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FORWARD

The Department of Energy supports research in the geosciences in order to provide a sound foundation
of fundamental knowledge in those areas of the geosciences that are germane to the Department of
Energy's many missions, and those which provide stewardship for geosciences research capabilities,
primarily at the DOE National Laboratories. Excellent fundamental science that can improve and
support DOE’s mission needs will also provide basic knowledge applicable to many other areas of earth
science beyond DOE’s borders. The Geosciences Research Program resides within the Division of
Chemical Sciences, Geosciences and Biosciences, part of the Office of Basic Energy Sciences of the
Office of Science. The participants in this program include researchers at Department of Energy
laboratories, academic institutions, and other governmental agencies. 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. Within these areas, topics of research interest include
Earth dynamics, properties of Earth materials, rock mechanics, seismic, electromagnetic and radar
underground imaging, geochemistry, biogeochemistry, rock-fluid interactions, hydrogeology, coupled
reactive fluid flow and transport, resource exploration and evaluation, and geomagnetic solar-terrestrial
interactions. All such research is related either directly or indirectly to the Department of Energy's long-
range technological needs. Because of the variety of the research needs in the different applied DOE
programs, fundamental approaches with multiple potential applications are favored. Further information
on the Geosciences Research Program, including recent program activities and highlights, may be found
on the Geosciences Programs home page at: http://www.sc.doe.gov/production/bes/geo/geohome.html
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THE GEOSCIENCES RESEARCH PROGRAM IN THE OFFICE OF
BASIC ENERGY SCIENCES

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

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

Geophysics: Improving geophysical interrogation of the Earth’s crust though better
collection and analysis of seismic and electromagnetic data; improving understanding of
geophysical signatures of fluids and fluid-bearing reservoirs; and characterizing geologic
structures better.

Geochemistry: Investigating geochemistry of mineral-fluid interactions through 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 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.

12



PART I: ON-SITE

ARGONNE NATIONAL LABORATORY

Environmental Research Division, Bldg. 203
Argonne, Illinois 60439

CONTRACT: W-31-109-Eng-38
CATEGORY: Geochemistry

PERSON IN CHARGE: P. Fenter

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

Paul Fenter (630) 252-7053, fax (630) 252-7415, Fenter @anl.gov; Neil C.
Surchio University of Illinois at Chicago; Michael J. Bedzyk Northwestern
University

Website: http://www.anl.gov/ER/GPG_wp/index.html

Objectives: The objective of this program is to advance the basic understanding of rock-
fluid and soil-fluid interactions through experimental studies of 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 X-ray scattering,
standing-wave, and absorption techniques with high-brilliance synchrotron radiation.
These techniques provide high-resolution atomic-scale structural information that cannot
be acquired by any other means. Experiments are being performed on common rock- and
soil-forming minerals under conditions representative of geochemical environments near
the earth's surface. Types of reactions being investigated include dissolution-
precipitation, adsorption-desorption, and oxidation-reduction.

Results: Progress during the past year included further successful demonstrations of the
ability to perform in situ X-ray reflectivity, diffraction, and standing-wave studies of
reacting mineral surfaces under chemically controlled conditions. Experiments were
conducted to characterize the mechanism and kinetics of orthoclase dissolution as a
function of crystallographic orientation. Dissolution measurements of the (010) surface
at acidic pH reveals a dissolution process that is similar to that previously observed for
the (001) surface. The data, however, reveal a very different variation of dissolution rate
as a function of temperature, revealing a substantially smaller effective activation energy
for dissolution. The structure of the (010) surface was measured through high resolution
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X-ray reflectivity to assess the structural origin of these differences in dissolution
kinetics. Additional measurements of dissolution kinetics for the (001) surface reveal a
strong variation of dissolution rate as a function of pH. The structure of fluorapatite
natural growth surfaces was probed with X-ray reflectivity showing molecularly-flat
surfaces with a well-defined termination. X-ray reflectivity was used to probe organic-
mineral interactions through measurements of 1-hydroxyethane-1,1-diphosphonic acid
adsorbed to barite (001) and (210) cleavage surfaces, and fluorapatite(100) natural
growth surface.

Experimental studies of ion adsorption on muscovite substrates and of the structure of the
quartz-water interface were continued, in collaboration with K. L. Nagy (University of
Colorado).
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BROOKHAVEN NATIONAL LABORATORY
Upton, Long Island, New York 11973-5000

Contract: DE-AC02-98CH10886
CATEGORY : Geophysics

Study of the Microgeometry of Geological Materials Using Synchrotron Computed
Microtomography

K. W. Jones (631) 344-4588, fax (631) 344-5271, kwj@bnl.gov ; H. Feng (973)
655-7549, fax (973) 655-4072, fengh@mail.montclair.edu

Website: http://mww.bnl.gov/rocks

Objectives: The objective of this project is to gain improved knowledge of the properties
and behavior of geological materials on a grain-size scale. Measurements are made to
determine: 1) the microgeometry of typical rock types, 2) changes in the microgeometry
of the rocks as a function of applied pressure, 3) fluid-flow paths through the rocks, and
4) changes in the rock composition caused by fluid-rock interactions.

Project Description: Experimental data is obtained using the technique of synchrotron
computed microtomography (CMT). Intense x-ray beams from the Brookhaven National
Synchrotron Light Source pass through the sample and strike an area scintillator detector.
Light from the scintillator is detected with a charge-coupled device and stored for later
analysis. The tomographic volume is calculated by analyzing a series of the two
dimensional views which have been obtained as the sample is rotated around an axis
normal to the x-ray beam. The maximum number of voxels in the final volume is about
10" voxels. The minimum voxel size is about .003 mm on an edge.

Results: Several samples were investigated. They exemplify the use of CMT for
investigations pertinent to flow of fluids in porous media and to rock structures formed in
processes involving flow of molten materials in magmas and smoker chimneys.

Modeling Fluid Flow in Porous Media: [With M. A. McGraw, B. Travis (LANL)].
Matter can be transported by water flow through porous media either as a dissolved
solute or sorbed to mobile colloidal particulates. Most groundwater flow models have
neglected the second transport mechanism. A LANL model is being made more realistic
by inclusion of a colloidal phase. This colloid transport model is based on a probabilistic
algorithm that uses pore size distribution, relative permeability, and capillary pressure
curves. The model includes a coordination number, which is, roughly, the number of
paths, or channels, that run into or out of each rock pore, on average. This type of model
requires knowledge of the microstructure of the solid on a pore-size scale. We used CMT
to obtain this information for samples of volcanic tuff from the Busted Butte study area.
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The samples were a few mm in size, and the tomographic volumes were acquired with a
voxel size of 0.0067 mm. Typical sections through the samples at different locations are
shown in Figure 1. We are analyzing the data using the medial axis software created by
W. B. Lindquist of SUNY Stony Brook to segment the tomographic data into pore space
and rock space. The segmented data are then used to determine the distribution of pore
sizes and connectivity of the sample. Calibration of the colloid transport model against
column experiments requires a coordination number in the range of 5-7; we will compare
this against the coordination numbers derived from the tomography experiments. A
lattice Boltzman model simulation based on the tomographic data may also be used to
generate relative permeability and capillary pressure curves for comparison with
experimentally-derived curves.

Figure 1. Four sections through a typical sample are shown The pore space is shown in white and the rock
space is shown in black. The porosity of the sample changes radically over a distance of 1-2 mm. The high
spatial resolution of the synchrotron CMT apparatus is essential for obtaining a precise determination of the
variation of permeability and other parameters for input into the colloidal transport model that is under
development at LANL.

Sructure of Jurassic Laminated Sandstone. [With J. Lincoln, Montclair State
University].

The microgeometry of sandstones plays a key role in geophysical and hydrologic studies,
as it is important for understanding internal flow dynamics and rock formation
mechanisms. For this purpose, CMT was used to construct 3-dimensional images of
Jurassic laminated sandstones from the Towaco Formation (Newark Supergroup) in New
Jersey. The tomographic images effectively reveal the laminated structure of pores and
solids in the sandstones. The x-ray attenuation coefficients identify different rock
components within the sample. Lamination orientations are apparent in the sandstones
since each lamina has a different porosity. The data can be used to calculate flow
through the lamina and give insights into flow through heterogeneous non-isotropic
rocks. The ability to accurately assess the sizes, shapes, and connectivity of porosity has
important implications for hydrogeology and petroleum geology.

Structure of Hydrothermal Chimneys. [With W. L. Zhu, Woods Hole Oceanographic
Institute].

Study of the internal microstructure of hydrothermal chimney walls has significant
geochemical implications. High temperature (greater than 350°C) vent fluid flows
outwards from the internal vent chimney wall as seawater seeps inward into the chimney
from the outside wall. Since many geochemical reactions happen in the chimney, the
chimney wall provides a good record of its geochemical history. As the chemical
compositions of seawater and vent fluid are significantly different, the mineral
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depositions from internal wall to outside wall may also be significantly different. We
measured two chimney samples. The purpose of the study is to visualize Cu and
anhydrite boundaries and pore microstructures. It is known that vent fluid is enriched in
Cu and seawater is relatively enriched in sulfate. When chemical reactions happen in a
hydrothermal vent, the outside wall is enriched in anhydrite and the internal wall is
enriched in Cu mineral deposits. We successfully determined the porosity in specimens
from different regions in the chimney and were able to identify pore space significantly
smaller than shown by measurements with an industrial computed tomography scanner.
We also were able to measure the structures in the interface between anhydrite and Cu
regions and show how the two regions merged together.

The Aureole of the Traigh Bhan na Sgurra Sill, Isle of Mull: Reaction-driven Micro-
cracking During Pyrometamor phism. [With M. Holness, Cambridge University]

The intrusion of a 6-m thick Tertiary gabbroic sill, in which magma flow was locally
turbulent, into garnet-grade pelitic gneiss and psammite at 600 bars at Traigh Bhan na
Sgurra on the Ross of Mull, Scotland, led to the development of a 3-m wide contact
aureole. Observed reactions include muscovite breakdown, melting on quartz-feldspar
grain boundaries, and isochemical breakdown of biotite and garnet. A simple, 2-stage
thermal model fit to the profile of maximum temperature is consistent with a 5-month
period of turbulent magma flow.

Five generations of micro-cracks occur in the psammite. The oldest predates contact
metamorphism and is marked by sub-parallel fluid inclusion arrays. The next resulted
from anisotropic thermal expansion due to magma intrusion. Internally-generated stresses
related to an increase in volume associated with muscovite breakdown formed two
further sets of cracks associated with release of H,O and melting. Melting on quartz-
feldspar grain boundaries also resulted in crack formation. The final stage of cracking
was the result of anisotropic thermal contraction. Despite the high crack density at the
metamorphic peak, little or no melt segregation occurred, demonstrating that micro-
cracking alone is not sufficient (at least on this timescale) for melt segregation in static
anatectic environments.

CMT investigations of this sample are challenging since there are only small differences
in the x-ray attenuation coefficients of the several materials involved and the size of the
micro-cracks is comparable to the spatial resolution of our instrument. At this time, our
investigations have identified feldspar, quartz, and muscovite grains, foliation , and some
indication of cracks between the feldspar grains. Further work is planned at higher
spatial resolution and with improved attenuation coefficient determinations.
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Contract: DE-AC02-76CH00016
CATEGORY: Geochemistry
Geochemistry of Organic Sulfur in Marine Sediments

Murthy A. Vairavamurthy (631) 344-5337, fax (631) 344-7905; vmurthy@bnl.gov

Objectives: The overall objective is to gain a fuller understanding of the geochemical
role of the sulfur system in transforming sedimentary organic matter from organized
structures typical of biopolymers (e.g. proteins and carbohydrates) to heterogeneous
sedimentary geopolymers, such as humic substances and kerogen. A major emphasis is
placed on understanding the abiotic mechanisms of sulfur incorporation into organic
matter and its influence in the preservation of organic matter in marine sediments.

Program Description: Sulfur is believed to be involved in preserving organic matter in
sediments, in converting this organic matter to petroleum and in controlling the timing of
petroleum generation from a source rock. A fundamental geochemical issue is the
mechanism of incorporation of sulfur into sedimentary organic matter. Although it is
accepted that H,S and its partial oxidation products (such as polysulfide ions) are
involved, there is controversy about its molecular mechanism, and the active species
involved. This project, which is aimed at understanding the formation and transformation
of sedimentary organic sulfur during early diagenesis, has four major components: (1)
studies of sulfur speciation in sediments, (2) mechanistic studies of organic sulfur
formation, (3) mechanistic studies of the pathways of transformation of organic sulfur
compounds in sediments, and (4) development of analytical methods. The suite of
complementary spectroscopic and chromatographic techniques used (particularly
synchrotron-radiation-based XANES spectroscopy for sulfur speciation and liquid
chromatography combined with mass spectrometry, LC-MS)give detailed structural
information on sulfur and its associated organic moieties

Results: The organic sulfur present in fossil fuels was originally incorporated into
organic matter during the early stages of diagenesis. With time, the sulfur along with the
organic matter undergoes extensive diagenetic changes to form the complex
macromolecules typical of fossil fuels. We studied the macromolecular humic acid
fractions isolated from a Spanish leonardite coal (Torrelapaja, Cretaceous basin
belonging to the Utrillas facies) and a variety of organic-rich sediments and shales using
XANES and GC/MS techniques to better understand the type of sulfur functionalities and
the organic structures associated with them. Our XANES data showed both reduced and
oxidized forms of sulfur. The reduced sulfur mainly consisted of thiophenic sulfur,
whereas the oxidized sulfur was distributed between sulfonate and ester-bound sulfur.
The predominance of heterocyclic thiophenes and the oxidized forms of sulfur reflect
extensive diagenetic transformations of organic sulfur after its initial formation as thiols
or organic polysulfides in reducing environments.
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The XANES method was used to examine the changes in sulfur speciation in a laminated
sediment sequence from Lake Titicaca, South America (16° S, 69° W) to better
understand the limnological and ecological processes controlling sediment deposition and
sulfur speciation on short timescales. The samples, which were taken from a piston core
collected from 152 m water depth, contained a distinct sequence of laminated sediments
between 167 and 153 cm depth deposited over less than about 60-100 years in the
mid-Holocene period (6300 to 6150 14C cal yr BP) based on AMS radiocarbon dating.
Thus, the laminations were believed to represent annual or near-annual depositional
cycles. The dark-colored layer of each lamination couplet contained a significant fraction
of reduced organic sulfides, with smaller fractions of iron sulfides and sulfate. In
contrast, the light-colored layer of each couplet was primarily composed of sulfate and is
largely devoid of iron sulfides. In all laminae, the sulfate is present as inorganic sulfate
substituted in calcite. The differences in speciation likely reflect changes in productivity
during sediment deposition with a higher rate of calcite deposition during the highly
productive summer months. The export of calcite to the sediments was reduced during
lower productivity winter months. These data illustrate the utility of S K-edge XANES
for the analysis of laminated sediments and support the hypothesis that these laminations
were formed annually.
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LAWRENCE BERKELEY NATIONAL LABORATORY

CONTRACT: DE-AC03-76SF00098

PERSON IN CHARGE: G. Bodvarsson
CATEGORY: Geophysics
Computation of Seismic Wavefieldsin Complex Media

V. A. Korneev (510) 486-7214, fax (510) 486-5686, vakorneev@lbl.gov

Objectives: The main goal of this project is the developing new processing technologies,
which will improve the quality and resolution of seismic images for complex media, as
well as understanding their connections with physical processes in rocks.

