s ",
we suggest that rapid deprotonation by surface hydroxyls followed by dehydration of ligated waters
results in four-coordinate (>SiOH),Al(OH); sites at the surface of amorphous silica.

2) Transformation of meta-stable calcium silicate hydrates to tobermorite: reaction kinetics and
molecular structure from XRD and NMR spectroscopy

Understanding the integrity of well-bore systems that are lined with Portland-based cements is critical to
the successful storage of sequestered CO; in gas and oil reservoirs. As a first step, we investigate
reaction rates and mechanistic pathways for cement mineral growth in the absence of CO, by coupling
water chemistry with XRD and NMR spectroscopic data. We find that semi-crystalline calcium
(alumino-)silicate hydrate (AI-CSH) forms as a precursor solid to the cement mineral tobermorite. Rate
constants for tobermorite growth were found to be k = 0.6 (+/-0.1) x 107 s for a solution:solid of 10:1
and 1.6 (+/-0.8) x 10™ s™' for a solution:solid of 5:1 (batch mode; T = 150°C). This data indicates that
reaction rates for tobermorite growth are faster when the solution volume is reduced by half, suggesting
that rates are dependent on solution saturation and that the Gibbs free energy is the reaction driver.
However, calculated solution saturation indexes for AI-CSH and tobermorite differ by less than one log
unit, which is within the measured uncertainty. Based on this data, we consider both heterogeneous
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nucleation as the thermodynamic driver and internal restructuring as possible mechanistic pathways for
growth. We also use NMR spectroscopy to characterize the site symmetry and bonding environment of
Al and Si in a reacted tobermorite sample. We find two [4]Al coordination structures at 59.9 ppm and
66.3 ppm with quadrupolar frequencies of 0.21MHz and 0.10 MHz (+/-0.08) from *’Al 3Q-MAS NMR
and speculate on the Al occupancy of framework sites by probing the protonation environment of Al
metal centers using >’ Al{'H}CP-MAS NMR.

Kinetic Isotope Fractionation

lan Hutcheon, (925) 422-8841, fax: (925) 422-3160, hutcheonl@linl.gov

Objectives: The primary objective of the proposed research is to explore and quantify major element
isotopic fractionations (i.e., “isotopic fingerprints”) associated with mass transport processes within and
between phases, one of which is in most cases a liquid — either water or a silicate melt.

Project Description: The Lawrence Livermore National Laboratory part of this project involves
measuring the isotope fractionation of chemically diffusing species using the GV IsoProbe and the Nu
Instruments multi-collector ICP-MS and the Cameca NanoSIMS. In FY08 we proposed to make new
basalt-rhyolite diffusion couples similar to those used in Richter et al. (2003) to measure the kinetic
isotope fractionation of Mg and Fe associated with the chemical diffusion of these elements between
molten basalt and rhyolite. We also propose to expand studies of isotopic fractionation driven by thermal
gradients (i.e., Soret diffusion), focusing in particular on the heavy elements, Pb and U.

Results: The LLNL activities in FYO08 focused on (7) a series of experiments to evaluate NanoSIMS
capabilities to measure gradients in isotopic composition over small spatial scales and (2) the production
and characterization of a homogeneous silicate melt/glass containing enhanced concentrations of Pb and
U for the thermal diffusion experiments. The high spatial resolution of the NanoSIMS (50 nm) provides
a new capability to measure isotope gradients using lateral step scans rather than by the traditional depth
profiling approach. A potentially important issue for quantifying isotope gradients is accounting for the
Gaussian shape of the primary ion beam. Roughly one-third of the ions strike the sample outside the
nominal diameter, potentially degrading the effective spatial resolution and “smearing out” gradients in
isotope composition. To evaluate and quantify the magnitude of this effect, we performed NanoSIMS
Mg and U isotope ratio mapping of isotopically heterogeneous samples, using a ~250 nm diameter '°0"
primary beam. The results indicate that we can easily resolve differences in Mg isotope composition at
length scales of ~200 nm, using L image image processing to remove the effects of beam spread.
Preliminary data for U show similar effects; additional studies are currently underway.

In order to study thermal diffusion of heavy elements, we require a homogeneous starting glass
containing U and Pb at easily detected levels. To minimize the radiological hazard (and ES&H issues),
we use a depleted U-oxide (**U/*°U ~ 300) starting material to seed a silicate glass. Since Pb contained
in the starting compounds is lost during melting to homogenize the glass, our current efforts are focused
on reintroducing Pb at lower temperatures. Our goal in this work is to see if the large (percent-level)
fractionations observed for light elements (Mg, Ca) can be generated for heavy elements by thermal
diffusion. Were this to be demonstrated, thermal diffusion could provide an effective way of
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intentionally altering the isotopic composition of U-bearing materials so as to make it more difficult to
trace their provenance.

Permeability and Electrical Resistivity in Partial Melts: An Integrated Study Combining
Laboratory Measurements, X-ray Computed Tomography, and Computational Methods

Jeffery J. Roberts, (925)422-7108, fax (925)423-1057, roberts17@lInl.gov

Objectives: The objectives of this project are to address the questions of percolation threshold, melt
interconnectivity, and permeability in partial-melts by synthesizing materials and performing electrical
conductivity measurements at high pressure and temperature followed by characterization using x-ray
microtomography (XRCT) and lattice-Boltzmann simulations of permeability and to test the hypothesis
that non-wetting melt compositions can be extracted on timescales constrained by geochemistry to form
metallic cores in planetesimals.

Project Description: We propose to synthesize FeS/FeNiS olivine partial-melts with a variety of
compositions and melt fractions and determine melt percolation threshold and interconnectness through
the use of in situ electrical measurements and XRCT on run products. Lattice-Boltzmann simulations
will be used to estimate permeability in these systems and determine the appropriate scaling laws.

The components of this study include:
1. Synthesis and characterization of compositionally relevant silicate-sulfide partial-melts.
2. Perform x-ray microtomography on recovered samples and relate the 3D melt structure to
transport properties.
3. Perform electrical conductivity measurements on the partial-melts at controlled
conditions.
4. Use the results to constrain models of melt segregation and core formation.

Results and developed techniques apply to many physical problems including evaluating mechanisms of
planetary core formation. The results will be used to test the hypothesis that non-wetting melt
compositions can be extracted on timescales constrained by geochemistry to form metallic cores in
planetesimals.

Results: In FYO08 several significant results were achieved, including two conference abstracts,
successful proposals for tomography beamtime at ALS, and an invited departmental seminar at UC
Berkeley given by Dr. Heather Watson, a post-doc working on this project. One paper on the electrical
conductivity and permeability of extrusive volcanic was submitted to EPSL (with collaborators Wright
and Cashman).

A key experimental achievement was the completion of a full series of electrical conductivity
measurements on polycrystalline olivine with 0-10 vol% sulfide melt at simultaneous high pressure and
temperature in the piston cylinder. The cell and measurement techniques have a high success rate and
produce reliable results. Application for a U.S. patent on the electrical conductivity cell was filed.

Further development of measurement, imaging and analysis techniques has resulted in higher quality
data in all aspects of the project. X-ray micro-tomography was performed at the Advanced Light Source
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beamline 8.3.2. at a routine spatial resolution of 1.8 microns. The combination of electrical conductivity
experiments of all run products and imaging at the ALS has resulted in the establishment of new cross-
property relationships (Figure 1). New collaborations were developed with researchers at the Advanced
Photon Source (Argonne National Lab) to make similar micro-tomographic measurements (in-situ) on
sulfide bearing olivine samples undergoing deformation at high pressures and temperatures. These
collaborations expand the scope of geological and physical problems that can be addressed with the
current methodology.

Permeability vs Conductivity
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Figure 1: Preliminary relationships developed between melt fraction, permeability and electrical conductivity
based on electrical conductivity experiments and permeability calculations from lattice-Boltzmann simulations on
tomographic volumes of pre-synthesized samples.

Geochemical Imaging with the NanoSIMS

F. J. Ryerson, (925) 422-6170, fax: (925) 422-3118, ryersonl@linl.gov, Peter K. Weber,
(925) 422-3018, fax: (925) 422-3160, weber2l@lInl.gov, lan D. Hutcheon, (925) 422-
4481, fax: (925) 422-3160, hutcheonl@lInl.gov, James Badro, (925) 422-6170, fax:
(925) 422-3118, badrol@lInl.gov

Objectives: The objective of the project is to develop the operating procedures and fundamental
parameters required for the routine application of the NanoSIMS, the latest development in elemental
and isotopic microanalysis, to geochemical problems, by addressing problems that cannot be solved
without this capability. We will determine the relative sensitivity factors required for quantification,
investigate the use of energy filtering and quantify parameters such as the M'/MO" relative ion yields
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for a variety of geochemically important trace elements and matrices. We will couple the chemical
imaging capabilities of the NanoSIMS with the synthesis capabilities of the laser-heated diamond anvil
cell to determine the partitioning of trace elements among phases characterizing the earth’s lower
mantle. We are also investigating the partitioning of trace elements between zircon and melt to support
studies of zircon provenance. Finally we will develop the combined use of conventional SIMS and
NanoSIMS profiling to obtain average lattice and grain boundary diffusion coefficients and to sample
diffusive anisotropy at the individual grain level.

