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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

Serious challenges must be faced in this century as the world seeks to meet global energy needs
and at the same time reduce emissions of greenhouse gases to the atmosphere. Even with a
growing energy supply from alternative sources, fossil carbon resources will remain in heavy use
and will generate large volumes of carbon dioxide (CO,). To reduce the atmospheric impact of
this fossil energy use, it is necessary to capture and sequester a substantial fraction of the
produced CO,. Subsurface geologic formations offer a potential location for long-term storage of
the requisite large volumes of CO,. Nuclear energy resources could also reduce use of carbon-
based fuels and CO, generation, especially if nuclear energy capacity is greatly increased.
Nuclear power generation results in spent nuclear fuel and other radioactive materials that also
must be sequestered underground. Hence, regardless of technology choices, there will be major
increases in the demand to store materials underground in large quantities, for long times, and
with increasing efficiency and safety margins.

Rock formations are composed of complex natural materials and were not designed by nature as
storage vaults. If new energy technologies are to be developed in a timely fashion while ensuring
public safety, fundamental improvements are needed in our understanding of how these rock
formations will perform as storage systems.

This report describes the scientific challenges associated with geologic sequestration of large
volumes of carbon dioxide for hundreds of years, and also addresses the geoscientific aspects of
safely storing nuclear waste materials for thousands to hundreds of thousands of years. The
fundamental crosscutting challenge is to understand the properties and processes associated with
complex and heterogeneous subsurface mineral assemblages comprising porous rock formations,
and the equally complex fluids that may reside within and flow through those formations. The
relevant physical and chemical interactions occur on spatial scales that range from those of
atoms, molecules, and mineral surfaces, up to tens of kilometers, and time scales that range from
picoseconds to millennia and longer. To predict with confidence the transport and fate of either
CO; or the various components of stored nuclear materials, we need to learn to better describe
fundamental atomic, molecular, and biological processes, and to translate those microscale
descriptions into macroscopic properties of materials and fluids. We also need fundamental
advances in the ability to simulate multiscale systems as they are perturbed during sequestration
activities and for very long times afterward, and to monitor those systems in real time with
increasing spatial and temporal resolution. The ultimate objective is to predict accurately the
performance of the subsurface fluid-rock storage systems, and to verify enough of the predicted
performance with direct observations to build confidence that the systems will meet their design
targets as well as environmental protection goals.

The report summarizes the results and conclusions of a Workshop on Basic Research Needs for
Geosciences held in February 2007. Five panels met, resulting in four Panel Reports, three Grand
Challenges, six Priority Research Directions, and three Crosscutting Research Issues. The Grand
Challenges differ from the Priority Research Directions in that the former describe broader, long-
term objectives while the latter are more focused.

Basic Research Needs for Geosciences: Facilitating 21° Century Energy Systems iX



EXECUTIVE SUMMARY

GRAND CHALLENGES

Computational thermodynamics of complex fluids and solids. Predictions of geochemical
transport in natural materials must start with detailed knowledge of the chemical properties of
multicomponent fluids and solids. New modeling strategies for geochemical systems based on
first-principles methods are required, as well as reliable tools for translating atomic- and
molecular-scale descriptions to the many orders of magnitude larger scales of subsurface
geologic systems. Specific challenges include calculation of equilibrium constants and kinetics
of heterogeneous reactions, descriptions of adsorption and other mineral surface processes,
properties of transuranic elements and compounds, and mixing and transport properties for
multicomponent liquid, solid and supercritical solutions. Significant advances are required in
calculations based on the electronic Schrodinger equation, scaling of solution methods, and
representation in terms of Equations of State. Calibration of models with a new generation of
experiments will be critical.