Project Description: A significant part of the project helps to improve our understanding
of seismic wave propagation in an active fault zone. Specific features of the recorded
waves are attributed to the structural and physical properties of the fault, which allow
extraction of more detailed information from the data. This includes extensive numerical
modeling of seismic wave propagation in the fault zones and analysis and interpretation
of recorded data. We use the Parkfield data as one application of the new forward
modeling techniques developed in this work in a crustal scale. A unique data set was
recorded in Weyburn field (Canada) for horizontal crosswell time-lapse survey. An
innovative inverse scheme for guided wave tomography is applied for both datasets and
allowed to obtain first of the kind high-resolution images of thin low velocity layers.
Another component of the project includes studies of the frequency dependence of
seismic reflections from a thin (compared to the dominant wavelength), fluid-saturated
layer, where some intriguing and potentially important effects were found. This includes
analysis of both ultrasonic lab data and seismic field data, as well as analytical and
numerical modeling.

Results: Numerical modeling and a growing number of observations have argued for the
propagation of fault-zone guided waves (FZGW) within a San Andreas fault zone that is
100 to 200 m wide at seismogenic depths and with 20 to 40% lower shear-wave velocity
than the adjacent unfaulted media. Thousands of microearthquakes recorded since 1987
by the borehole seismic network at Parkfield provide a comprehensive data set we have
used to characterize the nature of wave propagation in the San Andreas Fault zone there.
We confirm that FZGW at Parkfield are generated within the fault zone, that they are
most prominent late in the coda of S. The amplitude guided wave tomographic inversion
allowed obtaining a unique image (Fig.1) of inner structure of the fault zone, with
resolution by a factor of ten exceeding a resolution of travel-time P- and S- wave
tomography. The results show clearly that FZGW are most effectively generated in a
well-defined part of the fault zone when it lies in the source-to-receiver path of the direct
P and S waves. This feature plunges to the northwest through the region of highest
seismicity and it separates locked and slipping sections of the fault as determined from
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both geodesy and microearthquake recurrence rates. Finite-difference modeling of the
observed wave field yields a sharply bounded region of low attenuation within the fault
zone. We interpret this localized zone of FZGW generation to be the NW edge of the
M6 asperity at Parkfield, the low attenuation due most likely to dewatering by fracture
closure and/or fault-normal compression and changes in fracture orientation due to
complex stress field in the boundary of creeping and locked zones of the San Andreas
Fault.

The obtained image reveal its high correlation with other geophysical spatially
dependent, such as slip rate, stress change and velocities of seismic wave propagation,
which suggest their common origin.

This study shows that FZGW can be used for amplitude tomographic inversion giving
high resolution and robust images of the narrow low velocity layers. The zone of FZGW
generation includes several significant features in the fault zone - the region of shallow
velocity change in the Vibroseis monitoring, high seismicity, the largest earthquakes and
associated high slip rate, the 1966 M6 hypocenter, and the transition from locked to
creeping behavior.

Attenuation coefficient of guided waves

Depth [km]

10 15

X [km]
Fig. 1 In-fault image of the FZGW tomographic reconstruction showing the NW-plunging zone of inferred
strong fault zone guided wave generation, Vs contours, 1987-1998 seismicity (small red stars for M>4
events), and the 1966 M6 hypocenter.

The physical mechanism of seismic attenuation variation within a FZ requires further
investigation. Most likely it is associated with fractures closure and opening due to loading stress
changes. Laboratory data of time-lapse seismic attenuation measurements for fractured rocks
during increasing of normal load show steady increase of recorded amplitude reaching a
maximum value shortly before rock destruction. The obtained spatial distribution of attenuation
for SAF at Parkfield reveals very similar behavior of stressed rocks with seismic failure prone
zone at SE side of the attenuation anomaly. Such mechanism gives physical interpretation of
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cumulative attenuation, as being approximately proportional to elastic energy drop along the
fault zone. The process of fracture opening and development also involves dewatering of rocks
and water pressure changes. The understanding of relations between attenuation of FZGW and
fracturing processes, stress accumulation and occurrence of earthquakes is very important for
earthquake understanding and predictions.

The locations of dramatic changes in all these characteristics correspond to locked-creeping
sections boundary. The evolution and profile of the Middle Mountain Ridge showing up on the
NW side of the elevation curve is likely to be a result of gradual vertical stress release during
creeping history of this section of SAF. These results revealed high importance of guided waves
for fault zone studies. Guided waves propagate in the low velocity cores of fault zone and
therefore directly affected by processes and changes which take place there. They allow produce
high-resolution images of the fault zone’s inner structure. The connection between guided waves
and other fault zone characteristics is evident. Guided waves can be an invaluable source of
information about upcoming seismic events and can be used for monitoring purposes. The
relations between FZGW parameters and FZ rock properties need further investigations.

2) The frequency dependence study of seismic reflections from a thin (compared to the dominant
wavelength), fluid-saturated layer was conducted using laboratory and field data. Reflections
from a thin, water-saturated layer have increased amplitude and delayed travel time at low
frequencies if compared with reflections from a gas-saturated layer. This effect was observed for
both ultrasonic lab data and seismic field data. We compared the results of laboratory modeling
with a frictional-viscous theoretical model and found that low (< 5) values of the attenuation
parameter Q and its approximate proportionality to frequency can explain the observations. Our
explanation is that the cause of very low Q is internal friction between fluid bearing elements of
a rock formation. The frequency dependent amplitude and phase reflection properties can be
used for detecting and monitoring thin liquid saturated layers.

Joint Inversion for Subsurface Imaging

K.H.Lee (510) 486-7468, fax (510) 486-5686, KHLee@Ibl.gov; H.F.Morrison,
M.Hoversten, D.Vasco

Objectives: To develop a joint inversion methodology using geophysical data to predict
subsurface hydrologic properties. The underlying concept of using the geophysical data to
predict the hydrologic properties is borrowed directly from the well-established field of well
logging. Here borehole geophysical measurements of sonic velocity, electrical resistivity and
density are used jointly to estimate porosity and saturation (usually oil/water saturation). It is the
objective of this proposal to extend these concepts to the mapping of hydrological properties in
the interwell volume using both in-hole and large-scale cross-hole and hole-to-surface
geophysics.

Project description: Accurate mapping of geophysical and hydrological parameters are
increasingly more important in the broader study of groundwater supply, development of long-
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term injection strategy for CO, sequestration, characterization and monitoring of petroleum
reservoirs and environmental remediation processes, and in almost all aspects of subsurface
engineering in general. Geophysical methods can map the distribution of seismic velocity and
electrical conductivity beneath the surface and between holes. These physical properties are
dependent on density, porosity, fluid saturation, clay content, and in some circumstances,
permeability. While general quantitative relationships are elusive, on a site-specific basis this
geophysical data can provide spatial information that is ideal for the interpolation of well log
data and for constraining or conditioning the inversion of data from pumping tests. The
relationship between seismic properties, conductivity, and the hydrologic parameters are now so
well known that we propose to develop a means to jointly invert the geophysical and well data to
a distribution of properties that satisfies all the field data.

Results: To assess the feasibility of deriving hydrological properties directly, we have developed
a joint inversion technique using EM and seismic travel-time data. Inversion parameters are the
rock porosity and the fluid electrical conductivity instead of the usual bulk electrical conductivity
and seismic velocity. The substitution is based on simple empirical relationships such as Arch’s
law and the Wyllie time average equation. To begin we chose a simplest earth model in which
the formation is fully saturated and the P-wave velocities in the rock matrix and pore fluid are
fixed, so the traveltime is only a function of porosity. For this simple model the bulk electrical
conductivity is a function of fluid conductivity and porosity. The inversion is based on a least-
square criteria that minimize the misfit. A smoothness constraint is implemented to reduce non-
uniqueness. To simulate EM responses we chose a model that is axially symmetric about the
transmitter borehole. Numerical simulation is carried out with the algorithm based on the Born
approximation technique. The bulk electrical conductivity used for the EM simulation is
estimated using a simplified Archie’s law. A straight ray path is assumed for the seismic method,
and travel-time data are calculated based on the simplified Wyllie equation.

A model (Figure 1) containing three horizontal slabs with various conductivity and porosity is
used to verify the proposed approach. All three heterogeneities are reasonably well resolved in
terms of the two hydrological properties: porosity and fluid conductivity, respectively. The
optimum result of the joint inversion has been obtained by alternating the selection of inversion
parameters, in which only one parameter is allowed to change while the other parameter is held
fixed at each iteration.
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Figure 1. A synthetic model used for joint inversion study is shown on the top. Shown on the bottom is the
inversion result for: (a) formation porosity; (b) calculated velocity; (c) fluid conductivity; and (d) calculated bulk
conductivity.



Center for Computational Seismology (CCS)

T.V. McEuvilly, (510) 486-7316, fax (510) 486-5686, tvmcevilly@lbl.gov; E.L. Majer; L.R.
Johnson

Objectives: The Center for Computational Seismology (CCS) serves as the core data processing,
computation and visualization facility for seismology-related research at LBNL. As such, it will
be integral to our critical efforts in mapping the distribution and migration of fluids in the
subsurface, a problem requiring new approaches in seismic waveform inversion techniques that
can take into account the presence and effects of diffracted waves. A wide range of research
projects relies upon CCS resources for development and application of methods for
characterization, process definition, and process monitoring in the rock-fluid-thermochemical
subsurface environment. Pursuing an objective of providing modern tools for seismological
research, the Center is designed and operated to provide a focused environment for research in
modern computational seismology by scientists whose efforts at any time may be distributed
among diverse research projects. A large number of varied, separately funded research projects,
from many different sponsors, rely upon this resource for intellectual exchange as well as
computational needs. Ph.D. theses and journal publications reveal a spectrum of effort from the
most fundamental theoretical studies to field applications at all scales.

Project Description: CCS provides a specially equipped and staffed computational facility to
support and advance a wide-ranging program of seismological research. Beyond computers,
work stations, seismic processing packages and visualization capabilities, it is a physical facility
in which scientists pursuing individual research interact with other scientists and technical
support staff in a multidisciplinary intellectual environment. CCS supports research in the
general areas of wave propagation, geophysical inverse methods, earthquake and explosion
source theory, seismic imaging, borehole geophysics, four-dimensional process monitoring and
visualization technology.

Results: Results from the diverse seismological program at CCS are best demonstrated in the
CCS research output. Major accomplishments flow largely from the breadth of research support
provided by CCS, and the cross-fertilization between applications and fundamental studies.
Significant recent results involve successful imaging of contaminant flow zones in fractured
basalt, development of borehole orbital vibrator technology and promising results in CO,
monitoring with borehole imaging methodology.

Findings for a facility and scientific environment such as that provided by CCS must be defined
in the context of the multidisciplined research base that is supported there, rather than project-
specific accomplishments (those appear in other sections of this report). It is fair to attribute a
large part of the scientific reputation in seismology at LBNL to the CCS environment.
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Defor mation and Fractur e of Poorly Consolidated Media

L.RMyer, (510) 486-6456, fax (510) 486-5686, LRMyer @bl.gov ; K.T.Nihei (510) 486-
5349, fax (510) 486-5686, KTNihei@Ibl.gov

Objectives: Rocks with small intergranular cohesion can be a potential threat to the stability of
boreholes and other stress-bearing rock structures. Their mechanical behavior is intermediate
between that of rock and soil. This study examines the effect of micromechanical properties of
weak granular rock on macroscopic properties such as load-displacement response, ultimate
strength, and failure mode.

Project Descriptions: In our previous research, a technique to fabricate weakly cemented
granular rocks (artificial sandstone) was developed using dried sodium silicate as intergranular
cement. Using this technique, we performed a series of parametric studies on the effect of grain-
scale properties including intergranular cementation, and porosity. The focus of the final stage
of the research was on the effect of confining stress on the failure of weakly cemented granular
rock. To this end, we performed a series of triaxial compression tests on the weakly cemented
artificial sandstone samples. In addition to these experiments, we made detailed observations of
intergranular cementation as a function of cement volume occupying the pore space using
scanning electron microscopy (SEM) and optical microscopy.

Results: The SEM and optical microscope revealed surprisingly small bonding areas between
contacting sand grains. For cement contents below S=0.5%, the sodium silicate cement could
hardly be seen even though the uniaxial compression strength of rock was as high as 2 MPa. For
larger cement contents, relatively even coating of the cement on the grain surface was observed,
which is consistent with the result of our previous analysis based on Dvorkin-Nur cemented
grain models (Dvorkin-Nur, 1996) using measured compressional and shear wave velocities of
the rock samples.

During the triaxial compression tests, the failure strength of the laboratory-fabricated weakly
cemented granular rock samples exhibited a strong sensitivity to the confining stress. This is due
to the small intergranular cohesive strength of the weakly cemented rock compared to the
increase in intergranular friction that increases with confining stress. The change in the rock
strength is also accompanied by changes in the rock failure mode (see Figure 1). From near-zero
confining stress up to 100 psi of confining stress, cylindrical samples of weakly cemented rock
(sodium silicate cement volume/pore space volume S=0.5%, porosity 35.5%) exhibited a range
of mode failure modes from brittle extensile failure to ductile failure exhibiting multiple,
conjugate shear bands. Such a strong sensitivity of the rock strength and failure mode to the
confining stress implies that the grain-scale properties of weakly cemented rock can have a large
impact on the stability and sanding of oil and gas producing wells drilled within such rocks.
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Figure 1 Strong sensitivity of rock failure mode observed for weakly cemented granular rock (synthetic sandstone).
A small change in confining stress resulted in failure modes ranging from brittle extensile failure to ductile shear
failure.

Decomposition of Scattering and Intrinsic Attenuation on Rock with Heter ogeneous
Multiphase Fluids Distributions

K.T.Nihei, (510) 486-5349, fax (510) 486-5686, KTNihei @Ibl.gov; L.R.Myer (510) 486-
6456, fax (510) 486-5686, LRMyer@lbl.gov

Objectives: The overall focus of this project is a fundamental investigation of scattering and
intrinsic attenuation of seismic waves in rock with heterogeneous distributions of fluids and gas.
This research represents a departure from past rock physics studies on seismic attenuation in that
the emphasis here is not a detailed study of a specific attenuation mechanism, but rather to
investigate theoretical and laboratory methods for obtaining separate estimates of scattering and
intrinsic attenuation in rock with heterogeneous pore fluid distributions. It is anticipated that
methods for obtaining separate estimates of intrinsic and scattering attenuation may lead to
higher resolution methods for monitoring the movement of fluids in the subsurface.

This project combines laboratory, numerical, and theoretical studies to the investigation of
scattering and intrinsic attenuation in rock with heterogeneous fluid distributions. The objectives
of this project are threefold: (1) to adapt and further refine methods for decomposing scattering
and intrinsic attenuation in rock with heterogeneous multiphase fluids, (2) to apply these
methods to laboratory seismic measurements in porous rock with heterogeneous fluid
distributions and compare these results with direct laboratory measurements, and (3) to examine
a new method for focusing seismic waves in heterogeneous media using time reversal mirrors.
These objectives are addressed in three tasks to be performed over a period of three years.
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Project Description: In this project, laboratory, theoretical, and numerical studies are combined
to investigate methods for estimating scattering and intrinsic attenuation in rock with
heterogeneous distributions of gas and fluid. The focus is on sandstone and carbonates under
conditions in which the relative saturation of miscible and immiscible liquids (e.g., water and oil)
and gas (e.g., CO,) vary. Decomposition of the attenuation will be conducted to compare the
contributions from scattering and intrinsic attenuation and related to the characteristics of
introduced heterogeneity obtained from X-ray CT images. Numerical and theoretical models
will be performed to help interpret the results of the laboratory experiments and to investigate the
effect of both attenuation mechanisms on the characteristics of the waves. Laboratory and
numerical studies of wave focusing on selected heterogeneities using elastic time reversal
mirrors will also be investigated. The effects of intrinsic attenuation on the time reversal
focusing process and methods for correcting for intrinsic attenuation will be examined.