Project Description: The NanoSIMS is a recently developed secondary ion mass spectrometer (SIMS)
with lateral spatial resolution as good as 50 nm. Coupled with its high transmission, the instrument has
the potential to address a number of geochemical problems that were heretofore intractable, essentially
taking trace element and isotopic analysis to a spatial scale approaching that of transmission electron
microscopy (TEM). The performance and applicability must, however, be verified and developed for
geochemical applications. This project will contribute to the development of geochemical imaging in
three applications to natural and experimentally produced materials that are related by the need for high-
resolution imaging. The applications include: (1) experimental determination of trace element
partitioning between zircon and melt, and chemical imaging of natural zircons to assess chemical
changes induced by radiation damage, (2) an experimental investigation of the partitioning of transition
metals in lower mantle phases, applying the NanoSIMS to materials synthesized in the diamond anvil
cell (DAC) and determining the effects of pressure induced spin-state transitions on mineral
composition, and (3) the development of methods to determine diffusion profiles in single micron-size
grains in a polycrystalline matrix, enabling the investigation of the effects of composition on diffusive
transport in minerals.

Results: We’ve investigated iron—-magnesium exchange and transition-metal trace-element partitioning
between magnesium silicate perovskite (Mg,Fe)SiO; and ferropericlase (Mg,Fe)O synthetised under
lower-mantle conditions (up to 115 GPa and 2200 K) in a laser-heated diamond anvil cell. Recovered
samples were thinned to electron transparency
by focused ion beam and characterized by
HE fp-+ v M L8+ av 8 o v pov analytical transmission electron
- microscopy (ATEM) and nanometer-scale
06 T secondary ion mass spectroscopy (nanoSIMS)
PRrTT— T g (Auzende et al. EPSL, 2008). Iron
i o M- Naras s d concentrations in both phases were obtained
" Fo ATEM from X-ray energy dispersive spectroscopy
measurements and nanoSIMS. Our results are
03 . the first to show that recently reported spin-
e state and phase transitions in the lower mantle
o s directly affect the evolution of Fe-Mg
? exchange between both phases. Mg-perovskite
becomes increasingly iron-depleted above 70—
00 . : : : : : 80 GPa possibly due to the high spin—low spin
SO . . L transition of iron in  ferropericlase.
Pressure (GPa) . .
Conversely, the perovskite to post-perovskite
Figure 1. Fe-Mg exchange coefficients between pervoskite transition is accompanied by a strong iron
(pv) or post-perovskite (ppv) and ferropericlase (fp) plotted enrichment of the silicate phase, ferropericlase
as a function of pressure. The coefficients published by
Murakami et al. (2005) and Kobayashi et al. (2005) are also
shown. The three grey-shaded fields emphasize the stability
fields of the successive coexisting phases: High Spin or Low 51
Spin fp+pv (Badro et al., 2003) and LS fp+ppv (Murakami et
al., 2004).
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remaining in the Fe-rich phase though. Nanoparticles of metallic iron were observed in the perovskite-
bearing runs, suggesting the disproportionation of ferrous iron oxide, but were not observed when the
postperovskite phase was present. Implications on the oxidation state of the Earth and core segregation
will be discussed. Transition trace-element (Ni, Mn) concentrations (determined with the nanoSIMS)
show similar trends and could thus be used to trace the origin of diamonds generated at depth. This
study provides new results likely to improve the geochemical and geophysical models of the Earth's
deep interiors.
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LOS ALAMOS NATIONAL LABORATORY
CONTRACT: NA25396
PERSON IN CHARGE: D. Janecky

High Resolution/High Fidelity Seismic Imaging and Parameter Estimation for Geologic Structure
and Material Characterization

Michael Fehler, michael.fehler@gmail.com, Lianjie Huang, 505-665-1108,
lih@lanl.gov; Ru-Shan Wu, U.C. Santa Cruz, 831-459-5135, wrs@pmec.ucsc.edu;,
Xiao-Bi Xie, U.C. Santa Cruz, 831-459-5094, xie(@pmc.ucsc.edu

Objectives: This project uses wave-equation migration to improve the quality of information that can be
obtained from seismic images. We also seek to exploit the natural advantage of our methods for
providing reflection amplitude vs. angle information that can be used to infer in sifu parameters like rock
properties and fluid type and content.

Project Description: High-resolution/high fidelity seismic imaging is critically important for both
exploration and production management of energy resources and monitoring of geological CO;
sequestration. New oil/gas reservoirs are mostly located in complicated geological areas, sophisticated
imaging methods for complex structures are needed to pinpoint the targets. We are enhancing our multi-
domain seismic imaging techniques for high-resolution/high fidelity imaging. We exploit the natural
advantages of our method for providing reflection amplitude vs. angle information that can be used to
infer in situ parameters like rock properties and fluid type and content. We also are developing imaging
methods using multi-component elastic data. High-resolution/high fidelity seismic imaging will help in
characterizing the crack distribution, fluid and gas content and changes of reservoir parameters during
operation of reservoirs for production or during environmental protection efforts such as those involving
nuclear waste disposal, CO; sequestration, and groundwater contamination monitoring and remediation.

Results: (1) We developed a novel numerical modeling method to simulate wave propagation in
strongly heterogeneous media using a mimetic finite-difference scheme on an unstructured grid. This is
the first to introduce the mimetic finite-difference scheme to solve the wave equation. The new method
enables us to define arbitrary shapes of geological interfaces including the free surface without any
approximation. (2) We improved images of elastic-wave reverse-time migration using a wavefield
separation imaging condition and a new approach to handle polarizations of P- and S-waves. We
demonstrated that our new migration imaging approach can image vertical faults, which are impossible
to image using conventional migration imaging methods. (3) We developed a quantitative method for
accurately estimating reservoir geophysical property changes using time-lapse seismic data and elastic-
wave sensitivities. Our synthetic studies indicate that the method is more robust than conventional
inversion. This will provide a practical and reliable tool for quantitative seismic monitoring for geologic
carbon sequestration. (4) A Special Issue on “Computational Geophysics” (Invited Guest Editors:
Lianjie Huang and Michael Fehler) was published in January 2008.
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Nonlinear Elasticity in Rocks
Paul Johnson, 505-667-8936, paj@lanl.gov

Website: www.lanl.gov/source/orgs/ees/eesl 1/geophysics/nonlinear/nonlinear.shtml

Objectives: This work is focused on addressing a new parameter space of elastic nonlinear behavior.
The new parameter space is the nonlinear response of geomaterials to instantaneous or progressive
mechanical “damage”, and geochemical change that is manifest by mechanical damage or alternatively,
material healing.

Project Description: Characterization of material change, including mechanical and chemical change,
is a challenging, fundamental problem in geoscience, as well as in many other areas including
nondestructive evaluation (NDE) of materials, and materials science in general. Specifically, how does
one discern if mechanical and/or chemical change has taken place, and how does one determine the
nature of that change? The nature of the change may manifest itself in an increase in mechanical
damage. We are studying the geomaterial response to progressive or catastrophic thermo-mechanical
and chemical change, by employing dynamic nonlinear-elastic experimental investigation. Elastic
nonlinear material response is due to material damage at scales ranging from the meso to the macro. The
elastic nonlinear response is the most sensitive measure in existence for probing the material mechanical
damage state. Impact areas include scientific questions related to volcanism and metamorphism, Yucca
Mountain, CO, sequestration, reservoir drilling, as well as direct application to monitoring of materials,
such as material aging in the nuclear stockpile.

Results: A methodology has been developed to subject rock samples to supercritical CO, and nonlinear
diagnostics. In initial experiments, we found that carbonate-rich sandstone exposed to supercritical CO,
shows significant changes in both its linear wave speed and nonlinear elastic response. We first
measured the modulus and nonlinear response of a bar of the sandstone under fundamental mode
resonance. To obtain the nonlinear response, we conducted resonance frequency step-sweep
experiments progressively as a function of the drive amplitude. We created a sequence of resonance
curves showing typical modulus softening behavior observed in nearly all rocks, using Nonlinear
Resonant Ultrasound Spectroscopy (NRUS). The sample was placed in the pressure vessel where it was
exposed to supercritical CO, for approximately 1 week. We observed a decrease in the material mass
density as well as a decrease in the material linear and nonlinear elastic response. The change in the
material nonlinear response was particularly pronounced (Figure). The observation indicates that, there
is a redistribution of the carbonate phase (including some mass loss) that results in a distinct change in
mechanical properties related, possibly, to healing. If this result is general, then under field conditions
of supercritical CO, injection/sequestration, changes in permeability networks and fracture healing could
potentially be examined and quantified by similar nonlinear acoustic, geophysical methods.
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Figure. Nonlinear material response measured by NRUS for a sample of carbonate
sandstone before and after being subjected to supercritical CO,. The change in resonance
frequency f- fy, normalized to the low amplitude, linear elastic value fo, is compared to the
drive amplitude, which diminishes significantly post-exposure. The modulus decreases as
well but is a much smaller percentage change.

Elastic Wave Effects on Colloid Interactions and Their Influence on Porous Fluid Transport

Peter M. Roberts, 505-667-1199, proberts@lanl.gcov; Amr Abdel-Fattah 505-665-2339,
amr2450@lanl.gov

Objectives: The geophysical and physicochemical processes coupling stress waves to porous mass
transport behavior are being investigated experimentally. The major goals are to quantify the physical
and chemical conditions under which stress waves influence porous fluid flow and sub-pore size
(colloidal) particle transport, and obtain experimental data to validate and quantify detailed
understanding of physical mechanisms.