Integrated characterization, modeling, and monitoring of geologic systems. Characterization of
the subsurface is inextricably linked to the modeling and monitoring of processes occurring
there. More accurate descriptions of the behavior of subsurface storage systems will require that
the diverse, independent approaches currently used for characterizing, modeling and monitoring
be linked in a revolutionary and comprehensive way and carried out simultaneously. The
challenges arise from the inaccessibility and complexity of the subsurface, the wide range of
scales of variability, and the potential role of coupled nonlinear processes. Progress in subsurface
simulation requires advances in the application of geological process knowledge for determining
model structure and the effective integration of geochemical and high-resolution geophysical
measurements into model development and parameterization. To fully integrate characterization
and modeling will require advances in methods for joint inversion of coupled process models
that effectively represent nonlinearities, scale effects, and uncertainties.

Simulation of multiscale geologic systems for ultra-long times. Anthropogenic perturbations of
subsurface storage systems will occur over decades, but predictions of storage performance will
be needed that span hundreds to many thousands of years, time scales that reach far beyond
standard engineering practice. Achieving this simulation capability requires a major advance in
modeling capability that will accurately couple information across scales, i.e., account for the
effects of small-scale processes on larger scales, and the effects of fast processes as well as the
ultra-slow evolution on long time scales. Cross-scale modeling of complex dynamic subsurface
systems requires the development of new computational and numerical methods of stochastic
systems, new multiscale formulations, data integration, improvements in inverse theory, and new
methods for optimization.

PRIORITY RESEARCH DIRECTIONS

Mineral-water interface complexity and dynamics. Natural materials are structurally complex,
with variable composition, roughness, defect content, and organic and mineral coatings. There is
an overarching need to interrogate the complex structure and dynamics at mineral-water
interfaces with increasing spatial and temporal resolution using existing and emerging
experimental and computational approaches. The fundamental objectives are to translate a
molecular-scale description of complex mineral surfaces to thermodynamic quantities for the

X Basic Research Needs for Geosciences: Facilitating 21* Century Energy Systems
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purpose of linking with macroscopic models, to follow interfacial reactions in real time, and to
understand how minerals grow and dissolve and how the mechanisms couple dynamically to
changes at the interface.

Nanoparticulate and colloid chemistry and physics. Colloidal particles play critical roles in
dispersion of contaminants from energy production, use, or waste isolation sites. New advances
are needed in characterization of colloids, sampling technologies, and conceptual models for
reactivity, fate, and transport of colloidal particles in aqueous environments. Specific advances
will be needed in experimental techniques to characterize colloids at the atomic level and to
build quantitative models of their properties and reactivity.

Dynamic imaging of flow and transport. Improved imaging in the subsurface is needed to allow
in situ multiscale measurement of state variables as well as flow, transport, fluid age, and
reaction rates. Specific research needs include development of smart tracers, identification of
environmental tracers that would allow age dating fluids in the 50-3000 year range, methods for
measuring state variables such as pressure and temperature continuously in space and time, and
better models for the interactions of physical fields, elastic waves, or electromagnetic
perturbations with fluid-filled porous media.

Transport properties and in situ characterization of fluid trapping, isolation, and
immobilization. Mechanisms of immobilization of injected CO, include buoyancy trapping of
fluids by geologic seals, capillary trapping of fluid phases as isolated bubbles within rock pores,
and sorption of CO; or radionuclides on solid surfaces. Specific advances will be needed in our
ability to understand and represent the interplay of interfacial tension, surface properties,
buoyancy, the state of stress, and rock heterogeneity in the subsurface.

Fluid-induced rock deformation. CO; injection affects the thermal, mechanical, hydrological,
and chemical state of large volumes of the subsurface. Accurate forecasting of the effects
requires improved understanding of the coupled stress-strain and flow response to injection-
induced pressure and hydrologic perturbations in multiphase-fluid saturated systems. Such
effects manifest themselves as changes in rock properties at the centimeter scale, mechanical
deformation at meter-to-kilometer scales, and modified regional fluid flow at scales up to
100 km. Predicting the hydromechanical properties of rocks over this scale range requires
improved models for the coupling of chemical, mechanical, and hydrological effects. Such
models could revolutionize our ability to understand shallow crustal deformation related to many
other natural processes and engineering applications.