Results: During the second year of this project, we have focused our efforts on acoustic and
elastic imaging methodologies for mapping intrinsic attenuation in the presence of scattering
heterogeneities. These imaging methods are based on nonlinear full-waveform inversion using
the adjoint state method. A finite difference code is used to compute the numerical gradients
required by the iterative nonlinear inversion scheme. The code, developed by our collaborator at
Kyoto University (T. Watanabe), solves the viscoacoustic wave equation in the frequency
domain using an LUD matrix solver to allow rapid gradient calculations for multiple sources. A
number of simulations were performed using this code for faulted layer models with variable
intrinsic attenuation. These simulations revealed that the best estimates of intrinsic attenuation
were obtained using a scheme that first inverted for the best velocity model assuming zero
intrinsic attenuation, followed by an inversion for the intrinsic attenuation using the best velocity
model.

To test the performance of this inversion scheme on non-synthetic data, we constructed a
scanning stage that allows crosswell viscoacoustic measurements to be performed in the
laboratory. The first test was performed in a water tank with three acrylic bars with diameters
0.5, 1.0, and 2.0 inches. We fabricated broadband P-wave sources and receivers from piezofilm
cylinders. By driving the source below its first resonance with a pulse, we were able to acquire
broadband crosswell data centered at 100 kHz for 16 sources and 31 receivers. The first attempt
at full-waveform viscoacoustic inversion for velocity and intrinsic attenuation is displayed in
Fig. 1. The velocity image shows a reasonable reconstruction of the three acrylic bars with
characteristic artifacts (blue spots) resulting from limited illumination of the targets by the
crosswell acquisition geometry. The intrinsic attenuation image recovers the locations of the
three acrylic bars with the correct intrinsic attenuation (Q=30), however, with substantial
smearing. We have noticed that a much sharper reconstruction of Q; was obtained in the
inversion of synthetic data, and are investigating possible reasons for this discrepancy.

As a first step towards full-waveform viscoelastic imaging, we have developed a 2D frequency

domain staggered grid finite difference code that uses an iterative matrix solver (TFQMR). We
have also developed a monofrequency time domain code that provides the magnitude and phase
of the wavefield after running the code a prescribed time out to steady state. These codes are

28



being integrated into a conjugate gradient full-waveform inversion scheme for the complex
moduli of isotropic and anisotropic heterogeneous media.
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Figure 1. Velocity (left) and quality factor (right) from viscoacoustic inversion of laboratory data.

Unsaturated Fast Flow in Fractured Rock: Testing Film Flow and Aperture Influence

T.K. Tokunaga, (510) 486-7176, fax (510) 486-7797, tktokunaga@Ibl.gov

Objectives: The nature of unsaturated fast-flow in fractured rocks needs to be understood in
order to obtain reasonable constraints on vadose zone transport. Water films along unsaturated
fractures have recently been shown to be capable of supporting fast flow and transport, and
revealed limitations of existing aperture-based models. In this project, theoretical considerations
and experiments are combined to improve our understanding of unsaturated flow in fractured
rocks.

Project Description: Recently, the concept of film flow was introduced as a possible process by
which preferential flow could occur along truly unsaturated fractured rock. Our work concerns
water films on fracture surfaces under near-zero (negative) matric potentials, and examines the
possibility of fast, unsaturated flow under "tension". "Films" in this context are a complex
network of thick pendular regions that form within topographic depressions and thin films on
topographic ridges. Thus, the thickness and connectivity of pendular film regions is expected to
be important in controlling film flow on individual fracture surfaces. We showed that at matric
potentials greater than that needed to saturate the rock matrix, transmissive water films can
develop on fracture surfaces. The matric potential dependence of the average film thickness, the
film transmissivity and film hydraulic diffusivity have been measured on fracture surfaces of
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Bishop Tuff, a basalt, and roughened glass, using equilibrium, steady-state and transient
methods. The water “films” investigated in the previous study as well as the present one develop
on rough surfaces, range in average thickness from about 1 to 50 um, and flow in the laminar
regime. Inthe FY 2001 work, studies were continued on the general conditions necessary for
stable film flow and saturated fracture flow under low average seepage rates. We are specifically
examining the importance of flow path convergence in deep, unsaturated fractured rock
formations. Fast flow paths are difficult to locate in deep unsaturated fractured rock formations,
but in recent years detection of such features by geochemical analyses have been reported. The
conceptual model being developed has relevance in understanding very sparsely distributed fast
flow paths in the subsurface and their potential impact on subsurface waste isolation and
contaminant transport.

Results: Flow through unsaturated fractured rock occurs via a number of processes, including
flow through rock matrix blocks, flow along fractures via capillary films, and flow in saturated
fractures. We recently showed that matric potentials close to zero (greater than -1 kPa) are
necessary for development of fast film flow. This energy constraint requires that capillary film
flow is strongly gravity-selective. This consideration, along with recognition that flow is largely
gravity driven in deep unsaturated zones, led to a model of monotonic convergent flow along
fracture pathways. This model is the 3-dimensional unsaturated zone analog to 2-dimensional
stream-river convergence familiar in surface water hydrology. For the case of deep unsaturated
rock formations, we are trying to determine average effective land surface catchment areas
associated with active fracture flow paths. We have run preliminary tests of this model in
laboratory replicas of fractured rock systems at 2 scales (30 cm and 80 cm). These tests indicate
that monotonic convergence of flow paths in unsaturated fractured rock formations is
oversimplistic, and that the probability of flow path divergence needs to be determined for
specific systems. Our latest efforts are directed on determining such probabilities, and their
dependence on fracture scale.

Prediction and Evaluation of Coupled Processesfor CO2 Disposal in Aquifers

Karsten Pruess, (510) 486-6732, fax (510 ) 486-5686, K_Pruess@Ibl.gov; Chin-Fu
Tsang (510) 486-5782, fax (510) 486-5686, CFTsang@lbl.gov

Objectives: Evaluate the physical and chemical processes that would be induced by large-scale
CO2 injection into brine aquifers. Develop and demonstrate numerical simulation capabilities for
CO2 disposal.

Project Description: The purpose of the research is to develop a systematic, rational, and
mechanistic understanding of the coupled processes that would be induced by injection of CO2
into aquifers. This is being accomplished by means of conceptual, mathematical, and numerical
models that are based on rigorous continuum theories of fluid dynamics, coupled with detailed
rock fracture mechanics and chemical speciation and reaction path analyses. Field experience
and data from natural CO2 reservoirs and engineered aquifer gas storage systems will be used, as
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will be laboratory data and generally accepted physical and chemical principles for multiphase
flow, geochemical alteration, and rock mechanical effects. By developing a mechanistic
understanding of the relevant processes, this research will provide a sound basis for evaluating
the feasibility of CO2 disposal in different hydrogeologic environments, including fractured rock
systems, and will provide engineering tools for the design, implementation, and monitoring of
CO2 disposal systems in brine aquifers.

Results: Three interrelated numerical simulation codes have been developed that address,
respectively, issues of fluid dynamics (TOUGH2/ECQO2), reactive chemical transport
(TOUGHREACT/ECO2), and geomechanics (TOUGH-FLAC). TOUGH2/ECO2 has been used
to study immiscible displacement of brine by supercritical CO2 for a range of scales and
hydrogeologic conditions. Buoyancy effects tend to drive CO2 towards the top of the permeable
interval, causing bypassing of significant formation volumes and reducing storage capacity. A
favorable side effect of this tendency towards side-by-side flow of CO2 and water is diminished
phase interference, and a corresponding reduction in fluid pressures at the injection well.
Formation heterogeneities may actually enhance storage capacity, by reducing rates of buoyant
upflow of CO2 and thereby improving sweep efficiency. CO2 leakage along a fault has a
potential for self-enhancement, due to the lower viscosity and density of CO2 compared to brine
(see Figure 1). High-resolution studies of brine displacement by CO2 have shown fingering with
widths of the order of 10 cm or less, suggesting that fingering instability is unlikely to have much
practical significance.

A reactive geochemical transport model TOUGHREACT/ECO2 for evaluating long-term CO2
disposal in deep aquifers has been developed. The model has been used to analyze mineral
alteration, CO2 sequestration by secondary carbonates, and reservoir porosity changes in a 1-D
radial flow field for a homogeneous Gulf Coast sediment. Under conditions considered in our
simulations, CO2 trapping by secondary carbonate minerals such as calcite (CaCO3), dolomite
(CaMg(CO03)2), siderite (FeCO3), and dawsonite (NaAICO3(OH)2) could occur in the presence
of high pressure CO2. Variations in precipitation of secondary carbonate minerals strongly
depend on rock mineral composition and their kinetic reaction rates. CO2 mineral-trapping
capability after 10,000 years is comparable to CO2 dissolution in pore waters (2-5 kg CO2 per
cubic meter medium). Under favorable conditions, such as increased abundance of chlorite
minerals (e.g. clinochlore Mg5AI2Si3010(OH)8), the capacity can be as large as 10 kg CO2 per
cubic meter medium due to an increase in dolomite precipitation. Carbon dioxide-induced rock
mineral alteration and the addition of CO2 mass as secondary carbonates to the solid matrix
generally results in decreases in reservoir porosity and permeability.
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Figure 1. Flow rates per unit length of a fault zone for CO2 leakage from a disposal aquifer. The large rates at early
time (< 107 s) are due to the imposed step change in CO2 pressure at the bottom of the fault. Flowrates slowly

decline due to relative permeability effects as the CO2 displacement front migrates up the fault (105 to 107 s).
Subsequently the flowing CO2 continues to remove moisture from the fault, reducing phase interference and causing
CO2 discharge rates to increase by a factor of approximately 20, until steady-state flow conditions are reached after

about 1010 g,

Geomechanical aspects of CO2 sequestration have been studied using a simulator TOUGH-
FLAC that was newly developed in this project. The simulator is based on linked execution of
TOUGH2 and FLAC3D, which is an established and widely used code for advanced
geomechanics analysis. A linked TOUGH-FLAC simulation can utilize the latest developments
in TOUGH2 for modeling brine-CO2 mixtures under supercritical conditions, and in addition,
geomechanical aspects and effects of coupling between fluid flow and rock mechanics are
analyzed using the FLAC3D module.

Using TOUGH-FLAC, the hydromechanical changes associated with CO2 injection into brine
formations have been studied. The analysis demonstrates how a large-scale CO2 injection
operation results in a gradual increase of aquifer pressure, which could reach close to the
lithostatic stress after years of injection. Such aquifer pressure increase will induce a number of
hydromechanical interactions and geomechanical responses through changes in the effective
stress field in both the injection aquifer and the overlying semi-permeable caprock. A general
reduction in the vertical effective stress induces vertical expansion of the aquifer, which can be
significant and can be monitored on the ground surface. A relatively slow increase of the aquifer
pressure during a typical constant rate injection will induce poroelastic stresses in the caprock
which prevent catastrophic mechanical rock failure in the form of hydraulic fracturing through a
caprock. Instead, the principal rock mechanics effect will be shear-slip along pre-existing faults
and fractures occurring in the lower part of the caprock near the injection aquifer. The analysis
shows that although shear-slip would be induced in the lower part of the caprock, it is not likely
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to propagate a rock failure zone through the upper part of the cap if preventive operational
actions are taken. Thus, monitoring of seismic events in the lower part of the cap together with
monitoring of ground surface movement are essential for controlling the hydromechanical
responses during a CO2 injection operation.

Colloid Transport in Unsaturated Porous M edia and Rock Fractures

Jiamin Wan, (510) 486-6004, fax (510) 495-7797, jwan@lbl.gov

Objectives: The current understanding of colloid transport is largely based on the classic
filtration theory used in saturated porous media. Some recent studies have lead to identification
of several important aspects of vadose zone colloid transport that still need to be understood. The
overall objective of this project is to obtain a comprehensive understanding of colloid transport
in partially saturated porous media and rock fractures.

Project Description: The basic physics and chemistry unique to vadose zone colloid transport
is a consequence of the existence of a second immiscible fluid phase, gas. Traditional filtration
theory cannot be directly applied in the vadose zone colloid transport because of the coexistence
of air and water. In the 1997 to 1999 period, we focused on studies of colloids being strained by
becoming trapped within thin water films in unsaturated porous media, and introduced the
concept of “film straining”. Our recent research has been focused on quantifying the partitioning
of surface-active colloids at the air-water interfaces. Much effort has been devoted to
characterizing surface accumulations of colloids. Previously developed methods include surface
microlayer sampling and jet drop collection. Because of the large uncertainties in thicknesses
and interfacial areas, results are often reported as the enrichment factors for a given estimated
thickness. We have recently developed a simple dynamic method to quantify colloid surface
excesses at air-water interfaces without requiring assumptions concerning the thickness of
interfacial regions. During the 1999 to 2000 period, we measured partition coefficients of
different clay minerals at the air-water interface, primarily under environmentally relevant
solution chemistry conditions.

Results: The affinity of clay colloids to the air-water interface was quantitatively measured
using a bubble column method. The affinities of clay particles to the air-water interface are
reported as partition coefficients (K), in a manner analogous to surface-active solutes. Five types
of dilute clay suspensions were measured: Ca-montmorillonite, Na-montmorillonite, bentonite
clay, illite, and kaolinite, under varying pH and ionic strength conditions. In order to obtain
results that are directly relevant to typical subsurface environments, no surfactants were used,
and most experiments were conducted at low values of ionic strength. Na- montmorillonite and
bentonite clay were found surface excluded from the air-water interface at any given pH and
ionic strength. Ca-montmorillonite and bentonite clay are slightly surface-active at the air-water
interface with increased K values at lower pH. Kaolinite exhibited extremely high affinity to the
air-water interface at pH below 7. The strong pH dependence of the K values suggests that
electrostatic force might be the governing force for partitioning of the clay colloids at the air-
water interface.
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CATEGORY: Geochemistry

PERSON IN CHARGE: Bodvarsson

Integrated | sotopic Studies of Geochemical Processes

Donald J. DePaolo, (510) 486-4975, fax (510) 643-5064, fax (510) 642-9520,
depaol o@socrates.berkeley.edu or djdepaolo@lbl.gov; B. Mack Kennedy (510) 486-
6451, fax (510) 486-5496, bmkennedy@lbl.gov

Objective: Combine high-precision measurements of isotopic ratios in natural materials with
mathematical models to understand the spatial and time scales of geochemical processes of
interest for energy management.

Project Description: Isotopic measurements of Sr, Ca, Fe, O, C, H, He, Ne, Ar, Xe, Pb, Nd, and
U are used to address problems of mass transport in fluid-rock systems, interpretation of past
global climatic change, crustal magmatic and tectonic processes, and Quaternary geochronology.
Most geological transport processes cannot be modeled accurately from first principles due to
heterogeneity on many scales and complex coupling between processes. The tracers provided by
natural isotopic variations measure the net effects of these complex processes, and provide the
critical calibration of models that can make the models useful for prediction. Our aim is to
advance the state of the art of the isotopic approaches, and to use these advances to investigate
fundamental issues in geochemistry. Mathematical models are developed to help extend the
application of isotopic measurements to natural systems. Modeling and systematic
measurements of simple natural systems are supplemented by efforts to improve sampling
methodologies and measurement techniques such as micro-sampling of geological materials,
high-precision measurement of small samples by MC-ICPMS and TIMS, and rapid low-blank
chemical separation of trace metals. All efforts are aimed at improved characterization of natural
rock and fluid systems relevant to environmental remediation, geothermal and fossil energy
resources, carbon- and water cycle science, and nuclear waste isolation.

Results: (1) Natural variations of Sr, O and U isotopes in fluids are being investigated as a
means to measure in situ rates of chemical reactions in groundwater and during diagenesis of
sediments. The objective is to develop a database from which to further evaluate the large
discrepancies between natural reaction timescales and those measured in the laboratory and
predicted by thermodynamically based kinetic models. A second objective is to use the reaction
timescale as a clock for evaluating the rates of mass transport in fluid-rock systems. To this end
we are studying fluid and solid isotopic characteristics in arid vadose zones, aquifers, deep sea
sediments, and geothermal systems. Emphasis is now being placed on developing U isotopes as
a sensitive probe of local rates of mineral dissolution. This approach is based on the competition
between alpha recoil processes and dissolution. When applied to fine grained deep sea
sediments, the derived bulk dissolution timescale is about 1 million years, which is about 10,000
times slower than predicted. When combined with data on soils and older sediments, the bulk

34



dissolution rates of both silicate (feldspar) and carbonate vary by a factor of 1 million, correlate
very well with age, and do not correlate with grain size. The alpha recoil losses from solids may
also be useful for measuring the timescale of comminution of grains during erosion, which may
contribute to understanding the rates of weathering and sediment transport. The U isotope
method is being combined with Sr isotope measurements as a means of measuring vadose zone
and groundwater fluid fluxes.