Project Description: This project is investigating how elastic waves can alter the transport of solid
particles and immiscible liquids in geologic porous media. The scale dependence of these interactions
being investigated involves microscopic colloid visualization and core-scale fluid and colloid transport.
Of particular interest is the mechanism of elastic waves coupling to sub-micron particle (colloid)
interactions over a wide range of frequencies (roughly 10 Hz to 10 MHz). This is an important
mechanism influencing porous transport at larger geologic scales (cm to km). Understanding the
physical, chemical, and dynamic-stress parameters that control colloid interactions with themselves
(aggregation) and with solid surfaces (attachment and detachment) is also important to this research
project, using advanced conceptual understanding, unique facilities and capabilities. Understanding this
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phenomenon will allow it to be harnessed for valuable applications, such as enhanced oil recovery and
groundwater remediation.

Results:  We demonstrated experimentally that low-frequency dynamic stress mobilizes colloids
trapped in a synthetic porous medium and causes cyclic variations in the colloid release rate (Figure).
Stimulated core transport experiments were performed on a packed column of 1-millimeter Pyrex beads
for a suspension of 2-micron fluorescent polystyrene microspheres. Dynamic stress was applied to the
sample to investigate how low frequency elastic wave stimulations enhance the mobilization of the
captured colloidal microspheres. Cyclical variations in effluent microsphere concentration were
observed during stimulation but were absent when stimulation was turned off. Wavelet transform
analysis showed these variations to be highly periodic and not correlated with temperature variations in
the laboratory or other ambient mechanical disturbances external to the sample. However, pore pressure
signals measured in the core showed similar cyclic variations. The behavior is interpreted to be due to
periodic downstream plugging of the flow pathways during stimulation. Optical microscopic
observations of the Pyrex beads during low frequency flow oscillations revealed that the individual
beads rotate, thereby rubbing against each other and scraping the adsorbed microspheres from portions
of the bead surfaces. These results support the hypotheses that mechanical interaction between porous
matrix grains is an important mechanism in the mobilization of naturally occurring colloidal particles
during elastic wave stimulation, and that the subsequent downstream plugging of pore throats can cause
complex permeability variations in natural porous systems.
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Figure. Effluent particle concentration data (top) and wavelet transform (middle and bottom) for a colloid
mobilization experiment. Dynamic stress stimulation at 26 Hz and 360 kPa RMS amplitude was applied at t = 0
with duration indicated by the gray region. The wavelet transform (middle) shows the periodic nature of the
stimulated concentration peaks, which died out gradually after stimulation was ceased (enhanced image at
bottom)
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Summer of Applied Geophysical Experience (SAGE)

W. Scott Baldridge, (505) 667-4338, sbaldridge(@lanl.gov

Website: www.sage.lanl.gov

Objective: SAGE 2008 provides unique, hands-on training and research experiences in basic and
applied geophysics for 25-30 competitively selected undergraduate- and graduate students. This
involves developing a broad, community-wide expertise in geophysics, conducting innovative research
with students on a variety of important problems, and introducing students to a range of career options in
the geophysical sciences.

Project description: SAGE 2008 conducted research in the Santo Domingo Basin to determine the role
that the Budaghers fault plays in accommodating deformation along the eastern boundary of the Rio
Grande rift system. An east-west-oriented structure, the Budaghers fault lies in a step-over region
between two larger, north-trending, synthetic normal faults that form a major continental extension
boundary. A second project characterized the depth to the regional water table and identified man-made
structures at an archaeological site which served as a proxy for a small-scale environmental-restoration
waste-disposal site (Figure).

The geophysical techniques and tools used in these investigations included: seismic reflection and
refraction data obtained from a Vibroseis® survey, gravity, time-domain electromagnetics and
controlled-source magnetotellurics, ground penetrating radar, and integration with existing
aeromagnetics. Six full-time faculty members from LANL and five universities, augmented by several
other part-time faculty from a range of institutions and companies, instructed and supervised the
students.

Results: Twenty eight students from a wide range of large and small colleges and universities attended
SAGE 2008. Participants successfully imaged the subsurface expression of the Budaghers fault, which
links the La Bajada and San Francisco faults forming part of the eastern boundary of the Rio Grande rift
system. The buried trace of the fault was imaged by SAGE 2007. By integrating SAGE data with
proprietary industry seismic data, SAGE 2008 students were able to correlate strata across the
Budaghers fault, determine it’s relationship to other faults in the region and interpret the role that this
fault plays in the larger system. In particular, the Budaghers fault is interpreted to be a northward
dipping relay ramp which accommodates deformation transfer between two north-trending, synthetic
normal faults with down-to-east motion. These larger faults (La Bajada & San Francisco) constitute part
of a northeast-trending accommodation zone, transferring offset laterally from the Espafiola to the Santo
Domingo basins and ultimately to the very deep Albuquerque basin of the rift.
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Figure: Topographic map of the San Marcos
archeological site overlain by geophysical data sets.
Ground penetrating radar, refraction, EM, and
forward modeling were integrated to identify kivas,
fire pits, and structure walls.
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The Uranium Decay Series at a Finer Scale

Michael. T. Murrell, 505-667-4299, mmurrell@lanl.gov; S.J. Goldstein, 505-665-4793,
sgoldstein@lanl.gov

Objectives: The goal of our work is to use improved U-series analytical capabilities to provide unique
information on the behavior of U-series members in the geologic environment. The emphasis is on
processes that modify and alter the physical and chemical state of earth materials.

Project Description: Uranium-series disequilibria techniques are well-established and valuable tools
for geochronology and geochemistry. Such measurements can be made by decay counting; however,
there are considerable advantages in using mass spectrometric techniques. The current work represents a
mixture of follow-ons to our previous efforts combined with new efforts to provide in-sifu spatial
resolution to U-series studies for geologic materials. Emphasis is on utilizing the multiple ion counting
capabilities of the Isoprobe MC-ICPMS for laser ablation measurements. This work provides
information on the recent evolution of magmatic systems, human evolution, natural hazard risk
assessment, climate change, and the carbon cycle.

Results:  Uranium-series geochemistry and geochronology have a wide range of applications in
paleoclimatology, volcanology and other disciplines. To further explore these fields, the geoanalytical
community has now begun to exploit recent advances in in sifu, micron-scale sampling via laser
ablation-ICPMS. Unfortunately, improvements in instrumentation have generally outpaced development
of the appropriate geologic reference materials required for in situ U-series work. Our most recent work
has focused on characterizing a suite of solid samples for U-series laser ablation applications. Our
emphasis has been on obtaining data for uranium and thorium isotopic ratios and elemental
concentrations measured in a suite of solid standards from the USGS (e.g., BCR-2G, BHVO-2G, GSD-
1G, MACS-1, NKT-2G), as well as those from the MPI-DING series (e.g., ATHO-G, T1-G, StHs6/80-
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G). Specifically created for microanalysis, two of these standards are synthetic (GSD-1G, MACS-1) and
the remainder are naturally-sourced glasses. They cover a range of compositions, ages (+ secular
equilibrium), elemental concentrations and expected isotopic ratios. The U-series isotopics of some
powdered source materials have been previously characterized (e.g., BCR-2, BHVO-2), although there
is no confirmation of the same ratios in the glass. We are working to compare bulk measurement of
these solid standards via TIMS and solution multicollector-ICPMS to laser ablation data for the solid
standards. These new data are necessary to assess the performance of LA-ICPMS techniques which
require matrix-matched solid standards for correction of U-series elemental and isotopic ratios. These
results from existing, widely-available reference materials also facilitate quantification and comparison
of U-series data among laboratories in the broader geoscience community.

Controls on Molecular-Scale Microbial Responses to Metals: Interactions of Bacteria, Metals and
Environmental Nanoparticles

Larry Hersman (retired); Andy Koppisch, 505 665-3862, koppisch@lanl.gov, Hakim
Boukhalfa, 505 667-7219, hakim@lanl.gov

Objectives: This research effort investigates the mechanisms of iron dissolution from minerals as
enhanced by the activity of aerobic microbes.

Project Description: The representative aerobic microorganism (Pseudomonas mendocina ymp)
dissolves iron from mineral surfaces in part with the aide of a reductive process. As described in a
report in 2007 (Dhungana et al., App. Env. Microb., 2007, 73, 3428-30) dissolution was believed to
involve a small molecule reductant metabolite, released by the microbe at the mineral surface which
reduces Fe(IIl) to Fe(Il). Like siderophores, synthesis and release of the reductant is facilitated by
conditions of iron deprivation. It is envisioned that the reductants ultimately act in concert with
siderophores to facilitate dissolution of iron from the minerals. Our efforts were twofold: examining the
commonality of this reductive process in other aerobic bacteria, and in isolating and chemically
identifying the reductant molecule. If this reductant dissolution process can be shown to be generally
employed by bacteria in geochemical environments, this would represent a significant advance in our
knowledge of mineral dissolution and mobilization processes as mediated by biological factors.

Results: Our initial work focused on Pseudomonas mendocina ymp, which was isolated as part of the
Yucca Mountain Project from sediment in a surface holding pond of a drilling operation at the Nevada
Test Site. We clearly observed an increase in aqueous iron concentrations and bacterial growth rates as
mediated by exogenous reductants, as well as co-regulation of siderophore and reductant production in
iron-deficient conditions. We have expanded our research to include a panel of other aerobic bacteria.
This panel included species that are commonly found in soil environments (Bacillus anthracis Sterne,
Burkholderia thailandensis E264) as well as in other natural environments (Escherichia coli K12,
Salmonella enterica LT2).