Biogeochemistry in extreme subsurface environments. Microorganisms strongly influence the
mineralogy and chemistry of geologic systems. CO, and nuclear material isolation will perturb
the environments for these microorganisms significantly. Major advances are needed to describe
how populations of microbes will respond to the extreme environments of temperature, pH,
radiation, and chemistry that will be created, so that a much clearer picture of biogenic products,
potential for corrosion, and transport or immobilization of contaminants can be assembled.

Basic Research Needs for Geosciences: Facilitating 21* Century Energy Systems xi
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CROSSCUTTING RESEARCH ISSUES

The microscopic basis of macroscopic complexity. Classical continuum mechanics relies on the
assumption of a separation between the length scales of microscopic fluctuations and
macroscopic motions. However, in geologic problems this scale separation often does not exist.
There are instead fluctuations at all scales, and the resulting macroscopic behavior can then be
quite complex. The essential need is to develop a scientific basis of “emergent” phenomena
based on the microscopic phenomena.

Highly reactive subsurface materials and environments. The emplacement of energy system
byproducts into geological repositories perturbs temperature and pressure, imposes chemical
gradients, creates intense radiation fields, and can cause reactions that alter the minerals, pore
fluids, and emplaced materials. Strong interactions between the geochemical environment and
emplaced materials are expected. New insight is needed on equilibria in compositionally
complex systems, reaction Kinetics in concentrated aqueous and other solutions, reaction kinetics
under near-equilibrium undersaturated and supersaturated conditions, and transient reaction
Kinetics.

Thermodynamics of the solute-to-solid continuum. Reactions involving solutes, colloids,
particles, and surfaces control the transport of chemical constituents in the subsurface
environment. A rigorous structural, kinetic, and thermodynamic description of the complex
chemical reality between the molecular and the macroscopic scale is a fundamental scientific
challenge. Advanced techniques are needed for characterizing particles in the nanometer-to-
micrometer size range, combined with a new description of chemical thermodynamics that does
not rely on a sharp distinction between solutes and solids.

TECHNICAL AND SCIENTIFIC IMPACT

The Grand Challenges, Priority Research Directions, and Crosscutting Issues described in this
report define a science-based approach to understanding the long-term behavior of subsurface
geologic systems in which anthropogenic CO, and nuclear materials could be stored. The
research areas are rich with opportunities to build fundamental knowledge of the physics,
chemistry, and materials science of geologic systems that will have impacts well beyond the
specific applications. The proposed research is based on development of a new level of
understanding—physical, chemical, biological, mathematical, and computational—of processes
that happen at the microscopic scale of atoms, molecules and mineral surfaces, and how those
processes translate to material behavior over large length scales and on ultra-long time scales.
Addressing the basic science issues described would revolutionize our ability to understand,
simulate, and monitor all of the subsurface settings in which transport is critical, including the
movement of contaminants, the emplacement of minerals, or the management of aquifers. The
results of the research will have a wide range of implications from physics and chemistry, to
material science, biology and earth science.

xii Basic Research Needs for Geosciences: Facilitating 21* Century Energy Systems
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INTRODUCTION

Worldwide energy consumption is projected to double by mid-century as the population grows
and rapidly developing economies increase per capita energy use. Energy technologies being
developed around the world to meet this projected demand all assume that we will be living in a
carbon-constrained world. Most plans envision that subsurface rock formations will be used to
sequester vast amounts of energy byproducts. Underground formations are an attractive place to
store large quantities of material because they have the requisite size and are relatively
accessible. However, rock formations were not designed by nature as storage vaults, and yet
there will be stringent and highly varied demands on them if their new contents are to be
effectively sequestered for hundreds to thousands of years. Fundamental improvements in our
understanding of how these rock systems will perform as long-term storage systems are critical
to developing new energy technologies in a timely fashion, while guaranteeing public safety.