(2) The natural variation of Fe isotope ratios is being investigated in components of the
Earth’s weathering cycle, and as a means of tracking the sources and utilization of Fe in the
carbon cycle. This investigation is mainly focused on improving the understanding of natural
variations of Fe isotopes, the mechanisms that control Fe isotope fractionation, and improving
analytical procedures for the measurements. The reproducibility of the measurements by TIMS
has been improved and the protocols for measuring Fe by multi-collector ICPMS have been
established.

(3) There is a continuing need for improved geochronology in studies of Quaternary
geology, the time period that is most relevant for understanding future environmental change.
The U-Th-He method is being investigated for application to age determinations on volcanic
rocks. This method can theoretically be used to measure ages as young as a few thousand years
and as old as several million years, and hence could span the gaps often encountered with
existing methods. Measurements are focused on rocks of known age. Results indicate that
minerals suitable for dating can be separated from volcanic rocks, but that an awareness of
competing nuclear processes and geometric effects is needed to fully interpret the age data.

(4) Simple analytical models have been developed to evaluate and understand the natural
global variations of the stable isotopic composition (O, D/H) of precipitation. The models
indicate that the isotopic composition of high latitude precipitation provides a strongly attenuated
record of past temperature changes, but that the attenuation coefficients may be determinable.
Low latitude precipitation has large systematic isotopic variations that are correlated with
regional evaporation-precipitation imbalances. Both the temperature and P-E effects are critical
for interpreting isotopic records of past climate changes.

(5) A mathematical model has been developed that describes the effects of matrix pore fluid
diffusion on the rates of isotopic exchange between fluids and rocks in geo-hydrological systems
that are contained in fractured rocks. The model describes a simple dual-porosity system with
parallel equidistant fractures. The effects of matrix diffusion on the isotopes of a particular
element are shown to depend on the ratio of the diffusive reaction length for that element (Ld) to
the fracture spacing (b). Ifisotopic data are available for two or more elements with different Ld
values, it may be possible to use the model to estimate the spacing of the primary fluid-carrying
fractures in natural systems. Using Sr and O isotopic data from mid-ocean ridge hydrothermal
vent fluids, an average fracture spacing of 1 to 4 meters is deduced.
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Clay Mineral Surface Geochemistry

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

Website: http://esd.Ibl.gov/GEO/aqueous_geochenvindex.html

Objectives: The current objective of this project is to obtain a fundamental understanding of
atomistic-scale processes at clay mineral-fluid interfaces using molecular simulation.

Project Description: The principal technique used is Monte Carlo simulation based on the
Metropolis algorithm. We performed Monte Carlo simulations of the structural properties of
hydration water on a 2:1 layer type dioctahedral aluminosilicate with the muscovite formula

K> (Aly, Sig)AlsO20(OH)4. The model potential functions used to represent water-water,
counterion-counterion, counterion-mineral, and water-mineral interactions were MCY -type
parameters which have been tested extensively and successfully for 2:1 clay mineral hydrates in
our earlier projects, including K-montmorillonite, which is isostructural with muscovite. Pair
correlations, density profiles of water oxygens and counterions, and visualization of the local
coordination were used to compare the atomistic details of the simulated mica-water interface to
recent experimental measurements using X-ray reflectivity.

Results: Our results show the existence of an adsorbed layer of water molecules bound
intimately to the ditrigonal cavities in the muscovite surface and surmounted by a network of
hydration water molecules into which K" counterions are interposed consistently with hydrogen
bonding of the water to the surface O. Our calculations support the hydration water structure
proposed in a recent X-ray reflectivity study while providing additional molecular details not
fully accessible to this experimental methodology.

Figure 1 compares the water O density profile we obtained by MC simulation with that derived
from reflectivity measurements. The match between the experimental and simulated profiles
within 4 A from the surface O is excellent, encouraging a direct interpretation of the two
principal features in terms of adsorbed water species. The visualization of the water molecules
that contribute solely to the first peak (denoted “a”) shows clearly that they are indeed associated
with the ditrigonal cavities in the mineral surface.

The second peak in the O density profile (denoted “b” in Fig. 1) corresponds to adsorbed water
molecules distributed laterally at approximately 1.3 per surface cavity (the ratio of the height of
the second peak to that of the first), as also reported in the reflectivity study. Visualization
revealed that most of these water molecules are oriented with one of their OH groups pointing
toward the mineral surface O consistently with hydrogen bond formation. However, the water
molecules are interspersed among the K counterions, which reside in two distinct planes at 2.3
and 2.7 A from the surface O. The corresponding adsorbed K species are coordinated
respectively to 7 surface O and 6 water O, or to 3 surface O and 9 water O, with two of the water
molecules being adsorbed near a ditrigonal cavity in the latter case. These strongly adsorbed
water molecules prevent closer access of the counterion to the mineral surface.
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Our simulation results are consistent with liquid-like disorder for the hydrate as a whole, as also
suggested in the X-ray reflectivity study on the basis of the water O density profile tending to
approach the bulk liquid limit after only a few oscillations (Fig.1). Our results show stronger
oscillations, but are consistent with the same trend.

Liquid-like character of the hydration water also is apparent from our calculations of the average
0O-0 intermolecular coordination number (Noo) using simulated radial distribution functions. We
find Noo = 5.1 for the coordination number of water O around a central water O, as opposed to
Noo = 5.2 for the bulk liquid based on a simulation using the MCY potential. (The experimental
value is 5.4.) Overall, therefore, the structure of water adsorbed by micaceous minerals appears
to be more disordered than that of ice Ip.
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Figure 1. Water O density distribution (lower left) on muscovite as a function of the distance z from the mean surface
oxygen position. The solid curve is from recent X-ray reflectivity results, while the data points are the results from
MC simulation; a:water molecules adsorbed near ditrigonal cavities; b:hydration water. Visualization (upper right) of
the adsorbed water molecules represented by peak a shows that they are adsorbed near the cavities in the mica
surface.
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Complexation and Precipitation Processeson Mineral Surfaces

Glenn A. Waychunas, (510) 495-2224, fax (510) 486-7152, GAWaychunas@Ibl.gov;
James A. Davis, USGS Menlo Park, CA, James R. Rustad PNNL Richland WA; Y.R. Shen
Physics Dept. UC Berkeley

Website: http://mww.esd.Ibl.gov/GEO/aqueous _geochemysyncbased gaw.shtml

Objectives: Comparison of the reactivity of perfectly prepared mineral surfaces with degraded
perfect surfaces simulating surface defects and with perfect surfaces exposed to natural
conditions; Characterization of the effects of water undersaturation on precipitate formation;
Determination of the nature of water structure near the mineral-water interface, and how it is
affected by sorption and precipitation processes, pH, ionic strength and surface defects.
Simulation of surface water IR spectra collected via sum frequency generation (SFG)
spectroscopy.

Project Description: The project continues earlier work examining the nature of quartz surface
coatings formed over time in the Cape Cod USGS site aquifer. These samples are withdrawn
periodically to reveal coating formation and quartz surface degradation. Characterization
methods include synchrotron-based x-ray absorption spectroscopy in grazing incidence mode
(GIXAS) and total reflection x-ray fluorescence spectroscopy (TRXRF), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). The use of GIXAS gives us structure
sensitivity to extremely small amounts of surface species, and TRXRF procedures allow us not
only to measure surface composition in the femtomole range, but also allow depth profiling of
surface composition in the nanometer range. A second part of the project focuses on the role of
water in stabilizing sorbed complexes and early precipitates on quartz and other mineral surfaces.

For the latter work we are utilizing sum frequency (SFG) spectroscopy in collaboration with
Prof. Ron Shen’s group on the UC Berkeley campus. This method allows us to obtain the IR
spectrum of water molecules just at the solution-mineral interface, and determine how they are
affected by varying surface charge (solution pH), ionic strength of the solution, the formation of
surface complexes, and defects on the surface (steps, terraces, dislocations). For many sorption
complexes it has been postulated that a certain number of hydrogen bonds must be formed at the
surface for their stabilization, yet experimental measurement of this bonding has not been
available. SFG spectroscopy allows us to measure the relative orientations of water molecules
and their degree of H-bonding to other waters and surface species. We are examining a suite of
minerals having different surface properties, including quartz, hematite, corundum and pyrite.
Crystals can be prepared with highly perfect surfaces, or with particular arrangements and
densities of growth steps and terraces. We can also vary the total thickness of water on a surface
to approximate undersaturated conditions. Another aspect of this research is determination of the
nature of water structure on surfaces as a function of water coverage. We wish to determine if
the closest water molecules to a mineral surface are affected by the number of overlying water
layers, and if this changes reactivity and the ability to stabilize sorption complexes.
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Results: Perfect quartz wafers extracted from the Cape Cod site aquifer after 1.5 years showed a
continuing buildup of surface material, but still only nanometer-thick precipitates. The trend
previously observed of Ca concentration affecting the amount and structural integrity of ferric
precipitates was verified. TRXRF studies conducted over a range of incidence angles near the
critical angle for total reflection show that the Fe precipitates are not completely mixed with Ca
phases, but instead are usually on top of nanometer layers rich in Ca. The presence of Ca is
interesting by itself, as the pH and chemistry of the water in the aquifer is inconsistent with Ca
carbonate formation. It is therefore likely that the Ca represents microbial activity on the
surface, either locally changing pH conditions to affect carbonate formation, or carrying Ca in
their cellular material or membranes. AFM and TEM characterization is in progress to identify
specific Ca phases and domain topology. SFG work was begun on perfect quartz crystals with
several different orientations. The initial phase will be to determine the interface water molecule
orientation distribution as a function of solution pH and type of (hkl) surface. We are currently
preparing perfect mineral crystal surfaces for extensive studies of quartz, corundum and hematite
interface water. Simulation of SFG spectra is beginning through a collaboration with James
Rustad at PNNL.
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Fourier Transforms of the GIXAFS taken on the Fe edge for Cape Cod aquifer samples aged 8 months. First peak is
Fe-O distance with constant coordination number of 6. Second peak is Fe-Fe distance with components at ca. 2.6
and 3.0 A (uncorrected for phase shifts). These second peaks show changing numbers of edge- and corner-sharing
Fe polyhedra as a function of Mn and Ca composition. High Mn is associated with poorly crystalline Fe
oxyhydroxide, while high Ca is associated with highly crystalline Fe oxyhydroxide.
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Development of Isotope Techniquesfor Reservoir and Aquifer Characterization

B. Mack Kennedy, (510) 486-6451, fax (510) 486-5496, bmkennedy@lbl.gov

Website: http://mww-esd.Ibl.gov/Cl G/noblegas/nobl egas.shtml

Objectives: Based on results from prior studies, isotopic characterization of fluids associated
with hydrocarbons and groundwater aquifers are useful for mapping regional fluid migration and
preferred flow paths, identifying fluid sources, and estimating fluid flow rates. However, the
potential utility of isotope techniques to identify reservoir flow units, compartments, and fluid
loss to overlying strata has not been extensively exploited.

Project Description: Efficient and safe sequestration of large quantities of CO, will require
reliable characterization of potential storage formations, reservoirs and aquifers. Many oil and
gas reservoirs are complexly partitioned by differing structural, petrologic and stratigraphic
controls that will inhibit efficient CO; injection and limit reservoir potential. In groundwater
aquifers, long term storage requires effective traps with minimal leakage to overlying strata. To
maximize CO, sequestration efficiency, it will be necessary to address these and similar issues
related to reservoir and aquifer characterization. We believe this can be accomplished by
merging geophysical techniques, which provide structural and imaging information, with isotope
and tracer techniques, that can identify fluid sources and flow paths, zones of fluid mixing, and
isolated fluid compartments, and 2-D fluid flow models that can set limits on fluid transit times
and leakage rates.

Results: During FY2000, we joined a pilot field scale test of a CO; injection in the Lost Hills oil
and gas field in the San Joaquin Basin, California. The test consists of three parallel projects:
seismic and electrical imaging, co-injection of chemical and isotopic tracers, and chemical and
isotopic analyses of production fluids before, during and after CO, injection. As samples
become available they will be analyzed for bulk gas chemistry, noble gas abundance and isotopic
compositions, and the isotopic compositions of carbon in CO, and CHa.

Air-Derived Noble Gasesin Sediments: Implications For Basin Scale Hydr ogeology.

B. Mack Kennedy, (510) 486-6451, fax (510) 486-5496, bmkennedy@Ilbl.gov; T.
Torgersen University of Connecticut, (860) 405-9094, fax (860) 405-9153,
Thomas.Torgersen@Uconn.edu

Website: http://mww-esd.Ibl.gov/Cl G/noblegas/nobl egas.shtml

Objectives: This research project (with the University of Connecticut) evaluates the processes
which produce, dissolve and distribute noble gases and noble gas isotopes among liquid
hydrocarbon, gaseous hydrocarbon and aqueous phases. This redirected project will: (1)
identify and isolate carrier phases of the various air-derived noble gas components in
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sedimentary rocks, (2) investigate processes responsible for acquisition and trapping of the
components in their sedimentary carrier phases, and (3) evaluate mechanisms that release these
noble gas components.

Project Description: The mechanisms, processes and time scales of fluid flow in sedimentary
basins represents a fundamental question in the Earth Sciences with direct application to
exploration and exploitation strategies for energy and mineral resources. An explanation is
needed for the mechanism by which Ne and/or Xe can be enriched on earth materials relative to
the other noble gases, how these enrichments can be retained on a geologic time scale, and what
processes release these components to the hydrologic system in which they are observed. This
project will investigate (i) young sediment recovered in DSDP/ODP drill holes, (i1) outcrop
samples from the Monterey formation (<20Myr), and (iii) drill core from the Elk Hills field as
well as specific samples of opportunity. Samples will be characterized with respect to
composition and geochemistry and a suite of chemically defined fractions will be used to
investigate the fractions holding sorbed noble gas components. We will also investigate
DSDP/ODP samples from various environments that have different initial compositions and have
undergone different diagenesis patterns.

Results: This is a new direction for this project. Measurements of noble gas abundances in
hydrocarbon fluids, conducted under the previous grant, provide ample evidence that naturally
occurring fluids within the Earth’s crust contain at least three distinct ‘air-derived’ noble gas
components: (1) water saturated with air (i.e. groundwater), (2) a heavy (Kr, Xe) noble gas
enriched component believed to be associated with the hydrocarbon source rock (Torgersen and
Kennedy, 1999) and (3) a Ne-enriched component (Kennedy et al, 2002). Identifying the source
of components #2 and #3 and understanding the where, when, and how these components are
added to the hydrologic system will provide important constraints to basin scale hydrogeology,
such as fluid source, flow path, and re-charge temperature. Because the enrichment patterns
appear to be smooth functions of noble gas mass, adsorption on solids is often invoked as a
potential source of the enrichment patterns. However, thermodynamics predicts preferential
adsorption of heavy noble gases relative to the light noble gases, yet Podosek et al. (1980) found
that approximately half the samples of sedimentary rocks analyzed for noble gases contained a
Ne-enriched component and in many cases, simultaneous Xe and Ne enrichments were found. A
literature review suggests that the enriched components are associated with a host rock type or
specific carrier phases. For instance, Xe-enrichments are strongly correlated with carbon-rich
phases isolated from shales (e.g. Frick and Chang, 1977). It is clear that an explanation is
needed for the mechanism by which Ne and/or Xe can be enriched on earth materials relative to
the other noble gases, how these enrichments can be retained on a geologic time scale, and what
processes eventually release these components to the hydrologic system in which they are
observed. One possibility for explaining the Ne and Xe enrichments is the labyrinth-with-
constrictions model proposed by Wacker et al., (1985), which will be used as a guide for this
project. This model has the advantage that it can explain the very large noble gas enrichment
factors observed in natural samples [F(Ng) = 500-10,000], simultaneous enrichment of Ne and
Xe, as well as the rapid transition from physi-sorption to chemi-sorption apparently needed to
explain long term retention. Establishing the lifetime for adsorption under physisorption kinetics
and desorption under chemisorption kinetics through a study of noble gas ‘trapping’ via
labyrinth-with-constrictions may provide specific insight into nano-technologies.
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Reactive Chemical Transport in Structured Porous Media: X-ray Microprobe and Micro-
XANES Studies

T.K. Tokunaga, (510) 486-7176, fax (510) 486-7797, tktokunaga@Ibl.gov

Objectives: In subsurface reactive transport, large differences in chemical composition can be
sustained in boundary regions such as sediment-water interfaces, interior regions of soil
aggregates, and surfaces of fractured rocks. Studies of reactive transport in such boundary zones
require information on chemical speciation with appropriate spatial and temporal resolution.