Using a standard assay for Fe(Il) quantitation after 24 hours growth in iron-deficient media, we
examined reductant production in this panel. All aerobic bacteria were observed to produce exogenous
reductants (Figure). Furthermore, the bacterial cells themselves also tested positive for reductants,
which indicates the species interact significantly with the cell membrane, or are possibly associated with
the cell surface. The production of the P. mendocina reductant over time also undergoes a burst in
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accumulation over the first 24 hours followed by a significant drop over the next 24-48 h (J. DuBois,
Notre Dame Univ., personal communication). This is consistent with gradual decomposition of the
reductant in prolongued periods of time in iron-deficient conditions, presumably via oxidation or other

means which destroys the activity of this species.

Reductant Production vs. Time in Aerobic Bacterial Panel
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Figure: Analysis of reductant production in iron deficient media vs. time for the bacterial panel. This profile of
production over time was reproducible in numerous biological replicates, although the absolute quantification of

Fe(II) equivalents in culture was variable.
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Nanoscale Complexity at the Oxide/Water Interface

D.J. Wesolowski, (865) 574-6903; Fax (865) 574-496, wesolowskid@ornl.gov

Objectives: We seek a complete understanding of the complex, nanoscale domain where crystalline
metal oxides (including silicates) interface with aqueous solutions, over wide ranges of temperature and
solution composition. Our goal is to quantitatively link atomic-scale structure and dynamics of interfaces
with their macroscopic manifestations, including surface charging, ion adsorption, heterogeneous
reaction kinetics and nanoparticle stability and transport.

Project Description: A multidisciplinary, multi-institutional effort (ORNL, Argonne National
Laboratory, Vanderbilt University, Pennsylvania State University, University of Illinois) is working
toward a quantitative understanding of the oxide-solution interface by coupling synchrotron X-ray and
neutron scattering probes of atomic-level structure and dynamics; quantum mechanical and classical
molecular dynamics simulations; macroscopic experimental studies of surface protonation, ion
adsorption and electrophoretic mobility; and macroscopic models of the of the charged interface over
wide ranges of solution composition and temperature. These highly-integrated efforts have been
focused in recent years on the interface between aqueous solutions and the (110) surfaces of the
isostructural minerals rutile (a-Ti0O;) and cassiterite (a-SnO,), which exhibit modest differences in bulk
structures, but very different bulk dielectric properties, related to the polarizability of the valence
electrons of the crystalline substrate (rutile is much more polarizable). These properties of the substrate
are hypothesized to exert a fundamental influence on the nature of ion adsorption and interfacial
structure and dynamics.

Results: The pH-dependent charging of cassiterite powder surfaces in NaCl and RbCl solutions, due to
proton uptake and release by under-coordinated surface oxygen sites, has been studied and modeled at
temperatures of 10-50°C. Electrophoretic mobility studies of the same material were completed at 25-
250°C in dilute NaCl solutions. These results have been coupled with surface charge and bonding
information obtained from ab initio density functional theory and classical molecular dynamics
simulations to provide input into a surface complexation model based on the revised MUSIC model.
This modeling reveals that both Na" and Rb’ form inner-sphere species, as well as outer sphere
complexes with charged surface sites. However, Rb" sorbs predominantly at a quadridentate site and a
bidentate site, involving either four or two surface oxygen atoms, whereas Na' sorbs at two distinct
bidentate sites. The interaction of the cassiterite (110) surface with these ions is distinctly different from
the interaction with rutile (110), and this appears to be mainly a result of the somewhat larger unit cell
parameters of cassiterite, rather than the difference in bulk dielectric properties between the two phases.
However, a fundamental difference between the two surfaces is the much higher acidity of ‘terminal
hydroxyl’ sites on cassiterite, compared with rutile, which represent water molecules that chemisorb
atop bare five-fold-coordinated metal atoms on the crystal surfaces. This effect is directly related to the
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hydrogen-bonding properties of the terminal hydroxyls with second-layer water molecules and indirectly
to the higher polarizability of Ti(IV) vs Sn(IV) atoms at the surface. The net result is that ab initio
calculations and MD simulations, which indicate much more extensive dissociation of first-layer water
at the cassiterite vs rutile surface, are fully consistent with observed pH of zero net proton charge, which
is a full pH-unit lower on cassiterite than on rutile.

Previously, we demonstrated that the near-surface structure of sorbed water on both rutile and cassiterite
(110) 1s very similar for the surfaces in contact with bulk liquid water, or with surface water coverage
limited to just a few surface layers (at reduced relative humidity). This is an important observation
because quasielastic and inelastic neutron scattering studies can be applied to directly probe interfacial
water dynamics for mineral nanoparticles with a few sorbed water layers. We have used the
backscattering spectrometers at ORNL/SNS and the National Institute of Standards and Technology to
probe the picosecond to nanosecond dynamics of water on rutile nanoparticles dominated by the (110)
crystal face at total water coverages ranging from 1.5 to 3 structural layers. These results demonstrate
that the well-known transition of supercooled water at oxides surfaces, from Arrhenius-type to non-
Arrhenius diffusional dynamics, is directly related to the amount of water on the surface, with the
transition disappearing at less than two layer coverage. The scattering results at these reduced coverages
can be predicted from our classical simulations which builds confidence in this model for predicting a
wide range of interfacial phenomena.

We have completed a detailed study of the sorbed water vibrational properties on rutile and cassiterite
nanoparticle surfaces using inelastic neutron scattering, in one of the last experiments conducted at the
Intense Pulsed Neutron Source at Argonne National Lab. The vibrational properties of the two surfaces
are dramatically different at reduced water coverage (below 3 structural layers) and fully consistent with
our static ab initio and classical molecular dynamics simulations and macroscopic modeling, which
indicate that first-layer water on cassiterite is largely in the form of dissociated hydroxyl groups, but in
the form of intact terminal water molecules on rutile. Computationally-intensive ab initio molecular
dynamics simulations are currently running on ORNL’s leadership class teraflop computer to directly
link computed vibrational properties with the inelastic scattering results. This effort is providing a
fundamental understanding and quantitative predictive capability for describing structures, reactions and
dynamics at mineral-water interfaces.

Atomic- and Molecular-Scale Structures of Geologic Fluids and Minerals

J. Horita, (865) 576-2750; Fax 865-574-4961, horitaj@ornl.gov; A. A. Chialvo

Objectives: The objective of this project is to advance our fundamental and quantitative understanding
of the structure of earth materials, both fluids and minerals, at multiple length scales (atomic to
molecular; short- to intermediate- to long-range), over a wide range of pressures and temperatures
encountered in near-surface and deep-earth conditions.

Project Description: Geologic fluids (e.g., water) with various short-range structures start to exhibit
long-range ordering with increasing pressure (and density), and even crystalline minerals become more
disordered in a short-range with increasing pressure and temperature. In order to obtain a fundamental
understanding and to build predictive models of the dynamic behaviors and evolution of varied

63


mailto:horitaj@ornl.gov

geological systems over a wide range of temperature and pressure, synergistic studies are conducted of:
(a) atomic- and molecular-level investigations of hydrogen-bonding in water and hydrous mineral
(brucite) by means of high-pressure neutron diffraction and advanced molecular-based simulations, and
(b) detailed atomic environments and order-disorder status of ionic-bonding in sedimentary minerals
(iron oxides and carbonates), using a total neutron scattering technique. A concerted effort is
emphasized between neutron scattering, molecular simulation/modeling, and laboratory experiments
toward a more complete understanding of properties and processes of earth materials under diverse
environments.

Results: The high-pressure behavior of brucite and other brucite-type hydrous minerals is of great
geochemical and geophysical interest, because these brucite-type minerals serve as a simple, yet useful
analog for more complex, hydrogen-bearing oxide and silicate minerals in the deep earth. A neutron
powder diffraction study of hydrogenated and deuterated brucite, Mg(OH), and Mg(OD),, was
conducted at ambient temperature and at pressures to 9 GPa, using a Paris-Edinburgh high-pressure cell.
Our data revealed small, yet systematic differences in the structure of brucite under high-pressure
environments. The lattice parameter of the a axis, aligned parallel to the planes of Mg-O octahedra, is
the same for the two brucites. However, the ¢ axis (along the weak interlayer bonding of the O-D) of
deuterated brucite is slightly, but systematically smaller and more compressible than that of the
hydrogenated sample. This difference results in a rapid decrease in the c/a ratios of the deuterated
sample and the unit-cell volume of the deuterated brucite somewhat smaller than that of the
hydrogenated counterpart. The isothermal bulk modulus, pressure-derivative of the bulk modulus, and
linear compressibility along the two axes, which are obtained by fitting our data to the 3™-order Birch-
Murnaghan equation, provided quantitative data on the contrasting behaviors of normal and deuterated
brucite. Shorter interlayer distances of Mg(OD), under pressure may lead to stronger D-D repulsion than
H-H repulsion of Mg(OH),, and this could be the reason for the discrepancy observed in the literature
studies for investigating the location of H under pressure. Also, the differences in the unit-cell volumes
between normal and deuterated brucite provide a first piece of direct evidence that the reduced partition
function ratio for hydrogen isotopes of brucite increases with pressure at least to about 10 GPa. The
magnitude of this H-D isotope effects is somewhat larger than our previous calculations based on a
Kieffer-type hybrid density of state model. These data, along with the fact that the reduced partition
function ratio for hydrogen isotopes of water decreases with pressure, suggest rather large pressure
effects on hydrogen isotope fractionation in the deep-earth.