Although the expectation is that renewable energy resources will be used increasingly in the
future, a substantial period of time will pass before they become a significant fraction of
worldwide energy use. Meanwhile, the energy systems in large-scale use still depend heavily on
fossil carbon resources. Approximately 12 terawatts, or 85% of current worldwide power
consumption, is based on fossil carbon. Increased use of carbon-based fuels to meet expanding
demand could lead to increased accumulation of carbon dioxide and other greenhouse gases in
the atmosphere, which is widely seen as highly undesirable. To reduce global carbon emissions
to the atmosphere, especially if the use of carbon-based fuels increases, requires that a significant

Scenarios for greenhouse gas emissions

90.000 7 90.000
_sooo0 { " 80.000 Energy Eifcisncy
&, 70.000 70.000 Renewable Energy
8“ 60.000 60.000 . 2::*’;’085
3 50.000 50.000 Substitution
2 40.000 40.000 ccs
2 30.000 30.000
uEJ 20.000 Emissions to the 20.000 Emissions o the

10.000 Lo 10.000 atmosphere

2005 2020 2035 2050 2065 2080 2095 2005 2020 2035 2050 2065 2080 2095

Two scenarios for how greenhouse gas emissions to the atmosphere could be kept at low
enough levels to ensure that the concentration of atmospheric CO, remains below 450 to
750 ppmv (1.6 to 2.7 times the pre-industrial value). The two graphs represent different
scenarios for the total amount of emissions that are expected. Colored wedges
correspond to contributions to lowered emissions from each alternative energy source, or
through conservation and underground storage. CCS stands for carbon capture and
storage, where the storage is underground; it is also called geologic storage or
sequestration. In the high-emission scenario (left panel), nuclear energy generation plays
a significant role, and the emission reduction corresponds to an increase of nuclear
power generation by 10 times the present value over the time period shown. For CCS, the
target would be to sequester about 7 to 15 gigatons of CO, per year by late 21st century.
(Metz et al. 2007—IPCC http://www.ipcc.ch/)
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INTRODUCTION

fraction of the carbon dioxide produced from fossil energy conversion be captured and stored
away from the atmosphere (see sidebar on Scenarios for greenhouse gas emissions). Porous,
subsurface geologic rock formations offer potential locations for long-term storage of carbon
dioxide.

Nuclear power is another component of the global energy equation. Nuclear power plants supply
about 0.9 terawatts of the world’s present rate of energy use, much less than fossil fuel-based
systems, but a significant fraction—one that could increase to replace part of the fossil fuel-
based energy production (see sidebar on Scenarios for greenhouse gas emissions). Nuclear
energy produces no CO; but instead generates substantial amounts of radioactive materials, a fact
that has both environmental and security implications. To sustain nuclear energy generation, and
even more so to increase generation by a factor of up to 10 over the next century, it is necessary
to safely store radioactive waste in underground repositories. Several countries, including the
U.S., have programs in progress to develop underground nuclear waste repositories. If nuclear
energy production is to expand, many more suitable sites for underground storage need to be
identified and characterized, and suitable approaches to underground storage need to be
engineered for each site.

SUBSURFACE GEOLOGIC STORAGE SCIENCE

This report outlines the scientific challenges that must be addressed if subsurface geologic
systems are to be used to store safely the products of energy use, particularly those from electric
power generation. The report covers issues that pertain to both CO, sequestration and nuclear
waste isolation. Both issues are included as a basis for this report because the scientific
communities involved in the relevant research overlap, as do the underlying fundamental science
issues. The specific technical challenges are different (see Appendix 1: Technical Perspectives
Resource Document).

Storage of carbon in the subsurface involves introduction of supercritical CO, into rock
formations beneath the surface of the Earth, typically at depths of 1000 to 4000 meters. Although
CO; is a relatively benign substance, the volume being considered is large. If developed to its
envisioned potential, geologic sequestration will entail the pumping of CO; into the ground at
roughly the rate we are extracting petroleum today. To have the desired impact on the
atmospheric carbon budget, CO, must be efficiently retained underground for hundreds of years.