Project Description: Predicting transport of trace elements between various environmental
compartments is currently often unsuccessful, partly due to lack of relevant information at
compartment boundaries. Batch studies can yield insights into kinetics and equilibrium in well-
mixed systems, but much of the subsurface is very poorly mixed. Without in-situ, spatially- and
temporally-resolved chemical information, transport between compartments can only be
described with system-specific, nonmechanistic, mass transfer models. In this project, the
synchrotron x-ray microprobe and micro-XANES techniques are used to obtain such
measurements in a variety of critical microenvironments. Past efforts in this project focused on
selenium transport and reduction in two types of microenvironments, that found at surface water-
sediment boundaries, and that found within soil aggregates. In FY 1998, the project emphasis
shifted to consider reactive transport of Cr included flow-through experiments in columns of
aggregated soils, including spatially-resolved, real-time tracking of initial contamination
processes within soil aggregates, and later characterization of Cr redistribution upon long-term
drying. The complexity of reactive transport in such systems with macropore flow and
intraaggregate diffusion-redox motivated simpler FY 1999-2001 studies focused only on the
latter processes.

Results: The FY 2001 studies focused on Cr(VI) diffusion and reduction to Cr(III) within
synthetic and natural soil aggregates. Experiments were conducted on Altamont clay soil. The
alkalinity of this soil minimized the extent of Cr(VI) sorption on mineral surfaces. A range of
initial redox conditions was established within aggregates by infusing solutions containing
different concentrations of organic carbon (0 to 800 ppm, as tryptic soy broth) and incubation
until steady redox profiles were established. Cr(VI) was then diffused into aggregates at initial
concentrations up to 10,000 ppm. Micro-XANES mapping was done at beamline X26A,
National Synchrotron Light Source. Micro-XANES mapping of Cr in aggregates showed (1)
deeper Cr diffusion in systems with lower organic carbon and higher Cr concentrations, (2)
reduction of Cr(VI) to Cr(Ill) during transport, and (3) very sharp termination of Cr fronts in
more reducing aggregates. The latter phenomenon results from rapidly increasing reduction
rates over very short distances (< 10 mm). These results show that contaminated and
uncontaminated zones within soils can coexist in very close (mm) proximity, such that bulk
average chemical speciation can not meaningfully describe these systems. The small fractions of
unreduced Cr(VI) remaining in these soils reside along oxic, exterior surfaces. The persistence of
Cr(VI) along exterior surfaces of aggregates is significant since this more soluble and toxic form
resides along faster transport paths, i.e., along macropore channels. The full range of diffusion-
reduction behavior displayed in systems with different initial organic carbon and different levels
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of Cr is well represented through Thiele analyses of diffusion and reaction rates. The latter rates
are obtained through long-term studies of Cr reduction and through fitting measured Cr profiles
to a diffusion-reduction model.
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LAWRENCE LIVERMORE NATIONAL LABORATORY

University of California
Livermore, California 94550

CONTRACT: W-6405-ENG-48
CATEGORY: Geophysics

PERSON IN CHARGE: F. J. Ryerson

Water distribution in partially saturated porous materials
J. J. Roberts, (925) 422-7108, fax (925) 423-1057, robertsl7@lInl.gov

Objective: To determine the electrical properties of water and CO, saturated and partially-
saturated porous materials at a variety of experimental conditions and to utilize the
experimentally determined electrical properties to investigate the relationships between electrical
transport and other transport properties. These results are used to invert field EM measurements
for fluid content and to develop better methods of remotely tracking subsurface injectate and
detect permeable fractures.

Project Description: This experimental is study designed to measure the frequency dependent
electrical properties of porous materials and relate the results to other transport properties.
Measurements include dielectric constant and electrical resistivity as functions of saturation,
temperature and microstructural properties and include monitoring the resistivity of materials as
they become fluid-, steam-, and CO,-saturated. The complex impedance is measured because
impedance spectra provide information regarding the number and arrangement of conduction
mechanisms, distribution of liquid phase, and microstructural properties. These measurements
are of particular importance because field electrical measurements in unsaturated regions
(including electrical resistance tomography, electromagnetic depth sounding, and induced
polarization) depend on reliable laboratory measurements for accurate interpretation. A number
of geophysical problems including remediation, enhanced oil recovery, geothermal reservoir
evaluation and site monitoring depend on reliable information regarding the interconnectedness
and distribution of the fluid phase.

Results: Measurements of electrical properties during CO; injection were performed using the
modified apparatus and are now routine. Laboratory impedance measurements were performed
on sandstones and a number of samples from sites of geologic interest including siltstones from
the Lost Hills, CA EOR site, tuff from Awibengkok, Indonesia geothermal field, and welded tuff
from the Fran Ridge, NV Large Block Test site.

Results on samples from the Lost Hills EOR site indicate that there are discernable differences in
the resistivities of samples containing brine, oil and CO,. Although the contrast between oil and
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CO; saturated samples is small, there is evidence that dielectric properties might best
discriminate between the two pore fluids. The results have been used by the Fossil Energy
Program to better understand their crosswell EM field data during a CO, injection project.

A second key result was the measurement of electrical properties of welded tuff as a function of
saturation and temperature up to 145°C on both intact and fractured samples. A model was
constructed that predicts saturation as a function of resistivity and temperature and was used to
invert electrical resistance tomography data taken at the LBT. The resulting saturation maps
(below) show significant improvement over previous inversion attempts as verified using
neutron logging results. An additional result is the ability to locate active fractures using time-
dependent electrical measurements. This is of direct benefit to the Geothermal Energy Program.
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ERT images of saturation in the LBT as a function of elapsed time (indicated above each
image) based on laboratory measurements of tuff resistivity. Scale shows absolute water
content and saturation ratio (assuming a starting saturation of 75%). Heater horizon is about
1/3 from the bottom of the images and is the region displaying the most dryout. Arrow on
06/25/97 image indicates a drying fracture that rewet by 08/26/97. Review of geomechanical
data shows movement in that region of the block prior to the redistribution of water.
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Three-dimensional analysis of seismic signatures and char acterizations of fluids and
fracturesin anisotropic formations

P.A. Berge, (925) 423-4829, fax (925) 423-1057, berge@lInl.gov; J. G. Berryman (925)
423-2905, fax (925) 422-1002, berrymanl@linl.gov

Objectives: Our major objective is to obtain constraints on lithology in fluid-filled anisotropic
rocks by using rock physics theories for anisotropic and poroelastic media. We are collaborating
with investigators on related OBES projects at the Colorado School of Mines and Stanford
University, who are developing techniques for obtaining anisotropy parameters from seismic
reflection data (CSM) and relating laboratory measurement information to modeling and field
data (Stanford). By using our theoretical methods to model the anisotropy parameters recovered
from seismic data, we can find ways to improve analysis of seismic reflection data collected in
areas where the geology is complicated by anisotropy and heterogeneity.

Project Description: CSM collaborators are generalizing anisotropic velocity analysis
techniques to account properly for vertical inhomogeneity and dipping structure, so that the
technique will be applicable to a wide range of exploration problems. The LLNL/Stanford group
is working on developing and analyzing rock physics models that describe transversely isotropic
media, particularly to determine how these models may constrain lithology. Stanford is focusing
more on laboratory measurements and anisotropic signatures of fractured rocks, and LLNL is
focusing on fluid effects and poroelasticity in anisotropic rocks. Topics of research include
determining what constraints on lithology can be found from the anisotropy and poroelasticity
parameters and what information is sufficient and necessary for the constraints. The overlying
questions are how to do lithologic interpretation of the anisotropic parameters obtained from
field data, and the possibility of incorporating shear-wave data into the velocity analysis and
lithology interpretation.

Results: LLNL researchers have developed a new method for using P and S velocities to obtain
information about rock saturation and tested it using laboratory data that provided velocities at
known saturation conditions. This work is in press in Geophysics and was presented at the 2001
annual Fall meeting of the American Geophysical Union (AGU) and the 2002 annual meeting of
the Environmental and Engineering Geophysical Society. It also produced a patent. LLNL
researchers also showed how rock physics methods can be used to interpret seismic data from the
Geysers geothermal field, a region where fluids and fractures control the velocities and seismic
anisotropy has been observed in earthquake traveltime data. Results relating seismic velocities to
fracture concentration and distribution were presented at the 2001 annual meeting of the
Seismological Society of America and the Geothermal Resource Council meeting, as well as the
2001 AGU meeting. LLNL researchers also showed how effective medium theories can explain
discrepancies between measured shear modulus behavior and Gassmann’s equations. These
results were published in Physical Review E in 2001. Current research focuses on developing
better rock physics methods for estimating seismic properties of anisotropic poroelastic rocks.
An abstract with preliminary results was submitted to the 2002 Biot Conference on
Poromechanics.
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Physical Properties of Heter ogeneous Rocks Containing Fluids
J. G. Berryman, (925) 423-2905, fax (925) 423-6907, berrymanl@linl.gov

Objectives: Our main objective is to understand significant factors affecting physical properties
of heterogeneous rocks in order (1) to improve our ability to predict rock behavior from
knowledge of rock components and pore fluids and (2) to improve our ability to interpret
geophysical field data. One new tool developed to accomplish this objective is the discovery by
the PI of exact results in poroelasticity and thermoelasticity for two component composite rocks
and the application of these ideas to effective medium theories for poroelastic composites. This
project exploits these as well as other new results, with the expectation that new insight into the
elasticity and poroelasticity of rocks will result. Such insight has proven to be important for
understanding partial melt in both the upper and lower mantle, for clarifying earthquake source
mechanisms, for interpreting seismic reflection survey data for oil and gas exploration, for oil
field engineering practices related to drilling and pumping, and for related issues in
environmental cleanup of DOE sites. This type of information is important for interpretation of
both seismic and electrical geophysical field data, and is useful to both oil reservoir engineers
and hazard cleanup activities.

Project Description: Four major approaches are being considered in this project: (1) partial
saturation data analysis showing that the Lame’ lambda parameter is most important for
analyzing liquid content of rocks and that shear modulus predictions for higher freqnecy data
needs to incorporate changes caused by liquid content, (2) continuing development and use of a
generalization of Eshelby’s formula from elasticity theory for poroelastic and thermoelastic
composite inclusions analysis problems, (3) double-porosity/dual-permeability methods for
fractured reservoirs, and (4) applications of rigorous viscoelastic bounds to rock/fluid mixtures.
These types of results are all of interest in the oil and gas industry. The same basic framework
can also be employed to treat reservoir characterization problems, especially regarding the
effects of changing stress on matrix and fracture permeability in double-porosity models used for
reservoir pumpdown studies. In addition to single-fluid reservoir analysis, related ideas have
been applied to partial saturation problems, in which both gas and oil, or gas and water may be
present and distributed thoroughout the reservoir volume in a complicated, inhomogeneous
manner. Related ideas (Gassmann’s fluid-substitution formulas) can play a very significant role
in interpretation of seismic AVO (amplitude versus offset) data used as direct hydrocarbon
indicators.

Results: One exciting area of the work in the last two years has been analysis of partial and
patchy saturation of rocks. This work had built on previously funded BES work in anisotropy,
wherein it was determined that the most important variable determining Thomsen’s parameters
in anisotropy analysis is (somewhat surprisingly) the Lame’ elasticity parameter known as
lambda. For rocks containing fluids, we have shown theoretically, and by extensive studies of
published laboratory data, that this is also the parameter that depends most sensitively on the
pore fluid’s physical properties. Thus, plots of seismic velocity (both compressional and shear
are required) emphasizing changes in lambda have the power not only to determine the
magnitude of the liquid saturation present, but also (and this was also a big surprise to all of us)
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to distinguish homogeneous from inhomogeneous (patchy) saturation. One paper on this topic
was published last year in Journal of the Acoustical Society of America and another will appear
in the March-April, 2002, issue of Geophysics. Our most recent work in this area shows that
seismic impedance (density times velocity) data that are typically obtained in seismic reflection
surveys for oil exploration can also be used to accomplish the same results, as can well-log data
when both compressional and shear velocities are measured. This fact has significant
implications for improvements to seismic AVO and bright spot analysis. Gas-saturated zone are
especially easy to detect this way. In collaboration with researchers at the University of
Wisconsin, we had previously developed methods to determine and in some cases drastically
reduce the number of elastic coefficients required to describe the behavior of a double-porosity
system in the presence of changing pore pressure for applications to reservoir pumpdown. An
extension of this work in collaboratoin with Steven Pride (from France, on sabbatical at Stanford
last year) has been accepted for publication by the Journal of Geophysical Research.. Other
related work was published previously in International Journal of Rock Mechanics describing
methods to study elastic wave propagation through such media. The resulting equations permit
the parameters determining wave speed and attenuation to be decoupled, thus opening up the
possiblity of theoretical explanations for data that could not be explained before by Biot’s
simpler theory. Extensions of this work continue through studies of methods to estimate
coefficients in these equations that can be computed from a knowledge of the constituents and
their physical properties. Work with Pride is almost completed at this writing and will be
submitted to the Journal of the Acoustical Society of America this Spring. New uses of the
differential effective medium theory have been made this year, again in collaboration with Pride
and Wang, to understand how the presence of pore fluids affects the shear modulus during higher
frequency wave propagation experiments. Some related work with Wang was published in
Physical Review E last summer. Especially with respect to the double-porosity studies, a
number of surprising results have been obtained, including some new exact results for
multicomponent poroelastic systems that had not been previously anticipated.

Geophysical monitoring of carbon dioxide sequestration using electrical resistance
tomography (ERT)

RL. Newmark, (925) 423-3644, fax (925) 422-3925, newmark@lInl.gov; A.L. Ramirez
925-42-6909, fax (925) 422-3925, ramirez3@lInl.gov; W. D. Daily (925) 422-8623, fax
(925) 422-2495, dailyl@lInl.gov

Objectives: the objective of this project is to evaluate the applicability of high resolution
electrical imaging techniques to monitor CO, injection and migration, and to evaluate their
potential for detecting leaks or leak pathways.

Project Description: Numerical simulations and bench-scale modeling are being used to
investigate the range of conditions and configurations under which electrical resistance
tomography (ERT) methods may be used to monitor the geophysical changes resulting from CO;
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injection and migration. The results of these studies will be directed toward the design of a field
survey. The primary activities and goals of the research will be to:

1. Investigate the sensitivity of high-resolution electrical imaging methods to key geophysical
and chemical parameters pertinent to CO, injection scenarios.

2. Determine the operational issues pertinent to process control and performance assessment.

3. Determine the sensitivity of high-resolution electrical imaging methods to different
measurement configurations, reflecting operational field survey design constraints.

4. Design and conduct a field survey to demonstrate the applicability of high-resolution
electrical imaging methods to monitor CO; injection and migration, and to evaluate their
potential for detecting leaks or leak pathways.