The liquid-vapor equilibrium isotopic fractionation of water has been studied by molecular-based
simulation, involving Gibbs Ensemble Monte Carlo and isothermal-isochoric molecular dynamics of
two realistic models: the extended simple point charge (SPC/E) and the Gaussian charge polarizable
(GCP) models. The predicted temperature dependence of the liquid-vapor equilibrium isotopic
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fractionation factors for H, O/H, 0, H, 0/H, O, and H,70/ H,”0 have been compared with
the most accurate experimental datasets obtained at our laboratory, to assess the ability of these potential
models to describe these small quantum effects according to the Kirkwood-Wigner free energy

2 : . : : :
h” —expansion. These simulation results were then used to predict the corresponding vapor pressure
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isotopic effect for the H, 0/ H,70 gnq H, 'O/H,"0 pairs, compared with experimental data, and
two recently proposed correlations. This study suggests that the two water models under consideration
are able to describe properly the oxygen isotopic effects on vapor pressure from the triple point to the

critical point of water. However, the Kirkwood-Wigner n* - expansion cannot handle properly the H/D
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substitution because the magnitude of this quantum effect ( ) might in principle require

the higher-order h* — coefficients in the semi-classical free energy expansion.

Rates and Mechanisms of Mineral-Fluid Interactions at the Nanoscale

D. R. Cole, 865-574-5473; Fax 865-574-4961, coledr@ornl.gov; D.J. Wesolowski

Objectives: The objective of this research is to advance our fundamental understanding of rates and
molecular-level mechanisms of mineral-fluid reactions both near and far from equilibrium, over the full
range of temperatures and compositions encountered in near-surface shallow crustal environments.

Project Description: Determination of the rates of dissolution-precipitation and isotopic exchange at
variable departures from equilibrium will be coupled with a mechanistic description of the initiation of
reactions at reactive surface sites. Detailed investigation of the formation of, and chemical
communication across, leached layers and reaction zones, and the structure and dynamics of fluid
species present in porous reacted solids will contribute to a more complete understanding of
equilibrium/disequilibrium processes preserved in the mineralogical record resulting from water-rock
interaction. We will measure the rates of dissolution and precipitation near- and very-near equilibrium
that utilizes our unique, high temperature, in sifu pH measurement facilities. We will also interrogate the
nature of porosity generation and its role in fluid transport and confinement in mineral reaction zones
using advanced chemical and isotopic imaging approaches (e.g. secondary ion mass spectrometry,
Fourier infrared spectroscopy, neutron scattering, and others) coupled with modeling and simulation.

Results: This project involves a multi-disciplinary-multi-institutional team focusing on various aspects
of fluid-matrix interactions from ambient conditions to elevated temperatures and pressures.

The dissolution rates of quartz, SiO, in 0.1 molal NaCl solutions at elevated pH and temperatures of
125-200°C were determined experimentally at very-near-equilibrium conditions using a unique pH-
perturbation/relaxation approach in collaboration with Ph.D. candidate, Michael Davis of Penn State
University (advisers, Profs. Karl Mueller and Sue Brantley). The unique aspect of this work is the
extremely high precision obtainable at conditions very close to equilibrium, due primarily to the high
precision of our pH measurements, and the lack of any need to analyze the solutions for total silica,
which can be more accurately determined from the measured pH and known starting solution
concentrations, using charge and mass balance equations. In addition, we have determined a more
reliable value for the equilibrium solubility of quartz in basic solutions, where both uncharged silicic
acid, Si(OH)4°, and SiO(OH);™ are important solution species.

In another collaboration with Penn State (Dr. H. Ohmoto and Ph.D. candidate Tsubasa Otake), we have
completed detailed studies of the non-equilibruim transformations between magnetite, Fe;O,, and
hematite, Fe;Os3, in mildly-acidic solutions at 100-200°C. Our studies, which also utilized our unique
high temperature pH monitoring systems, reveal that transformation of magnetite to hematite readily
occurs, even under extremely reducing conditions, due to very slow kinetics of reduction of Fe(III) to
Fe(Il) in solution, and the rapid precipitation of hematite, perhaps catalyzed by the presence of reduced
iron in solution. These results challenge the wide use of these abundant iron oxides as indicators of the
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redox state of natural waters, and even the evolution of Earth’s early atmosphere, since oxidizing
conditions are not required to produce hematite from previously deposited magnetite.

We have conducted experiments of short duration (hour to a few days) to determine the scales of
diffusion and recrystallization during hydrothermal alteration for adularia and sanidine. Cation and
isotope exchange appear to be coupled, perhaps both taking advantage of defects or fast pathways near
the surface, as observed with high resolution transmission electron microscopy. Although
recrystallization is a major replacement process, diffusive transport is significant at short times and
small distances from the replacement boundary (with Profs. T Labotka, Univ. Tennessee, M. Fayek,
Univ. Manitoba and S. Utsunomiya, Kyushu Univ.).

Although a great deal is known about the interaction between water and rhyolitic glasses and melts at
temperatures above the glass transition, the nature of this interaction at lower temperatures is much more
obscure. For example, on a microstructural scale, extrapolations of high-temperature Fourier transform
infrared spectroscopy (FTIR) data to lower temperatures suggests that there should be little or no
hydroxyl present in glasses hydrated at low temperature. Comparisons of low-temperature hydration
results among Si0,, obsidian, and albite compositions show distinct differences, and features are present
in the spectra that do not occur at high temperature. Analysis of H;O and D,O diffusion also suggests
that mechanistic differences occur between low- and high-temperature diffusive processes (with Prof. L.
Anovitz, Univ. Tennessee).

In hydrology and geochemistry, porosity is arguably the most important physical property of a rock
because it provides pathways for water flow or infiltration. Chemical reactions induce changes in
porosity that alter the rates of fluid transport and thus potentially the overall rates of reaction. In
collaboration with students (Alexis Navarre-Sitchler and Lixin Jin) and faculty (Prof. Sue Brantley) at
Penn State, we investigated porosity evolution during weathering of basalt, granite and shale. Micro-
computed tomography was used to evaluate changes in porosity with weathering of basalts down to pore
sizes of ~4 um and reactive transport models were developed that demonstrate the importance of
porosity evolution in this system. Small-angle (SANS) and ultra small-angle neutron scattering
(USANS) data extend our investigation of porosity evolution during weathering down to nanometer size
pores, and reveal complex fractal behavior depending on the length scale of the observation.
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Reductive Mineralization of Nanometer-Sized Fe(l111) Oxides in Grain Coatings and Micropores

J.M. Zachara, (509) 371-6355, john.zachara@pnl.gov, J.K. Fredrickson, T.
Peretyazhko; K. M. Rosso (PNNL); and S.M. Heald (ANL)

Objectives: Research is evaluating two primary scientific questions. 1.) Can metal reducing bacteria
induce the mineralogic transformation of nanometer-sized Fe(Ill) oxides that exhibit limited physical
accessibility to whole cells, such as those that reside in microscopic fractures of lithic fragments or
within the three dimensional matrix of a particle coating? 2.) Are mineral transformation pathways
equivalent when the respiring cell surface does and does not contact the Fe(Ill) oxides undergoing
reductive biomineralization.

Project Description: Research is using batch suspensions of 2- and 6-line ferrihydrite, the most
common bioavailable Fe(Ill) oxide, and synthetic subsurface sediments where ferrihydrite has been
uniformly distributed within intragrain regions of nano-porous silica. Laboratory studies use static and
dynamic-flow experimental systems with diffusible chemical reductants (ferrous iron, bioreduced
anthraquinone disulfonate) and chemotactic iron reducing bacteria to evaluate whether microorganisms
can access iron oxide electron acceptors in intragrain pores that are smaller than the cell, and to identify
the nature of resulting reductive mineral products. Abiotic and biotic reduction kinetics are determined
by monitoring electron donor use and Fe(Il) generation in response to changes in experimental variables
(electron donor to acceptor ratios, presence and absence of bicarbonate and phosphate). Variable
temperature Mossbauer spectroscopy, conventional and synchrotron x-ray diffraction, micro-XANES
spectroscopy, scanning and transmission electron microscopy, and atomic force microscopy are applied
to identify reductant and microbe-induced changes to the Fe(Ill) oxides, and to identify the nature and
properties of the product phases.