Storage of nuclear waste in the subsurface involves a smaller volume of material, and shallower
burial depths of roughly 500 meters. But by virtue of its radioactivity and toxicity, nuclear waste
must be confined carefully, and because of long half-lives, it must be sequestered for a long time,
even by geological standards. Current regulations indicate that a U.S. repository will need to be
effective for ten thousand to one million years.

Any underground storage system will have to account for the natural characteristics of
subsurface rock formations; some are advantageous for storage, while others are not. The
crosscutting consideration is that when foreign materials are emplaced in subsurface rock
formations, they change the chemical and physical environment. Understanding and predicting
these changes are important for determining how the subsurface will perform as a storage
container. In the case of CO, a cold but low-density fluid is injected and is allowed to find its
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way into the rock formations. There are no barriers to the movement of the injected CO, except
those that are provided naturally by the rock formations themselves. In the case of nuclear waste,
the radioactive materials are encased in carefully engineered containers, and placed into
particular geologic formations. The nuclear materials are therefore initially confined by the
engineered containers, and become exposed to the geologic surroundings if and when the
containers fail. Radioactive waste, however, heats itself and its surroundings due to the energy
released by radioactive decay, and this modification to the local environment is one of the
primary concerns in evaluating geologic formations as repositories.

Independent of the specific objective, storage site selection and design must be based on detailed
understanding of the interactions that occur once the subject materials are placed underground.
Although there is already basic knowledge adequate to begin some sequestration activities, the
scale of the proposed operations, the fact that they will be carried out over a long time, and the
likelihood that both efficiency and safety requirements will become more demanding with time,
imply that fundamental advances in geoscience are needed for underground sequestration to be
ultimately successful.

The specific scientific issues that underlie sequestration technology involve the effects of fluid
flow combined with chemical, thermal, mechanical and biological interactions between fluids
and surrounding geologic formations. Complex and coupled interactions occur both rapidly as
the stored material is emplaced underground, and gradually over hundreds to thousands of years.
The long sequestration times needed for effective storage and the intrinsic spatial variability of
subsurface formations provide challenges to both geoscientists and engineers. Accurate
descriptions of combined chemistry, biology, flow and deformation constitute a fundamental
scientific challenge with broad implications.

New research must be aimed at producing a major leap in our ability to predict the properties and
behavior of complex natural materials, with the added—and essentially geological—feature that
critical processes occur at spatial scales from the atomic to tens of kilometers, and time scales
from nanoseconds to many millennia. We need to describe fundamental atomic, molecular, and
biological processes in solids and liquids and at mineral surfaces, translate such information into
accurate descriptions of macroscopic properties, and ultimately build accurate models of
transport in the subsurface. We also need to monitor subsurface properties and processes with
unprecedented space and time resolution, and use the evidence recorded in the minerals and
structures of geological formations as a way to study time scales that exceed by orders of
magnitude those accessible by direct experiment.

WORKSHOP STRUCTURE AND REPORT PREPARATION

This report summarizes the results and conclusions of the Department of Energy (DOE)
Workshop on Basic Research Needs for Geosciences: Facilitating 21 Century Energy Systems,
held in Bethesda, Maryland, February 21-23, 2007. The purpose of the workshop was for
geoscientists to identify basic research needs and opportunities to facilitate energy systems of the
21% century. Highlighted basic research areas include behavior of multiphase fluid-solid systems
on a variety of scales, chemical migration processes in geologic media, characterization of
geologic systems, and modeling and simulation of the behavior of geologic systems.
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Recommendations of priority research directions and long-term grand challenges for the
geosciences were developed.