Results: This year’s effort focused on benchmarking the numerical simulations with
experiments conducted with physical models. We used laboratory physical scale models to
control experimental conditions including the electrical conductivity of the background
formation, the position and size of target anomalies, the electrical contrasts between target and
background and the electrode configuration, including the use of vertical well casings as long
electrodes. The physical model provides data with realistic data errors, which are not present in
computer simulation data (even when synthetic but unrealistic errors are included in the
analysis). The strategy is to compare the known physical models with the reconstructed images
and from this comparison evaluate the strengths and weaknesses of ERT under different
conditions. These measurements form a link between numerical simulations and field surveys.

Using either point electrode arrays or long electrodes, both conductive and resistive targets can
be imaged using ERT. Targets with high electrical contrast with the background have the
poorest match, especially highly conductive anomalies. Anomalies are typically of larger size
and lower contrast than the actual targets. Images of targets with lower electrical contrast show
better spatial reconstruction. This result is consistent with the properties of the reconstruction
algorithm, which searches for the numerical model of smoothly varying electrical conductivity.
By comparing experimental and numerical results of point and long electrode surveys, we have
identified previously undiscovered factors effecting ERT image fidelity. These include
sensitivities to the symmetry of the measurement schedule, automated weighting of individual
data, and the possible effect of induced polarization for certain materials used in the physical
models. These results increase our confidence in our ability to predict ERT performance under
realistic field conditions. We are applying this understanding to the design of field surveys.
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Application of Geophysical Tomographic Imagery to the Development of Subsurface Flow
and Transport Models

C.R. Carrigan, (925) 422-3941, fax (925) 423-1997, carrigan1@IInl.gov; Jon Newell
RPI, (518) 276-6433, newelj@r pi.edu

Objective: To address two fundamental subsurface flow imaging problems during the tenure of
this research. One problem has to do with exploring the important capability to soft condition a
numerical model of subsurface flow and transport using electric resistance and impedance
tomography (ERT and EIT) observations of a groundwater infiltration event. The anticipated
result is the ability to develop a 3-D realization of infiltration exhibiting a behavior that is in
good agreement with parameters measured during a field experiment. The other problem has to
do with improving our understanding of how EIT and particularly the electrical phase component
of imaging can help elucidate subsurface flow processes.

Project Description: This proposed research has the goal of utilizing subsurface electrical
imaging not just as a means to characterize the soil structure by mapping different soil types at a
site but also as a way of obtaining quantitative information about how a site will respond
hydrologically to an infiltration event. To do this, we will utilize new data and model integration
methodologies in conjunction with benchscale experiments to validate the integration methods.
We will also investigate what can be learned about porous flow and transport using two
important electrical imaging methods -- electric resistance tomography (ERT) and electric
impedance tomography (EIT). The proposed work combines laboratory imaging experiments,
computer simulations and a highly instrumented field site, called the Vadose Zone Observatory
(VZO) that are all virtually developed. To carry out the bench scale laboratory experiments, we
will collaborate with research faculty and students at Rensselaer Polytechnic Institute (RPI), a
member institution of the NSF Center for Subsurface Sensing and Imaging Systems (CenSSIS).
The investigators at LLNL will carry out all computer intensive modeling and data integration
activities required for conditioning infiltration simulations involving the synthesized, bench scale
experimental and field-site environments to be considered and the VZO will provide imaging
data sets for producing a testable hydrologic characterization of a well-characterized field
environment in the later part of this three-year project.

Results: The project was initiated only at the end of calendar year 2001 and the RPI collaborators
(Professor Jon Newell and students) only received their first year's funding in 2002. The first
year's proposed work is in progress and on schedule. At LLNL this includes considering the soft
conditioning of model realizations of heterogeneous porous media using ERT data from the
VZO. At RPI, Professor Newell and student have designed and are constructing a laboratory
bench scale infiltration experiment that will be monitored using both ERT and EIT imaging
techniques that were developed for biomedical imaging.
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CATEGORY: Geochemistry

PERSON IN CHARGE: F. J. Ryerson

Reactive Transport of CO»-Rich Fluids and Precipitation and Dissolution in Rock
Fractures

W. B. Durham, (925) 422-7046, fax (925) 423-1057, durhaml1@linl.gov; W. L. Bourcier;
E. A. Burton

Objective: The objective of this research is to measure local rates of dissolution and
precipitation on the walls of individual fractures and the presence of CO»-rich fluids and
correlate differences in reaction rates to changes local fracture aperture. Much use will be made
of high-resolution physical topography measurement and numerical simulation of reactive flow.

Project Description: The project entails refurbishing a hot-reactive-flow pressure vessel used in
earlier years in this laboratory and applying it to the reactive flow problem. We will build on past
successes using a similar experimental strategy, with the main difference being the high
concentration of CO; in the reactive fluid, a condition that requires the use of elevated
temperature and pressure. The experiments and simulations will be done on rock samples
containing a single laboratory-made or natural fracture. Detailed imaging of the fracture aperture
before and after alteration will be coordinated with measurements of fracture deformation,
permeability, dispersivity, and effluent composition, all as functions of pressure, temperature,
temperature gradient, time, rock composition, fluid velocity, and fluid composition. For the most
part we will work with simple but relevant systems in order to maximize our understanding and
impact: samples will be monomineralic rocks with low porosity and low bulk permeability (such
as quartzites and marbles), under fully saturated, single-phase flow conditions. We will attempt
measurements in undersaturated, dual-porosity, and more chemically complex settings as success
dictates.

Results: Flow simulations were redone in a fundamentally different manner, and now show flow
patterns with more precision. The new simulations have the additional advantage that transport
of dissolved minerals and surface reaction can be included, and that work is in progress. Along
with reactive flow experiments being carried out on Carrara marble, additional experiments are
underway in analog KDP (potassium di-hydrogen phosphate) fractures. This material not only
reacts at convenient rates in the laboratory, but it is sufficiently transparent that imaging of the
fracture is possible during the fluid flow experiment. This allows direct measurement of fracture
apertures during reactive flow experiments using light transmission techniques.
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Determining the physical controls on biomineralization

Jim De Yoreo, (925) 423-4240, fax (925) 422-6892, deyoreol@lInl.gov ; Patricia Dove
(540) 231-2444, fax (540) 231-3386, dove@vt.edu

Objectives: The objective of this project is to test the hypothesis that the precise control over
crystallization exerted by living organisms during biomineralization is due to modifications of
kinetic and energetic parameters caused by site-specific interactions between functional groups
on proteins and peptides and crystal surfaces.

Project description: In order to obtain a microscopic understanding of the reaction mechanisms
and physical controls on calcite and brushite formation, we are using atomic force microscopy
(AFM) to investigate the effect of growth modifiers on nucleation, step dynamics, and surface
morphology. These modifiers include Mg and Sr, amino acids, and peptides. By measuring the
dependence of critical step length on supersaturation, we are determining the step edge free
energy, which controls the equilibrium surface morphology. From the dependence of step speed
on concentration we are extracting the equilibrium solubility and the kinetic coefficient for step
motion. The latter provides a measure of the activation barrier to step motion. The changes in
these parameters caused by the additives provide an understanding of the mechanism by which
they alter growth. Finally, we are using patterned surfaces of self-assembled monolayers to
investigate the controls of surface chemistry on nucleation.

Results: The addition of Mg impedes step propagation speed at the intersection of the two step
types on calcite. This effect can be explained by taking into account the strain caused by
differential incorporation of Mg, which creates a strain near the intersection that is large enough
to produce a measurable decrease in effective supersaturation. Unlike Mg®", Sr*", which is a
larger ion, acts to pin steps, creating a dead zone at low supersaturation where no growth occurs.

Because brushite exhibits extreme anisotropy in bonding, step speed, and step roughness,
analysis of the step edge and terrace width fluctuations provides us with information about
molecular controls on step dynamics. For example, from the temporal correlations of the step
fluctuations, we have found that molecular motion along the steps occurs by detachment from
the step, followed by diffusion and reattachment rather than by diffusion along the step.

Finally, using a micro-printing method to produce patterns of self-assembled monolayers
(SAMs), we investigated the nucleation of calcite crystals on the COOH terminated alkane
thiols. All crystals nucleated on the COOH regions at the (001) face of calcite. Furthermore,
under certain conditions about half of the sites supported the nucleation of aragonite rather than
calcite.
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Mineral Dissolution and Precipitation Kinetics: A Combined Atomic-Scale and Macro-
Scale I nvestigation

Kevin G. Knauss, (925) 422-1372, fax (925) 422-0208, knauss@lInl.gov; Carrick M.
Eggleston (307) 766-6769, fax (307) 766-6679, carrick @uwyo.edu; Steven R. Higgins
(307) 766-3318, fax (307) 766-6679, shiggins@uwyo.edu

Objectives: The primary objective for this research program is to develop an appropriate
mechanistic understanding of carbonate mineral dissolution and growth through extensive
experimentation at both microscopic and macroscopic length-scales.

Project Description: This project utilizes a combined atomic-scale and macro-scale study of
mineral/fluid interaction that is designed to improve our understanding of, and ability to predict
the course of, mineral dissolution and precipitation processes specifically affecting coupled
silicate mineral dissolution and carbonate mineral growth expected as part of a CO, sequestration
strategy of injection into deep aquifers. Our atomic-scale studies utilize a Hydrothermal Atomic
Force Microscope (HAFM) for molecular-level experiments on the kinetics of nucleation, step
motion and other phenomena on mineral surfaces under conditions relevant to CO»-
sequestration. The same conditions used in HAFM experiments will also be investigated with
macroscopic hydrothermal reactors (for stoichiometric rate data) and geochemical reactive
transport codes. This approach will allow us to address many still-open questions concerning the
exact forms for rate laws near and far from equilibrium, the microscopic interpretation of these
rate laws, the activation energies and formation energies for key microscopic surface structures
(e.g., steps, kinks), and the impact of specific aquifer solute catalysts and inhibitors on the
dissolution and growth processes.

Results: During work on an enhanced HAFM, the importance of understanding solution
composition at the HAFM imaging location on the mineral surface has come into stark focus.
Much of the mineral dissolution and growth literature in the field of geochemistry tends to
discount the importance of transport control on kinetics, but we have found that this cannot
always be assumed. Here we will summarize our major findings utilizing the HAFM in
experiments on carbonate dissolution under well-defined hydrodynamics.

We have studied the dissolution of magnesite and calcite (104) surfaces under a wide variety of
conditions. Our main conclusions in the magnesite studies are that step density, rather than step
velocity, is a strong function of pH near the surface and that the step orientation is sensitive to
pH. In these studies, we definitively demonstrate that mass transport is only important at very
low fluid velocities for magnesite, but that studies of calcite dissolution are generally in the
mixed transport-kinetics controlled regime (even at high fluid velocities) where quantitative
information can only be obtained by accounting for the transport components. We also have
found that alkaline earth carbonate secondary precipitate formation on calcite surfaces
significantly alters the net flux of Ca*" and may passivate the CaCOs surface from further
reaction.
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Clockwise from upper left (1) Dissolution rate of calcite versus fluid flow rate in the HAFM at 40
°C with an inlet pH = 7. The solid line is a theoretical model fit with one experimental parameter.
(2) Two-dimensional concentration map (1.0 mm x 0.4 mm) in the HAFM fluid cell calculated for
magnesite dissolution with a flow rate of 1.4 x 10° cm’ s at pH = -log[H'] = 4.2 at 60 °C. The
AFM tip scans the solid surface near the lower right corner of this map. Contours indicate the ratio
of the spatially varying proton concentration to the inlet proton concentration, [H+]X,y/[H+]mlet. 3)
HAFM images of magnesite during dissolution at 60 °C with inlet pH = (a) 5.0 (image size: 6.7 um
x 6.7 um), (b) 4.2 (image size: 2.0 pm x 2.0 um), (c) 3.2 (image size: 7.0 pm x 7.0 um), (d) 2.0
(image size: 6.6 um x 6.6 um). Arrows indicate absolute sample orientation, showing rotational
relationship among images. (4) Surface reaction limiting dissolution rate of magnesite as a function
of pH at 60 °C. The dashed line is a theoretical fit to a model based on proton adsorption as a pre-
equilibrium step.
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In-Situ CO,-sequestration: Measurement of Coupled Silicate Dissolution and Carbonate
Precipitation

Susan A. Carrall, (510) 423-5694, carroll6@lInl.gov; Kevin G. Knauss knauss1@IlInl.gov

Objectives: The objective of this research is to measure dissolution and precipitation rates
important to the mineralization of dissolved carbon at conditions relevant to CO, sequestration.
Determination of mineral dissolution and precipitation kinetics is fundamental to the successful
disposal of greenhouse CO»-rich gases in aquifers, because reservoir storage capacity is directly
related to the conversion rates of CO, to carbonate minerals. The reaction of CO, and water with
unstable silicate minerals to produce more stable silicates (e.g. clays) and solid carbonates is the
natural weathering process which is a dominant part of the long-term global geochemical cycling
process. Our kinetic research will feed directly into promising reaction-transport codes that will
evaluate aquifer storage of dissolved CO; and mineral carbonates, and resulting changes in
porosity and permeability.

Project Description: Our approach is to conduct single and multi-mineral dissolution and
precipitation experiments and reaction transport experiments in Ca-Al-Si-CO, and CaCOs3
systems as a function of pCO,, pH and temperature. Supercritical CO, experiments simulate the
reactive front of CO, plume and aquifer water and are designed to measure the available source
of calcium for storage of CO, as carbonates and the source of aluminum and silica for the
precipitation of secondary minerals that will effect aquifer porosity and permeability.

Results: We focussed our work in FY2001 on feldspar dissolution experiments as a function of
temperature and dissolved aluminum concentrations needed to numerically describe the rate
dependence on pH, dissolved Al, and temperature.

In our experiments we took advantage of retrograde solubility of aluminum hydroxides, such as
gibbsite, at acid pH to study the effect of dissolved aluminum on feldspar dissolution. Our
results show that dissolved aluminum inhibits labradorite dissolution until a secondary phase
(gibbsite) precipitates from solution. This suggests that feldspar dissolution will be higher in
waters saturated with secondary phases than in undersaturated waters. This is important because
a large portion of the affected aquifer will have a temperature and/or pH, which promotes
precipitation of secondary phases.

We calculate the activation energy from the temperature dependence of labradorite dissolution
rates normalized to the silicon release at a constant flow rate (0.9 ml min™), because higher
release rates of Na, Ca, and Al relative to silica were observed at 30 and 60°C. It is important
that the temperature dependence be in terms of a constant flow rate at this point in our study,
because labradorite dissolution appears is affected by aqueous aluminum, which changes as a
function of flow rate. We calculate E, = 9.53 (kcal mol™). This value is slightly lower than E,
ranging from 11.5 to 15.9 (kcal mol™) reported from other labradorite studies in acid solutions
(pH 1-4, T 5-70°C)
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In FY2002 we are once again taking advantage of the retrograde aluminum solubility to
experimentally study coupled feldspar dissolution and gibbsite precipitation.

Testing Deep Saline Aquifersfor Long-term CO, Leakage Using I n-Situ Noble Gases

G.J. Nimgz, (925) 423-2766, fax (925) 422-0208, nimz1@lInl.gov; G.B. Hudson, LLNL
(925) 423-2947, hudson5@IInl.gov

Objectives: The intent of this project is to develop techniques based on noble gas isotopes for
the purpose of testing deep saline aquifers for long-term leakage of gases. Such aquifers have
been suggested as repositories for industry-derived CO,; effectively sequestering this
“greenhouse” gas rather than releasing it to the atmosphere. Some noble gas nuclides, notably
*He, *'Ne, *Ar, and **'**Xe, are produced in-situ in aquifers continuously over geologic time,
and accumulate in measurable excess abundances. If CO, is capable of leaking as a gas either
continuously or episodically, these noble gas nuclides would likely also be affected, and their full
accumulation would not be observed.