Results: The versatile iron-reducing microorganism MR-1 transformed intragrain Fe(IIl) oxides in the
absence of direct contact through the apparent production of Fe(Ill) complexing compounds that
dissolved the intragrain Fe(Ill) oxides. The resulting Fe(Ill) complexes diffused to the grain surface
where they were bioreduced, yielding Fe(II) that precipitated as vivianite [Fe3;(POs4),] in unique
morphology, often in association with microorganisms and often traversing the porous solid-liquid
interface in complex fashion (Figure 1). Mineralization and crystal growth pathways were different
when ferrihydrite was not localized to intragrain regions (Figure 2). Ferrihydrite intragrain content,
aggregation state, phosphate concentration, and Fe(Il) generation/supply mechanism appeared to control
whether vivianite; or lepidocrocite, goethite, magnetite, or other solids resulted as primary products. A
kinetic, microscopic bioreduction-bioprecipitation model is under development to describe these results,
and to provide insights on responsible mechanisms and competitive kinetic reactions.
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Figure 1. Various types of chemical imaging microscopies are being applied to study the biomineralization of
ferrihydrite (green) within porous silica (red). In this focused ion beam thin section (FIB), we observe intragrain
dissolution of Fe(Ill) by biocomplexants, diffusive transport of complexed Fe(Ill) to the interface (upper left
diagonal), and subsequent bioreduction by MR-1 that generates Fe(Il) that reacts with phosphate (blue) to
precipitate vivianite at the interface (green-blue). Biocomplexants mine the near-surface region of silica first
(image center), before working their way to the deeper particle interiors that remain stocked with ferrihydrite
(lower right).
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Figure 2. The bioreduction of unprotected ferrihydrite in suspensions with mmol/L concentrations of phosphate
leads to the precipitation of macroscopic viviante crystallites in excess of 50 um, that differ markedly from those
observed in the intragrain system. The initial ferrihydrite is <10 nm in size. Vivianite nucleates on bacterial
exopolysaccharide that surrounds MR-1 cells. It then grows rapidly through abiotic means in response to
biogenisis of Fe(Il) at the ferrihydrite-cell interface and microscopic transport to the growth surface. Crystallite
size is a function of the bacterial respiration rate that controls electron flux to ferrihydrite.
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Molecular Basis for Microbial Adhesion and Geochemical Surface Reactions: A Study Across
Scales

Tjerk P. Straatsma, 509-376-4079, tps@pnl.gov, David A. Dixon (The University of
Alabama), 205-348-8441

Objectives: To provide a molecular level understanding for the prediction the molecular processes
involved in microbial metal binding, microbial attachment to mineral surfaces, and oxidation/reduction
reactions that can occur at these surfaces and are mediated by the bacterial exterior surface.

Project Description: The theoretical modeling capability will allow the transfer of the necessary
fundamental information across the needed series of spatial scales, and will include molecular level
simulations of small molecular clusters, molecular dynamics investigations of large molecular systems,
and predictions of macroscopic geochemical reactions using thermodynamic models. This capability
will then be used to gain a fundamental understanding of the processes controlling the
lipopolysaccharide (LPS) structure and function, metal uptake and transport within the outer microbial
surface, and the binding of LPS functional groups to specific sites on mineral surfaces. Experimental
work 1s carried out to conduct electrochemical measurements on reconstituted outer membranes to
determine trans-membrane potentials across the LPS-membrane, and to quantify the adsorption of LPS-
membranes to mineral surfaces using atomic force microscopy.

Results: Our molecular model for the LPS membrane for P. aeruginosa has been used to study the
structural and thermodynamic factors that determine the affinity and uptake of simple, solvated ions. A
series of potentials of mean molecular dynamics simulations provided estimates of the free energy
profiles for uptake of sodium, calcium, chloride and uranyl ions by the bacterial LPS membrane, with
the profile for a water molecule calculated for comparison. Based on these calculations, a compatible
classical parameter set for uranyl has also been developed and validated. The uptake of negatively
charged ions, such as chloride, is shown to be an energetically unfavorable process, due to the
electrically negatively charged character of the surface of the rough LPS membrane, whereas positively
charged ions are easily taken up by the polysaccharide layer of the membrane.

Extensive studies have been carried out to investigate the effect of pH on the structure of the LPS
membrane with partly protonated phosphate groups, reflecting a slightly acidic environment. External
environmental conditions of pH and ionic strength not only determine the form of the ionic species
present in the aqueous solution but also the protonation state and, as observed in our simulations, the
accessibility of ion interaction sites in the polysaccharide layer of LPS membranes. This is important
because, in turn, this will influence the ability of LPS membranes to provide templates for the nucleation
of biomineralization processes.

Combined experimental and computation work revealed the hydrogen bonding patterns responsible for
selective binding of the amino acid sequence pattern Ser/Thr- hydrophobic/aromatic-Ser/Thr-Pro-
Ser/Thr selected as archetype from a library of approximately 3 billion different peptides. The
simulations suggest that the presence of proline, a residue of limited flexibility, is essential in defining
the three-dimensional framework for the binding.
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Pathways for Redox Transformation of Semiconducting Minerals: The Iron Oxides

Kevin M. Rosso, Kevin.Rosso@pnl.gov, Paul Meakin (INL)

Objectives: This project aims to: 1) Determine chemical mechanisms for dissolution of specific
surfaces of common electrically semiconducting minerals such as the iron oxides, 2) Establish linkages
to overall macroscopic dissolution behavior, in particular for chemically and morphologically complex
surfaces commensurate with those found in nature, and 3) Develop and apply analytical methods for
quantifying complex surface morphologies in microscopic image data, and computational molecular
methods for simulating dissolution dynamics of complex mineral surfaces.

Project Description: This project is a closely-coupled experimental and computer modeling study that
focuses on characterizing the chemical pathways involved in the dissolution of iron oxide minerals. In
particular, this project emphasizes understanding the dynamics from initial well-defined surfaces to
advanced stages of dissolution, and in linking this understanding to macroscopic behavior. This project
fills gaps in knowledge of the dissolution rates and mechanisms for specific crystallographic surfaces
where such information is typically only assumed. Mechanisms of iron oxide dissolution in particular
entail a possible role for solid-state charge migration affecting the rate of growth and the resulting
morphology of dissolution and growth features. This project relies primarily on surface-specific
scanning probe microscopic observations and surface spectroscopic characterization in conjunction with
molecular dynamics simulations, electronic structure calculations, and kinetic Monte Carlo simulations
to help identify key mechanistic processes.

Results: In FY08, microscopic examination of the reductive dissolution of hematite (001), (012), (113),
and (4k0) vicinal surfaces by Fe(Il) in the presence of iron chelating ligands revealed that these crystals
do not react as historically thought based on macroscopic measurements. Using a combination of
electrochemical apparatus to measure surface potential differences, and atomic force microscopy to
document surface morphologic changes, we discovered that under conditions of reductive dissolution,
surface specific charge density accumulation reactions combined with bulk charge carrier diffusivity
create conditions at which interfacial electron transfer reactions at one surface couple with those at
another by a current through the crystal bulk. A chemically induced surface potential gradient across
hematite (0-Fe,Os) crystals is sufficiently high and the bulk electrical resistivity is sufficiently low
during reductive dissolution to link dissolution of edge surfaces to simultaneous growth of the basal
plane. The finding is important in part because it is a new mechanism and in part because it
demonstrates that traditional monitoring of dissolution rates using iron release rates into solution alone
does not provide a sufficient basis for determining chemical mechanisms of dissolution. We are
currently developing quantitative molecular models to simulate this mechanism, including using
accelerated molecular dynamics techniques to probe Fe(Il) adsorption mechanisms and kinetics to
surfaces of hematite, goethite, and magnetite.

The Influence of Mineral Surfaces on Multi-electron Reduction Mechanisms for Polyvalent Metals

Eugene S. Ilton, Eugene. llton@pnl.gov, Paul S. Bagus (UNT)

Objectives: To better understand electron transfer reactions between Fe(II) in minerals and sorbed
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polyvalent metals such as U(VI). To develop ab initio models for the XPS and XANES of transition
metals and uranium in order to help elucidate information on oxidation states and bonding
environments.

Project Description: This project concerns reactions between minerals and toxic metal-bearing
aqueous fluids. Specifically, we are exploring the mechanisms of oxidation-reduction reactions at the
mineral-fluid interface involving reductants structurally bound in minerals. Key techniques used are
electron microscopy, x-ray photoemission spectroscopy (XPS), and x-ray adsorption near edge structure
(XANES). The project includes major theoretical efforts on the interpretation and prediction of XPS and
XANES:; the ab initio theoretical work is coupled to the experimental efforts.

Results: We obtained the first experimental evidence for the production and stability of sorbed U(V)
during heterogeneous reduction of U(VI) by magnetite. These results extend our previous work showing
U(V) formation on micas to an entirely different class of minerals and generalizes the potential
importance of the intermediate oxidation state U(V) in the reduction of U(VI) to U(IV). U(V) was stable
on magnetite surfaces for up to 2.5 months without the formation of U(IV). This latter result indicates
that U(V) did not disproportionate on the surface, which excludes such a reduction pathway for the
production of U(IV) and suggests that reduction of U(VI) to U(IV) requires two electrons transfers from
the substrate. It is possible that the reduction reaction stopped at U(V) due to a slightly non-
stoichiometric magnetite surface. The effect of surface stoichiometry and Fe(Il) excess or depletion is
likely an important parameter for heterogeneous reduction pathways. In other work, it was shown that
2D-correlation spectroscopy is a powerful tool for interpreting XPS data, such as establishing
correlations between satellite features and primary peaks in complicated multi-component spectra. This
constitutes one of the first applications of 2D-CS to XPS and strongly confirms the identification of
unique satellites with different oxidation states of U. Advances in simulating XPS spectra for uranium
compounds are described in the Summary of the Co-PI, Paul S. Bagus (UNT).