The workshop was sponsored by the DOE Office of Basic Energy Sciences (BES). It follows the
format of several previous BES workshops that dealt with other important aspects of energy
futures. Those workshops examined overall energy challenges during “Basic Research Needs to
Ensure a Secure Energy Future” (October 2002), the production, storage, and use of hydrogen
during “Basic Research Needs for the Hydrogen Economy” (May 2003), “Basic Research Needs
for Solar Energy Utilization” (April 2005), “Basic Research Needs for Superconductivity” (May
2006), “Basic Research Needs for Solid-State Lighting” (May 2006), and “Basic Research Needs
for Advanced Nuclear Energy Systems” (August 2006). Reports from those and related
workshops are available on the BES web site at http://www.sc.doe.gov/bes/reports/list.ntml.

The workshop included 127 invited attendees from U.S. universities, national laboratories, and
government agencies, as well as representatives of academia, industry and government from
foreign countries. The report was prepared by the 84 members of five topical panels. The
workshop program and attendee list are provided in Appendices 2 and 3.

A plenary session covered the technology needs and the basic research challenges for geoscience
needed to support prediction of the behavior of geologic storage systems. The workshop then
divided into four panels that investigated specific areas in more detail:

* Multiphase Fluid Transport in Geologic Media

* Chemical Migration Processes in Geologic Media
* Subsurface Characterization

* Modeling and Simulation of Geologic Systems

In addition, a separate panel considered crosscutting research issues and grand challenges. The
panels included research leaders in the specific areas from universities, national labs, and other
institutions. Other participants included observers from assorted government agencies, who
rotated among the various panel sessions. Participants received in advance a document
describing current technology perspectives and applied research needs. That document (the
Technical Perspectives Resource Document) is provided in Appendix 1. The panels were asked
to consider the gaps in current knowledge, opportunities for significant advances in basic
knowledge with a pathway for impact on geoscience in general, as well as the potential for
impact on uses of geoscience to support future energy technologies. Each panel recommended a
set of priority research directions to address these opportunities and challenges to the assembled
participants at a final plenary session at the end of the workshop.

This report was prepared by core writing teams from the Multiphase Fluid Transport, Chemical
Migration, Characterization, Modeling, and Crosscutting panels. Their reports outline in detail
the research needs and the scientific issues that will have to be addressed systematically. The
recommendations of those panels are summarized in four Panel Reports, three Grand Challenges,
six Priority Research Directions, and three Crosscutting Issues. Taken together, these
recommendations outline a program of geoscience research that will be of critical importance for
the energy transitions that will take place in this century.

4 Basic Research Needs for Geosciences: Facilitating 21* Century Energy Systems



PANEL REPORTS

MULTIPHASE FLUID TRANSPORT IN GEOLOGIC MEDIA
CHEMICAL MIGRATION PROCESSES IN GEOLOGIC MEDIA
SUBSURFACE CHARACTERIZATION

MODELING AND SIMULATION OF GEOLOGIC SYSTEMS
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MULTIPHASE FLUID TRANSPORT IN GEOLOGIC MEDIA
CURRENT STATUS

Important hydrocarbon fuels, like oil and natural gas, form in the deep subsurface of the earth.
These fluids accumulate in the pore space of rock formations, and are extracted through wells
drilled into the formation. Typical hydrocarbon-bearing formations usually contain several
different fluids within the formation—for example, oil, gas and water—which collectively form
a multiple fluid phase system. Such rock-fluid systems are often referred to as multiphase flow
systems, where multiphase connotes the presence of more than one fluid, while flow implies that
the fluids are capable of motion because the rocks are permeable.

At the pore scale, individual fluids occupy spaces that are bound by the solid surfaces, as well as
by fluid-fluid interfaces that separate adjoining fluids from one another (Figure 1). These
interfaces provide opportunities for mass exchange between phases, and can also support non-
zero stresses. Mass exchange is important because dissolution, evaporation or other reactions
occur along these interfaces, while the non-zero stresses are important because they allow the
different fluids to exist at different pressures. Small-scale processes along fluid-fluid and fluid-
solid interfaces, and within the fluid phases, ultimately control many of the properties and
behaviors that are observed at larger scales.