Project Description: There are two primary methods by which the nuclides of interest to this
project are produced in the subsurface, neutron nuclear reactions (*'Ne, *’Ar) and natural
spontaneous fission of 2*U (**!*%Xe). As a measure of the expected subsurface production of
these gaseous species, two non-gaseous nuclides which are also produced by these two methods
can also be measured (*°Cl produced by neutron reactions, '*’I produced by fission). In addition,
a positive correlation might also be expected between *He, produced during the radioactive
decay of **U and the fission-produced nuclides, providing another measure of expected
subsurface production. The approach taken in this project is to measure the relative abundances
of these nuclides in geologic materials and deep saline fluids to investigate the possible
usefulness of the gaseous nuclides in testing deep aquifers for leakage.

Results: We have investigated our basic assumptions through the combined analysis of **Cl and
121 in a variety of aquifer lithologies. Carbonate aquifers provide a very low U-Th environment,
providing an endmember case. We analyzed a suite of Gulf Coast carbonate brines for *°CI/C1
which had previously been analyzed for '*I/I (Moran et al, 1995). The suite produced **Cl/Cl =
5.2E-15 +2.1E-15. Assuming the aquifer Th/U ratio to be ~2, common for carbonates, the
3®C1/Cl ratio implies [U] = 1.35 and [Th] = 2.70. This U concentration would produce a
calculated 'I/1 ratio of 30E-14, assuming a spontaneous fission half-life of ~7E+15a and a
fission yield of 0.04%, both within the range of published values. This calculated '*’I/I ratio
compares well with the measured values of 27E-14 + 6E-14, suggesting that the *°CI/C1 and '*I/1
ratios are accurately reflecting aquifer [U] and [Th]. Another endmember test was provided by
saline waters from a young andesitic volcanic complex associated with geothermal activity. The
mean age of the complex is several million years, old enough for **Cl to exhibit andesitic in-situ
values, but sufficiently young that '*’I would still exhibit depleted mantle values. Average
3%C1/Cl = 6.5E-15, implying [U] = 1, too high for depleted mantle. Average '*’I/I = 5.7E-13,
suitable for mantle [U]/[I] = 2, at any [U]. This demonstrates a situation in which both *°Cl and
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121 reflect isotopic equilibrium with aquifer rock, but only *°Cl is able to reflect aquifer [U].

Other tests demonstrate the importance of considering interactions between deep saline waters
and shallower meteoric waters. This is an important screening criterion for CO, sequestration,
since such interaction must be avoided. A deep saline arkosic sandstone and mafic igneous
aquifer complex in central Nevada produced uniform **Cl/CI ratios of 50E-15 + 5E-15. This
implies [U] = 7, far too high based on published [U] for similar outcrop rocks in the region.
Analysis of shallower regional waters suggests the measured *°Cl/ClI represents mixing of
meteoric and saline waters. Similarly, a non-carbonate saline aquifer system in central lowa
produced a range of **Cl/Cl = 5E-15 to 450E-15. In an attempt to understand these values from
the perspective of recharge age, “He was measured and helium ages were calculated. The
correlation again implies meteoric mixing. For those samples with very old ages and low *°CI/Cl,
121/ values are being obtained. Low flux rates require '*’I/I sensitivity in the low 10" range.
This in near the common background for '*°I by accelerator mass spectrometry (~10™"%), and
required a stabilization of our analytical abilities for '*’I. This was accomplished this year by an
enhanced beamline and adjustments to an ESA analyzer. Repeatable backgrounds of ~107* are
now available for use in this project.

Collaborative Resear ch: Studiesfor Surface Exposure Dating in Geomor phology

R. C. Finkel, (925) 422-2044, fax (925) 422-1002, finkel L@IInl.gov; M. W. Caffee, K.
Nishiizumi (510) 643-9361, fax (510) 643-1433, kuni @ssl.berkeley.edu, Lawrence
Berkeley National Laboratory; W. E. Dietrich (510) 642-2633,

bill @seismo.berkeley.edu; R. C. Reedy, Los Alamos National Laboratory

Objective: An experimental and theoretical program to fully develop the systematics of in situ
produced cosmogenic nuclides in terrestrial surface samples and to apply their measurement to
the dating of surface features and processes.

Project Description: Surface exposure dating utilizing cosmogenic nuclides is now
acknowledged as a successful means with which to date many terrestrial surfaces. It is also
recognized that there are many new applications for these techniques. Although the method rests
on a firm physical and geochemical foundation, some of the parameters required for interpreting
results are only poorly known. This project includes determination of precise production rates
and production depth profiles, studies of altitude and latitude effects, intercalibration with other
methods, and isolation of in Situ produced nuclides from lithologies other than quartz. The effort
will focus on chemical isolation of cosmogenic nuclides of geologic and artificially exposed
samples, on implementation of surface exposure dating methods using new radionuclides such as
in situ "*C and pure spallation **Cl, measurements of proton and neutron cross sections and
improvement of theoretical production rate calculations.
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Results: We continue to work on development of a reliable method for determine in Situ
produced '*C in geologic samples, especially quartz, by a step-wise heating technique to separate
in situ produced '*C from meteoric '*C. The extraction line consists of three sub-systems: carrier
and flow gas measurement and aliquotting, sample heating, and CO; purification. We have
replaced the old 4:1 N,-O,-CO; carrier gas mixture with a new carrier gas mixture that consists
of He-O,-CO-CO,. The total background in blank quartz that was collected from deep in the
Homestake mine in South Dakota, is about 2-5 x 10> atoms/g of '*C. We also measured '*C in
quartz samples collected at the Transantarctic Mountains in Antarctica. These are demonstrably
saturated in '*C activity, based on '’Be and *°Al concentrations. Our duplicate results indicate
that we are recovering more than 95 % of the expected in situ produced '*C in the quartz.

Although quartz is the best mineral for studies of cosmogenic nuclide surface exposure dating,
quartz is rare in many geological settings. We are working on extending the range of geologic
applications by developing a method for using olivine. We are developing a method for
separating in situ produced '°Be from meteoric '°Be using stepwise leaching methods. In order
to test our methods, we have measured '°Be in recently erupted volcanic olivine from Hawaii
(Kilauea) and Iceland, where we don’t expect to find '°Be from subduction. Surprisingly, olivine
from both volcanoes contains an appreciable amount of '’Be. This finding suggests that
unexpected reaction between basaltic magma and hydrothermally altered oceanic crust may
occur.

Experimental Investigation into the Role of Water During the Thermal Maturation of
Sedimentary Organic M atter

Roald N. Leif, (925) 422-246 , fax (925) 422-020, leifl@IInl.gov; Robert S Maxwell
(925) 423-499, maxwell7@lInl.gov

Objective: The primary objective for this research program is to identify the significant
aqueous-organic chemical reactions important to understanding the role of water in petroleum
formation.

Project Description: The generation of oil by the geological maturation of sedimentary organic
matter is primarily a thermal process involving a complex mix of free-radical hydrocarbon
cracking reactions. The presence of water has been shown to participate in the process of oil
formation. The degree to which water is involved and the precise mechanisms by which this
interaction occurs are still uncertain. This research project is focused on the following:
(1)identifying the reaction pathways between water and organic matter, (2) evaluating the
potential of water to act as a net source of hydrogen during the thermal maturation of
sedimentary organic matter, and (3) determining the effects of solution composition, organic
matter type and mineral components.

The experiments are performed in Dickson-type flexible gold bag rocking autoclaves. Both
NMR and GC-MS analyses are used to obtain information about the bulk properties of the
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mixtures and detailed information of individual components in the reacted solutions. This work
is aided by the use of isotopic labeling to provide insight to help establish reaction mechanisms
under varied experimental conditions.

Results: Recent experiments have shown how hydrogen from water is incorporated into
saturated alkanes via alkene isomerization of transient olefins, one of the primary products
resulting from free-radical B-scission reactions. Hydration of double bonds occurs readily,
although this is a thermodynamically unfavored reaction. As expected, the steady-state
concentration of these hydroxylated species (e.g. alcohols) is very low but they can react further
by acting as reducing agents, donating hydrogen to result in the formation of ketones. This
oxidative pathway can continue to produce organic acids and ultimately carbon dioxide. This is
one of the reaction pathways that produces the elevated levels of carbon dioxide in hydrous
pyrolysis experiments. We are currently learning more about the reductive branch of the
hydrolytic disproportionation of alkanes, specifically the ultimate fate of hydrogen during this
process. The production of hydrogen gas under these conditions is essentially a dead-end by-
product, an unreactive reservoir of the hydrogen, but some of the reducing potential goes back
into the hydrocarbon pool by a reaction pathway opened up through the presence of water. The
presence of water appears to inhibit the formation of the high molecular weight polycondensed
aromatic hydrocarbons. There is a strong driving force to form aromatic hydrocarbons, but
hydrogen, donated from the alcohols, can react with "coke-precursor" molecules, thereby
interfering with the oxidative, coke-forming pathway to result in the observed decrease in high
molecular weight polycyclic aromatic hydrocarbons, shifting the distribution towards more
alkylated polycyclic aromatic hydrocarbons. In essence, water decreases the "reaction severity"
as compared to parallel experiments with no water present.

| sotope Fractionation by Diffusion in Liquids

lan D. Hutcheon, (925) 422-4481, fax (925) 422-3160, hutcheon1@lInl.gov; Ross W.
Williams (925) 423-8769, fax (925) 422-3160, williamsl41@lInl.gov; Frank M. Richter
(773) 702-8118, fax (773) 915-9505, richter @geosci.uchicago.edu; John N. Christensen
(510) 486-6735, fax (510) 486-5496, jnchristensen@Ibl.gov

Objectives:. The overall objective of this research effort is to document and quantify kinetic
isotope fractionations during chemical diffusion in liquids ranging from silicate melts to water.

Project Description: The Lawrence Livermore National Laboratory part of this project involves
measuring isotope fractionation of dissolved species by diffusion in water. The design of the
diffusion experiment is shown in part (a) of the Figure below. A small spherical chamber filled
with a salt solution (e.g., 1 N MgCl,) is connected to a much larger water filled reservoir by a
small cylindrical tube with an inner diameter of about 1 mm. The time over which the
concentration evolves is long compared to how long it takes for diffusion to maintain a uniform
concentration in the small chamber and because of the large volume ratio, the concentration of
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salt in the larger reservoir is negligible. Under these conditions, the concentration in the small
chamber will decay exponentially with a decay rate proportional to the diffusivity of the
dissolved salt in water. If species of different isotopic composition have slightly different
diffusivity, the system will be a Rayleigh fractionator and the residue of salt in the small
chamber will become progressively enriched in the more slowly diffusing species, presumably
those containing the heavier isotopes. The isotopic enrichment of a fraction F is given by C,/C,=
F'"* with o= D,/D,, where D; and D, are the diffusivities of species C; and C,.

Results: We have measured the fractionation of Mg isotopes during the diffusion of MgCl, in
water in experiments ranging from one day to four months. The Mg concentration was measured
by atomic absorption and confirmed the exponential decay due to diffusion of the Mg
concentration in the small chamber. The Mg isotope composition was measured using a multi-
collector ICP-MS (a Micromass IsoProbe). The ion beams of *Mg, Mg and **Mg were
measured simultaneously on Faraday cup detectors and corrected for instrumental mass-
dependent fractionation, i.e., mass bias, using empirical factors derived from standard analyses.

Figure b shows that there was no detectable fractionation of Mg isotopes even when more than
95% of the initial Mg in the small chamber had diffused away. Even if we were to assume a
precision of no better than +1%o, the fractionation factor o, for Mg®" in water must such that ou <
0.00025 (compared to o1 = 0.008 that we have measured for Ca”" in silicate melts). The most
obvious explanation for this surprising lack of measurable isotopic fractionation of Mg during
diffusion in water is that Mg*" diffuses along with a large hydration sphere, sufficiently large to
dilute the effect of the mass of the isotopes of Mg in terms of their effect on the mobility of
diffusing unit. The problem with this explanation is that the hydration sphere needs to be of the
order of 100 water molecules. We are in the process of repeating the diffusion/isotope
fractionation experiments with ionic species with lower ionic potential, which we expect will
have smaller amounts of water bound up in their hydration spheres. We plan to measure ClI
isotopes to check whether they may have been fractionated as ClI diffused out of the small
chamber.
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(a) The inset shows the experimental design of the diffusion in water experiments. The graph shows the result of a
calculation for the isotopic fractionation of the Mg remaining in the sphere as a function of the amount of Mg lost to
the larger chamber by diffusion. For the purpose of this calculation it was assumed that Mg isotopes fractionate by
diffusion in water by the same fractionation factor as we measured earlier for Ca isotopes diffusing in a silicate melt
(0=0.1). (b)**Mg/**Mg and *Mg/**Mg (in per mil deviation relative to the initial isotopic ratio) measured in water
taken from the small spherical chamber plotted against the % Mg lost from the chamber by diffusion. The data
show no appreciable fractionation by diffusion in water, in marked contrast to the degree of fractionation that occurs
by diffusion in gases and in silicate melts.
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LOS ALAMOS NATIONAL LABORATORY

University of California
Los Alamos, New Mexico 87545

Contract: W-7405-ENG-36
Person in Charge: D. R. Janecky (505) 665-0253; fax (505) 665-8118; janecky@lanl.gov

Website: http://www-emtd.lanl.gov/bes/Program.html
CATEGORY: Geophysics

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

M. Fehler, (505) 667-1925, fax (505) 667-8487, fehler @seismob5.lanl.gov; Ru-Shan Wu
U.C. Santa Cruz

Objectives: Our objectives are to use wave equation migration to improve the quality of
information that can be obtained from seismic images. We also seek to exploit the natural
advantages of our methods for providing reflection amplitude vs. angle information that can be
used to infer in Situ parameters like rock properties and fluid type and content.

Project Description: We propose enhancements to the high-resolution/ high fidelity multi-
domain seismic imaging techniques that we have developed to date. We also propose to exploit
natural advantages of our methods 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 will
also begin to develop methods for imaging using multi-component data and elastic wavefield
extrapolation.

High Resolution/High Fidelity (HR/HF) seismic imaging is critically important for both energy
resource management (oil/gas exploration/production) and CO, sequestration. As oil/gas
exploration is done in more complicated and difficult geological areas, more sophisticated
imaging methods for complex structures are needed to pinpoint the targets. 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. High Resolution
refers to the improved resolution obtained with wave equation based imaging techniques
compared with ray-based methods. High Fidelity refers to the improved amplitude information
that can be obtained when using wave equation based methods.
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Results: During the past year, we have continued investigations into the Split-Step Pade
migration operator that was originally developed during the first year of the project. We also
initiated an effort to develop velocity models from synthetic data, where the velocity model is
known and images have been obtained using many of our wave-equation based migration
operators as well as from ray-based Kirchhoff migration. Our goal in this work is to determine
how errors in the velocity model used for migration can impact the resulting image. We initially
investigated the impact of velocity model errors by introducing changes in the known velocity
model and migrating using the changed velocity model. However, we believe that we need to
introduce realistic errors and that this is best done using a conventional velocity analysis
approach, which we are now doing. We are also investigating an approach for developing images
for various incident angles onto each layer within the image. This is a first step in developing an
amplitude Vs. angle analysis approach. In the area of wave propagation in heterogeneous media,
we are developing methods to explain the envelope of waveforms using the Markov and
radiative transfer theories. By fitting numerical waveforms using these semi-analytical
approaches, we are gaining insight into the importance of scattering mechanisms on seismic
wave propagation.

TheRole of Carbon and Temperaturein Determining Electrical Conductivity of Basins,
Crust, and Mantle.

T. J. Shankland, (505) 667-4907, fax (505) 667-8487, shankland@lanl.gov; A. G. Duba,
(510) 422-7306, fax (510) 423-1057, alduba@linl.gov; E. A. Mathez, American Museum
of Natural History, (212) 769-5379, fax (212) 769-5339, mathez@amnh.org

Objectives: The intent of this work is to comprehend the electrical conduction mechanisms in
carbon-bearing rocks and in mantle minerals for the purpose of relating electrical conductivity
(o) measured in the field to the nature and origin of carbon in crustal rocks and to temperature in
the mantle.