The Impact of Carbonate on Surface Protonation, Electron Transfer, and Crystallization
Reactions in Iron Oxide Nanoparticles and Colloids

Jean-Frangois Boily, 509-376-0615, boily@pnl.gov, Andrew R. Felmy, 509-371-6356,
ar.felmy@pnl.gov

Objectives: The goal is to understand at the molecular level the formation of aqueous carbonate species
and their interaction with iron and aluminum oxyhydroxide surfaces which have a high affinity for such
species. The interaction of carbonate, bicarbonate, and CO, with these materials is highly relevant to the
development of processes to sequester CO; in the subsurface in order to mitigate its impact on the
environment. The isotope fractionation of CO, and related species in the gas, aqueous and solid states is
a key method to determining the PCO, in the atmosphere over geological time scales.

Project Description: The experimental component of this research effort was designed to provide
insight into the mechanisms through which aqueous carbonate ions are incorporated to the bulk of iron
oxyhydroxide nanoparticles. We synthesized such particles by exposing aqueous solutions of ferric
iron to various levels of PCO,, pH and temperatures. The resulting particles were studied by
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Temperature-Programmed Desorption (TPD) and Fourier Transform Infrared (FTIR) spectroscopy to
follow the sequential desorption of surface- and bulk-bound carbonate with temperature.

Results: The TPD-FTIR experiments enabled a clear distinction between surface- and bulk-bound
carbonate in the iron oxyhydroxide particles. Two-dimensional IR Correlation Spectroscopy analysis
was used to identify correlations between different sets of discrete surface OH stretches and Multivariate
Curve Resolution (MCR) analysis was used to resolve the predominant spectral components (Figure 1).
Two dominant groups of hydroxyls were identified on the basis of their differences in proton affinity.
Group I hydroxyls appear as two 3698/3541 and 3660/3490 cm™ band pairs. Group II hydroxyls are
manifested through the 3648 and 3578 cm™ bands at greater levels of surface proton loading. Group I
and Group II were assigned to mostly singly and doubly coordinated hydroxyls, respectively. Stretches
arising from triply-coordinated hydroxyls are proposed to be embedded within the dominant O-H band
of bulk goethite. A reexamination of (TPD-FTIR) data for goethite and a combined FTIR and TPD study
of bulk and surface dehydroxylation and decarboxylation of goethite provided further constraints to this
band assignment by identifying important cooperative effects between hydrogen-bonded surface
hydroxyls, suggesting that the surface hydroxyls react as interrelated groups rather than individual
independent sites.
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Figure 1. MCR spectra components of ATR-FTIR data for evaporated goethite suspensions identifying the
reactive groups associated with the different band assignments.

The Reaction Specificity of Nanoparticles in Solution: Interactions between Iron Core/Shell
Nanoparticles, their Coatings, and the Environment

D. R. Baer, (509) 371-6245, don.baer@pnl.gov, P. G. Tratnyek (Oregon Health and Sciences
University)

Objectives: The objective of this research is to understand the reaction properties of iron/iron oxide
nanoparticles (NPs) and how these properties influence and are influenced by reactions within the NPs
(i.e., between the core, shell, and coatings) and interactions between the NPs and the geochemical
environment including water, major solutes (inorganic anions), and minor solutes (contaminants).
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Understanding factors that influence reaction pathways and time dependent behavior are of particular
interest. A secondary objective is to use the knowledge gained to "design" NPs for desired lifetime
behavior (lifecycle).

Project Description: This project is organized around four major activities: 1) synthesis of well-defined
NPs using sputter aggregation, hydrogen reduction and solution processes; 2) characterization of their
surface and bulk composition as well as physical and electronic structure (before and after reaction
measurements) using a range of tools including those available in the Environmental Molecular Sciences
Laboratory (EMSL), 3) in sifu real-time and batch measurements of NP properties and reactivity in
vacuum and solution as a function of time, and 4) theory and modeling (both computational and
experimental) that helps identify reaction mechanisms and reaction intermediates. The project integrates
these four activities to achieve the desired understanding.

Results: A combination of in sifu electrochemical measurements, hydrogen production and batch
reaction measurements demonstrated the time-dependence of both reaction rates and reaction pathways
of iron metal-core oxide-shell nanoparticles interacting with CCly in water. These measurements in
combination with particle characterization using electron and x-ray microscopy and spectroscopy show
the dependence of particle properties on the nature and characteristics of the oxide-shell on particle
reactive behavior and lifetime. Doping studies suggest that the reaction lifetime and properties of
particles can be designed or "optimized." Measurements on metal (Cu, Ni and Pd) doped and undoped
nanoparticles highlighted the importance of dopant distribution (within or on the particles) on NP
reactivity.

A combination of model experimental and theoretical studies were undertaken to assist fundamental
understanding of reaction pathways. The experimental studies involved dropping atoms and clusters of
Fe onto H,O and/or CCl, layers and examining the reaction products as a function of metal dose and
layer thickness. These experimental studies were complemented by density functional theory
calculations of the stability of various reaction products that can be produced in the differing
experimental conditions. The calculated stabilities of the reaction intermediates related directly to
products observed under experimental conditions.

0 day 1 day o days
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Transmission electron microscopy images of iron metal-core
oxide-shell nanoparticles as they age in water. The changes in the
oxide shell alter both the overall rate of reaction and the reaction
branching ratio.
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Model experiments (atom dropping) and theoretical
calculations have used to examine the reaction of iron
atoms and clusters with CCly and H>O films in order
to understand reaction intermediates and pathways for
differing experimental conditions. .

First Principles Simulation of the Temperature, Composition and Pressure Dependence of Natural
Fluids

E.J. Bylaska (509) 376-9114, fax (509) 376-3650, eric.bylaska@pnl.gov; J.H. Weare,
(858) 534-3286, fax (858) 534-7244, jweare(@ucsd.edu; N. Moller (858)534-6374, fax
(858) 534-3286, nweare@ucsd.edu

Objectives: To address the problems associated with future energy strategies a much more quantitative,
parameter-free interpretation of elementary geochemical processes will be required. In this program,
new 1% principles simulations methods are being developed and applied to the study of the chemical
behavior of metal ions, their counter ions and their oxo-hydroxo hydrolytic polyions in aqueous
solutions. The understanding of the aqueous chemistry of these species is essential to the interpretation
of processes such as the formation of minerals, the sequestration of CO,, the storage of nuclear waste,
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and the transport of toxic materials. The 1* principles based simulation methods that are being used and
developed in this program allow the parameter-free prediction of the properties of these chemically
complex materials over the wide range of conditions encountered in geological applications. Because of
the 1% principle nature of these methods, they have very general application to the interpretation of many
complex materials of interest to the BES community. In this program, special effort is being made to
develop new simulation methods that will be able to exploit the full capabilities of emerging massively
parallel computers and allow the simulation of new classes of materials.

Project Description: The results of this research will contribute to the molecular level understanding of
the chemistry of processes such as ore formation, toxic species transport, mineral solubility, and
absorption on mineral surfaces for sub-critical to supercritical conditions as well as provide for the more
detailed analysis of the new classes of experiments such as high resolution NMR, X-ray absorption fine
structure, sum frequency vibrational spectroscopy, high resolution x-ray and neutron scattering,
photoelectron spectroscopy, etc., that are being used to study fundamental geochemical processes at the
molecular level. Since for many of these problems the appropriate simulation methods and
implementations are not yet available, an important strength of this program is our ability to develop and
efficiently implement new parameter-free methods of simulation. The metals included as application
targets in this research, AI’", Fe’", Cr’", Ca®", and Ni*", are chosen because of their geochemical
importance and because they display a wide range of properties such as very different hydrolysis
constants, ligand residence times, and formation of oxo-hydroxo hydrolytic polyions. In this research we
endeavor to relate the properties of the ions to their chemical behavior in geological applications. The
program is carried out through the very close collaboration of researchers at PNNL (co-PI Eric Bylaska)
and UCSD (PI John Weare). The researchers in these two institutions collaborate in both the methods
development and application aspects of the program. Collaboration is enhanced by the frequent visits of
the PIs and their co-workers, the graduate students and postdoctoral students in the program to both
institutions. While the closeness of the collaboration makes it difficult to assign tasks, there is more
emphasis on methods development at PNNL and on chemical application at UCSD. However, every
student in the program will participate in some aspect of methods and software development and in
application simulation.

Applications Results: See UCSD report (P John Weare)

Methods Developments Results: Full ab initio molecular dynamics (AIMD) simulations are expensive
and for many problems compromises must be made in the number of particles to make calculations
feasible. Even though the advent of peta-scale computing, along with advances in computation
algorithms, is allowing the simulation hundreds atoms routinely, considerably larger particle numbers
than is currently feasible need to be used to treat some problems such as the Al;; oligomer. Fortunately,
most of the problems that we are focused on are heterogeneous in the sense that there is a region of
direct interest which typically has very complicated dynamics (e.g., the ion and most of the solvation
region) and a much larger region in which the details of the molecular interactions are not expected to
play a decisive role. For such problems QM/MM methodology offers an attractive and computationally
efficient way to extend the particle scale (length scale) of AIMD simulations. QM/MM approaches
based on local (e.g. GTO’s, STO’s) basis methods have been used for some time. However, the majority
of existing calculations is limited in scope and focus to the structural optimizations of few specifically
chosen states along a proposed reaction pathway. This is because the inclusion of dynamics into
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QM/MM simulations is determined by the efficiency of the
dynamical calculation in the quantum region.

In the last few years we have developed an efficient QM/MM
method based on AIMD. This new development has been
included in the latest release of NWChem, a quantum chemistry
program package developed at PNNL. This method couples our
efficient plane wave solvers of Density Functional Theory for the
QM region to a molecular mechanics description of a larger
region. In FYO8, we have extended the QM/MM method to
include solid-state molecular dynamics models, and relativistic
spin-orbit ZORA corrections. These new developments are being
used for a variety of studies, including simulations of solvated
oxyhydroxy polymers, the breakdown of the solvated decanioate
ion at high pH (with W. Casey, UC Davis), and simulations of
the absorption energies of actinides to hydrolylated iron-oxide
surfaces (with W. De Jong, PNNL).

Figure 1: QM/MNM simulations of
the solvated oxvhydroxy (300°K)
polymer  Al;(OH),(H;O); and
solvated actinide species on the
hyvdroxvlated Fe;0; surface.
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The Nature of the Mineral-Water Interface: A Molecular Simulation and Spectroscopic
Investigation

Randall T. Cygan, 505-844-7216, rtcygan@sandia.gov, Jeffrey A. Greathouse, 505-284-4895,
jagreat@sandia.gov

Objectives: Development of computational tools for the accurate simulation of environmental
processes, specifically those involving aqueous interactions with layered nanomaterials that are difficult
to evaluate using conventional analytical methods. Classical and quantum simulations, along with
synchrotron and specialized diffraction methods, are used to evaluate interfacial structure and dynamics
of selected oxide, hydroxide, and aluminosilicate systems.

Project Description: In coordination with synchrotron and specialized diffraction methods, we are
expanding our efforts in molecular simulation to address the atomistic behavior of the mineral-water
interface. Specifically, we are investigating layered mineral systems which have received special
scientific interest and widespread technological application because of their enormous surface area and
strong interactions with aqueous phases and solutes. Basal and edge surfaces provide contrasting
internal and surface environments that affect mineral reactivity and hydration. We are developing a
second-generation energy force field for classical simulations of interfacial phenomena in mineral-water
systems. These improvements will aid in the interpretation of vibrational spectra, and the addition of
polarization effects in our force field will help understand the nature of the adsorption process. We are
also examining the disposition of water in talc and pyrophyllite and in other phyllosilicates that have
channels, and combining simulation and spectroscopy of the heterovalent manganese oxide mineral
birnessite that plays a significant role in controlling heavy metals in the environment.

Results: The structural and vibrational properties of sepiolite, palygorskite, talc, and pyrophyllite were
investigated using quantum and classical molecular dynamics simulations. The electronic structure
simulations are based on plane-wave pseudopotential density functional theory (DFT), which is shown
to be sufficiently accurate in predicting the clay mineral structures and vibrational properties. The
classical molecular dynamics (MD) simulations, using the CLAYFF force field, reproduce the crystal
structures with relatively simple analytical functions that include primarily non-bonded interactions.
The DFT results are particularly useful for determining layer hydroxyl structure and dynamics as these
properties are difficult to obtain experimentally. The development of second-generation force field
parameters for layer (and edge site) hydroxyl groups are based mainly on DFT calculations.
Additionally, inelastic neutron scattering experiments were performed at the Los Alamos LANSCE
facility to help evaluate the behavior of the water in the channels of the sepiolite and palygorskite
materials. The vibrational spectra for water in these phases exhibit a significant librational shift
associated with the water molecules residing in different-sized channels. The CLAYFF force field was
also used to perform additional large-scale MD simulations of several birnessite minerals. The unique
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exchange and adsorption properties of birnessite (NaMnyOg-nH,0O) are related to the charge layer
structure and the coexistence of heterovalent manganese in the edge-sharing octahedral layer.
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DFT-optimized unit cell structures for the low-water versions of palygorskite and sepiolite indicating the
structural hydroxyl groups and the coordinating water molecules in the channels.

Metal-Anion Pairing at Oxide/Water Interfaces: Theoretical and Experimental Investigations
from the Nanoscale to the Macroscale

Louise J. Criscenti, 505-284-4357, ljcrisc@sandia.gov, Lynn E. Katz, University of
Texas-Austin; Heather C. Allen, Ohio State University

Objectives: The objectives of this research are to develop an approach for predicting the types of metal
surface complexes that form on mineral surfaces by focusing on the role of metal-anion complexes, and
to incorporate these surface complexes into thermodynamic surface complexation models to predict
adsorption behavior.

Project Description: We combine the use of several techniques including bulk adsorption experiments,
X-ray absorption, infra-red, and vibrational sum frequency spectroscopies (XAS, IR, VSGS), and
molecular modeling to investigate ion-pairing in solution and at mineral surfaces. XAS provides data on
how the metal binds to the surface (e.g., monodentate, bidentate), IR provides data on ion-pairing in
aqueous solution, and VSGS provides data on the impact of adsorbed metal-anion pairs on water
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structure at the mineral surface. Molecular modeling is used to guide spectroscopic data interpretation
by providing information on water structure around ions in solution and the structure of metal-anion
complexes in aqueous solution. In addition, molecular modeling is used to provide insight into water
structure at mineral surfaces, the surface sites involved in ion adsorption, and the distribution of ion
pairs between aqueous solution and the mineral surface. Our studies have focused on systems involving
alkaline earth metal (Mg”", Ca*", St*", Ba®") and heavy metal (Co®", Pb*") cations. The anions we have
selected for study include CI, NOs’, ClOy, SO42', and SeO;>. Ton adsorption and the potential
formation of ternary complexes on silica (quartz, amorphous silica), alumina (corundum and gibbsite),
and ferric iron (goethite) oxides are under investigation.

Results: This past year, we refined our potential of mean force calculations for the alkaline earth metal
— chloride complexes in aqueous solution and confirmed that our calculated association constants are the
same order of magnitude as those determined experimentally, but do not reproduce the experimental
trend with increasing metal ion size. In addition, we refined our surface potential of mean force
calculations between the alkaline earth metal cations and the gibbsite basal surface. Our free energy
curves suggest that these cations form outer-sphere complexes at the gibbsite surface because there are
large activation energy barriers associated with removing the molecules of the cation hydration spheres.
Molecular dynamics simulations performed at different temperatures, using the NPT ensemble, confirm
that the alkaline earth metal cations bind to gibbsite as inner-sphere complexes at higher temperatures.
Free energy curves for the aqueous ion pairs MgNO;", CaNO;", StNOs ", andPbNO;" were found useful
in interpreting infra-red spectroscopic data from Allen’s laboratory (OSU). Research continued with
Wander (Washington State University), to validate and refine the dielectric constant profiles we
calculated for three goethite (110) surfaces (charge positive, negative, and neutral) in bulk aqueous
solution. Work with Leung (SNL) has focused on using ab initio molecular dynamics to calculate
surface site acidity constants for silica.
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Representative potential of mean force curve for divalent metal cation — chloride pairing in aqueous solution.
CIP: Contact ion pair, SSHIP: solvent-shared ion pair, SSIP: solvent-separated ion pair.
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Approaches to Some of the Outstanding Problems in the Heterogeneous Compactive Deformation
of Geomaterials

William A. Olsson (retired 6/2006), David J. Holcomb (djholco@sandia.gov, 505-844-
2157), John W. Rudnicki, Northwestern University

Objectives: Many porous materials, including some sandstones, exhibit compaction localization, a
bifurcation from homogeneous compaction to localized compaction under non-hydrostatic stresses.
Compaction localization in porous rock is potentially of importance to industries dependent on
extraction or injection of fluids into porous reservoir rocks. Our goal is to elucidate the micromechanical
properties responsible for compaction localization.

Project Description: We are furthering this goal by seeking answers to the following questions (1) what
are the connections between the various observed modes of localized compaction, (2) why do some
porous rocks exhibit localized compaction while other, similar, rocks do not, (3) what controls the
propagation modes and (4) which mode or modes are appropriate for describing propagation of
compaction bands in geologic settings? We are approaching these questions by focusing on two areas:
underlying mechanisms and propagation conditions. To gain some insight into these problems, samples
of known, uniform, grain size distributions of St. Peter sand will be deformed in multiaxial compression
to investigate the role played by grain size distributions in determining the occurrence of compaction
localization in sand. Acoustic emission data will be used to study micromechanisms by examining focal
mechanisms and energies of the grain-scale failures associated with compaction in sandstones and
unlithified sands.

Results: Our efforts for FY08 continued to concentrate on the analysis of an extensive body of
experimental data to produce a consistent picture of the evolution of the constitutive parameters for a
sandstone that exhibits shear and compaction localization. The data set contained results from about 30
triaxial tests conducted under either constant mean stress, constant shear stress or constant pressure, with
numerous unload loops to determine elastic moduli. The entire stress space available to compressional
loading was sampled by the tests. A correct computation of the constitutive parameters B and p requires
separating the observed strains into components resulting from elastic processes and plastic process.
Elastic moduli of rock evolve with plastic strain and are also changed by elastic processes, such as crack
closure. Therefore separating the strain components necessitates the development of a complete model
of the moduli evolution, accounting for the inelastic increment of strain due to modulus evolution and
the stress-induced modulus changes. The figure shows the magnitude of the various corrections by
comparing the measured strains with the strains after two levels of correction. The simplest correction
uses the initial elastic modulus to estimate elastic strain (no coupling). The fully coupled result
incorporates both the evolving elastic modulus and the strain increment due to the changing elas