Project Description: Electrical conductivity depends strongly on temperature T and on the
presence of other phases such carbon, fluids, or ore minerals at the lower temperatures of the
crust and basins. One research approach is to measure ¢ of mantle minerals as functions of

temperature, orientation, oxygen fugacity fO,, and iron content. These data supply the best

models for "electrogeotherms" yet available. Another approach is to document textures of
carbon in crustal rocks from basins and metamorphic zones and relate them to rock conductivity.
The key to high conductivity in rocks is the extent to which the conductors form an
interconnected network. In this case, the nature of the carbon is determined by time-of-flight
mass spectroscopy, and its distribution is determined by electron microbeam techniques in the
same samples used for conductivity measurement.

Results: In order to explore the many-faceted problem of carbon distribution and detection in
rocks and its influence on electrical conductivity, the Pls of this project convened an
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interdisciplinary workshop that included forty petrologists and geophysicists from Europe and
North America. It was held at the American Museum of Natural History in New York City April
18 and 19, 2001.

Although general consensus was reached on the importance of carbon in producing upper crustal
electrical conductivity anomalies, the situation for the lower crust was much less clear. One
problem is simply that some lower crustal features are unseeable because uplift, by whatever
mechanism, modifies microstructure and generally modifies geochemistry, even subtly, in fresh
rocks. Although geophysical methods lack spatial and temporal resolution and laboratory
deformation experiments shakily match in-situ crustal conditions, geophysical researchers were
more confident of carbon as an explanation of conductivity anomalies than were most
petrologists present. For instance, there was no consensus on what constitutes viable mechanisms
for mobilizing and precipitating carbon at pressures and temperatures of the deep crust. Further,
there is the problem that thermodynamic equilibrium may not prevail on microcracks because of
unknown kinetic and shear effects and because the carbon may not be purely graphitic.
However, veins of graphite described from New Hampshire show field evidence for the mobility
and precipitation of copious graphite in veins with or without graphitized wall rocks in
sillimanite-grade schists, and gneisses. The location of the graphite veins appears to be
tectonically controlled, with deposition near the top and possibly much deeper in the lower crust.
Unresolved issues that need further attention include: measurement of electrical properties of
hydrous minerals that may be stable in the crust; how the interconnectivity of carbon can be
dynamically maintained at lower crustal to upper-mantle conditions where equilibrium
conditions would tend to produce isolated graphite crystals; and experimental observations of
mechanisms for destruction of interconnected carbon films during laboratory simulation of near-
surface crustal conditions.

Nonlinear Elasticity in Earth Materials

P. A. Johnson, (505) 667-8936, fax (505) 667-8487, paj@lanl.gov; J. A. TenCate, T. J.
Shankland, E. Smith; R. A. Guyer

Objectives: Research objectives are to investigate the physical manifestations of nonlinear
elasticity in rock, and to characterize nonlinear properties of rocks and other solids that exhibit
similar behavior, such as compressed powdered metals and materials that are damaged. Of
primary importance is determining the origin of nonlinear behavior, relating this quantitatively to
nonlinear response, and developing and applying a holistic model describing the nonlinear
response of rock over broad stress-strain-frequency ranges so that practical applications can
proceed.

Project Description: Increasingly rapid progress is being made in the field of dynamic nonlinear
elasticity of earth materials. Roughly fifteen years ago three groups of scientists (at Los Alamos,
at the Institute of Applied Physics, and the Institute of Physics of the Earth in Russia)
independently initiated this research field. Early and continued OBES support has been
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instrumental in making it possible for this research field to flourish. Today the field of dynamic
nonlinear elasticity of earth materials has recognized importance in the domains of geomaterials,
materials science, and strong ground motion, and there are an ever-increasing number of
researchers working within it.

Rocks display unique elastic behavior. They are extremely nonlinear, being hysteretic,
possessing discrete memory, and having slow dynamics [a long term memory of strain].
Although some of these types of nonlinearities may exist in, for example, powdered metals, it is
rocks where these characteristics were first observed. It is now clear that rocks are part of a
large class of materials, possibly a universality class. This is still speculative, but determining
whether or not we have discovered such a class is part of our ongoing work. The class of
materials includes rock, damaged solids, compressed powdered metals, and we are finding others
as we study more and more materials. Further, nonlinear behavior plays a central role in
developing new methods with which to characterize material properties, for instance,
interrogating the elastic microstructure of rock, determining if a material is damaged, or
monitoring progressive damage. Nonlinear attributes of rock have important consequences on
processes in the earth such as earthquake strong ground motion, reservoir subsidence, seismic
wave propagation and attenuation, stress fatigue damage, hydraulic fracturing, etc. Our work
involves developing a comprehensive theoretical and experimental framework that (1) employs
static and dynamic laboratory investigation of materials to provide a macroscopic and
microscopic description of the elastic state, and (2) provides for turning the microscopic
description into a prescription for material properties that can be used to predict change in stress
state, both static and dynamic.

Results: The features in an earth solid that determine its elasticity are the same features that
control access by fluids, aging, chemical reaction, etc. (flat pores, grain contacts, cracks, etc.).
These features commonly make up 1% or less of
time (seconds) the total volume. Understanding how these
“soft” portions of the material behave is the key
to understanding how the bulk material behaves.
We have discovered a remarkable tool for
probing the elastically soft portion of
e W geomaterials, called slow dynamics.
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Surprisingly, we have discovered that many other materials respond like earth materials in their
slow dynamical behavior, including certain ceramics and metals, at the very least.

Remarkably, this behavior takes place in materials that are wildly diverse in their physical, meso-
geometrical and chemical makeup, e.g., the strain memory of an object composed of a alumina
ceramic is manifest like that of sandstone, limestone, granite and concrete. In contrast, an object
composed of ordinary 5180 (mostly) perlitic steel, for instance, exhibits no memory of dynamic
wave excitation; however, if the pearlite contains even a very small crack, the macroscopic
strain memory of the object, due to the crack, appears like that of the martensite, the rock, etc.
The figure illustrates such findings.

Our group is the first ever to report such findings. Slow dynamics are destined to be a sensitive
probe of the micromechanics of material systems, and may be the primary manifestation of a
new universality class. The use of slow dynamics as a probe of nanoscale material properties
may well become a new domain of research.

This work is leading quickly to applications in damage diagnostics and nondestructive testing of
materials. At least two companies have begun manufacturing devices for this purpose.

Nonlinear Dynamics of Fluid Flow and Contaminant Transport in the Earth’s Crust from
the Micro- to the Macro-scale

B. J. Travis, (505) 667-1254, fax (505) 665-3687, bjt@vega.lanl.gov; D. Yuen U. of
Minnesota, 612-624-1868, fax 612-624-8861, davey@krissy.msi.umn.edu]

Website: www.eess.lanl.gov/model /index.htm

Objectives: The objective is to develop numerical simulations of complex fluid dynamical
phenomena in the Earth’s crust by both continuum and discrete-particle methods, with particular
emphasis on coupling processes occurring on different spatial and temporal scales.

Project Description: This is a collaborative effort with Prof. David Yuen of the University of
Minnesota, Geophysics Dept, to develop and apply computational models to capture interaction
of complex fluid flow processes in the earth’s crust over a range of scales. Prof. Yuen’s focus is
on multi-scale dissipative particle methods. The LANL part focuses on multi-scale continuum
methods, in particular, use of fractal functions in a predictive mode, i.e., as solutions of
governing partial differential equations in which coefficients of the equations are fractal
functions. Important transport properties of geologic media, such as permeability, are known to
be approximately fractal over a wide range of length scales, from cm to km. Fractals have seen
much application in a descriptive mode; but ours is the first successful use of them in a
predictive mode for subsurface flow and transport problems. After development of the particle
and continuum methods separately, our goal is to merge them into a single hybrid algorithm
capable of capturing a greater range of scales than either can alone, and apply these new
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algorithms to multi-scale transport problems of national interest, such as transport of microbial
pathogens through soil and rock and contamination of water supplies.

Results: The main goal of the first three years has been achieved, ie, development of particle-
based and continuum-based algorithms for multi-scale/up-scale analysis of complex fluid flows.
Specific milestones in FYO1 included:

Fractal interpolating functions (fif) have been applied to1-D flow and transport equations
(Travis, 2002) as a proof of principle, providing solutions that capture dynamics at all scales.

Fif representations have been integrated to provide sub-gridscale homogenizations that can be
used in traditional finite difference or finite element solutions of porous flow and transport.

We have demonstrated the capability to solve inverse problems for a large-scale simulation of 3-
D flow in the Earth’s crust (Bunge, Hagelberg & Travis, 2002). Inverse methodology allows us
to answer questions such as, given the present-time observations of a fluid flow, what was the
state of that fluid system at an earlier time?

A framework for simulating complex fluid and heat flow in the Earth’s crust has been
implemented (Dutrow, Travis, Gable & Henry, 2001).

The fif methodology is being extended to 2-D and 3-D geometries and is being implemented in
existing finite difference porous flow and transport computer codes. Coupling a DPD particle
algorithm, which is very effective at representing dynamics at nanometer to mm scales (e.g.,
capturing dynamics between pathogen cell membrane and soil pore structure and water and
mineral content) with our continuum multi-scale FIF algorithm (cm-to-km scale) will allow us to
quantitfy scale interactions and make predictions about transport from the nano-scale to the km
scale, providing a single model coupled across an enormous scale range.

CATEGORY Geochemistry
Improved Sensitivity Uranium Series Studies

M.T. Murréll, (505) 667-4299, fax (505) 665-4955, mmurrell@lanl.gov; SJ. Goldstein
(505) 665-4793

Objectives: The goal of this project is to provide unique information on the behavior of U-series
members in the environment using improved capabilities for Quaternary dating.

Project Description: Uranium-series disequilibria techniques are well-established and valuable
tools for geochronology and geochemistry. Such measurements have typically been made by
decay counting; however, there are considerable advantages in using mass spectrometric
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techniques. The general goal of the current project is to apply mass spectrometric methods to
answer basic questions in Quaternary dating and geochemistry. Emphasis is placed on a multi-
element concordia approach and improving sensitivity for these elements. This work provides
information on the recent evolution of magmatic systems and also has application to natural
hazard risk assessment, paleoclimate studies, and the carbon cycle. In this way, our research
contributes to an improved understanding of fundamental Earth processes that can be used as a
foundation for efficient, effective, and environmentally sound use of energy resources, and to
provide an improved scientific basis for advanced energy and environmental technologies.

Results: Over the last year, we have reoccupied our clean laboratory and mass spectrometry
facility (RC45), damaged in the Cerro Grande Fire and subsequently refurbished, and completed
an extensive (>50) set of actinide blanks on our operations and laboratories before resuming this
research.

After 5 months of installation and detailed testing, our new multi-collector ICP mass
spectrometer has been accepted by us. The Isoprobe consists of a total of 17 collectors including
8 channels of simultaneous ion-counting. It met all of our testing specifications - beating most of
them by a factor of two. The first project on this instrument will be the measurement of low
level thorium isotopics in natural waters. This new instrumentation will greatly improve our
sensitivity for the long-lived U-series members.

We have measured U concentrations and >**U/***U ratios for a set of dusty ice samples from the
base of the GISP-2 Greenland ice core, at a depth of approximately 3 km. The goal of this work
was to further test the Fireman recoil-based model for producing uranium-series disequilibria in
dusty ice on samples known to be > 150,000 years in age. We separated the samples into several
fractions by filtration and analyzed the < 0.05 um or “dissolved” fraction first. This fraction had
exceedingly high U concentrations (2-5 ppb U), which correlate with dust concentrations (>0.20
um) for these samples. These U concentrations are a factor of 1000 higher than measured for the
“dissolved” ice at Allan Hills. We hypothesize that the high U concentrations, their correlation
with dust concentration, and Z**U/*"U activity ratios below 1 are most consistent with
incorporation of very fine (<0.05 um) dust particles in the “dissolved” fraction of these samples.
Consequently, this study points out that certain samples may not be applicable for this method
(they may not be suitable in dust characteristics: size, origin, or amount). For extremely dusty
samples such as these, more stringent separation of dust, perhaps by ultrafiltration, may also be
necessary to separate the dissolved and particulate components.

In addition to the above activities, we have a number of other ongoing studies that include: 1) the
residence time of Hawaiian magmas at different stages of volcano evolution and in different
settings in the same volcano; 2) the spatial and temporal evolution of travertines in Nevada; 3)
temporal and spatial evolution of MORB at the Northern Gorda Ridge, the Axial Valley of the
Mid-Atlantic Ridge, and the EPR, and 4) ventilation ages for deep-ocean water, both presently
and during the past glacial maximum using U-series dates for deep-sea corals.
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Sur face Exposure Dating in Geomor phology

Robert Reedy, (505) 667-5446; fax (505) 665-4414, rreedy@lanl.gov; K. Nishiizumi
Univ. Calif., Berkeley, 510-643-9361, kuni @ssl.berkeley.edu; W. E. Dietrich UCB; R. C.
Finkel LLNL

Objectives: The production systematics of nuclides made in Situ in terrestrial surface samples
by cosmic rays and the use of these cosmogenic nuclides to date and characterize young (<1 Ma)
surfaces are studied.

Project Description: Geological samples start accumulating cosmogenic stable and radioactive
nuclides such as 0.7-Ma Al-26 once they are formed very near the Earth’s surface or brought to
the surface from depths of many meters. These nuclides are often the only way to characterize
the recent surface record of such samples, such as dating when they were exposed on the Earth's
surface or inferring erosion rates. Studies include dating major glacial, fluvial, and earthquake
events. To interpret the measurements of the concentrations of these nuclides in surface samples
requires good rates for their production. This project uses measurements of cosmogenic nuclides
in well-characterized samples plus numerical simulations using computer codes developed at
LANL and cross sections for the relevant nuclear reactions to get better production systematics
for many in-situ-produced cosmogenic nuclides as a function of target composition, elevation,
and geomagnetic latitude.

Results: Cross sections for the production of these nuclides continue to be compiled and
evaluated. Many neutron-induced cross sections are different from the proton-induced ones
often assumed to apply for neutrons. Status reports on such cross sections have been presented
at several international conferences. Work continues to be done on measuring more needed
neutron cross sections at the Los Alamos Neutron Scattering Center and other sources of
energetic neutrons.

We have gotten the latest version of the code MCNPX developed at LANL and are testing it for
our specific application. Initial tests have been good. The code is being modified for our
specific application.

Collaborations have been maintained with groups exposing artificial samples on the Earth's
surface and with others measuring cosmogenic nuclides in natural samples. I am helping Dr. lan
Graham of the Institute of Geological and Nuclear Science of New Zealand on interpreting his
recent measurements for a range of geomagnetic latitudes and elevations in the Southern
Hemisphere. These measurements include rates from portable neutron monitors and
concentrations of radionuclides produced in artificial samples. A detailed report on these
measurements and their interpretation is being prepared and will be presented soon at an
international conference.
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Dissolution of Fe(l11)(hydr)oxides by Aerobic Microorganisms

Larry Hersman, (505) 667-2779, fax (505) 665-6894, hersman@lanl.gov; P. Maurice,
Notre Dame University; Garrison Sposito,U.C., Berkeley

Objective: Our overall objective is to determine the mechanisms of iron release during
microbially enhanced iron oxide dissolution by an aerobic microorganism. The results of several
of our experiments performed in our first funding cycle lead us to believe that aerobic
microorganisms used a reductive dissolution process to acquire iron from hematite (o-Fe203).

We therefore proposed to use a combination of biochemical and analytical techniques to
determine the compounds and conditions responsible for the microbially enhanced dissolution.
We report here the progress of our work to date, at LANL.

Project Description: The purpose of this research is to investigate the mechanisms used by
aerobic microo