Nonwetting phase

Wetting phase

Solid Phase

Figure 1. Two fluid phases, labeled wetting and nonwetting, and the solid rock, depicted at the pore scale (from
Pinder and Celia 2006; reprinted with permission of John Wiley & Sons, Inc.).

Fluids and rocks at depth experience large pressures and stresses, and gradients in these
quantities can lead to flow of fluids as well as possible deformation of the rock material. One of
the standard ways that oil is taken out of the ground is through lowering the pressure in a well
(via pumping), thereby inducing a pressure gradient that drives flow into the well. However, the
presence of other fluids, especially water, tends to interfere with the flow of oil, and the entire
system can exhibit quite complex, nonlinear, hysteretic and coupled behavior due to the presence
of multiple fluid phases as well as any exchange phenomena across fluid-fluid or fluid-solid
interfaces. Complex behavior and nonlinear feedbacks, from the pore scale to larger length
scales, lead to oil recovery efficiencies on the order of 40%. That is, about 60% of the oil in a
typical reservoir is left behind because it cannot be induced to flow into the well. This has not
stopped the development of an impressive worldwide petroleum infrastructure: current global
production of oil is about 80 million barrels per day, and production of natural gas is about
100 trillion cubic feet per year (Energy Information Administration 2006). Figure 2 shows
locations of major oil and gas fields in the United States.
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Carbon Capture and Storage

One of the most promising technologies to reduce carbon emissions is Carbon Capture
and Storage, or CCS. This technology involves capture of CO, from large stationary
sources of anthropogenic carbon, most of which are large power plants, before the carbon
is emitted to the atmosphere. The capture part is most effective when modified processes
such as coal gasification are used in the electricity generation, resulting in an essentially
pure stream of CO,, which is much easier to capture. Storage options include injection
into the ocean and injection into deep geological formations. Injection into deep
geological formations may involve depleted oil and gas reservoirs, including enhanced oil
recovery operations, deep unmineable coal seams, and deep saline aquifers (see
illustration below). Of these geological storage options, the largest storage capacity exists
in deep saline aquifers; estimates of capacity range from 100 gigatons to 10,000 gigatons
of stored carbon. These geological formations need to be permeable enough to allow
large amounts of carbon to be injected, while being overlain by a low-permeability cap
rock that will prevent the CO, from leaking upward. Depths are expected to be sufficient
to reach high temperatures and pressures, such that the CO, will exist in a supercritical
stage, although the high temperatures cause the CO, density to be less than the density of
brine, with density ratios being on the order of 0.5. Overall, the resulting system involves
multiple fluid phases, mass exchange between phases, geochemical reactions, and
possible complex flow pathways that could involve different kinds of leakage pathways.
Successful implementation of CCS systems will allow for widespread use of zero-
emission power plants, which can have a very large impact on the global carbon problem.

Overview of Geological Storage Options —— Droduced oil of gas
1 Depleted oil and gas reservoirs = Injected CO,
2 Use of CO, in enhanced oil and gas recovery H¥  Stored CO, '
3 Deep saline ions — (a) (b) :
4 Use of CO, in enhanced coal bed methane recovery

1 /3

Courtesy of CO2CRC, http://www.co2crc.com.au/
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Oil and Natural Gas Production in the United States
(Derived from Mast, et al, 1998)

™ £
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B Gas Production Dry Wells

Figure 2. Oil and gas production in the United States (from the U.S. Geological Survey’s National Oil and Gas
Assessment website 1998).

Significant scientific discovery underpins the development of the oil and gas energy sector, much
of it based on analysis and modeling of multiphase flow systems. Recent advances in imaging
techniques make pore-scale analysis and modeling practical (see, for example, Lindquist et al.
2000; Blunt 2001). However, current limitations restrict the sample sizes to about a cubic
centimeter. Translation of observations at these small scales to the much larger scales for
practical applications continues to be a major challenge. At the larger scales, natural material
heterogeneity strongly affects flow behavior and remains a major source of uncertainty, although
advances in some subsurface imaging techniques have led to a better understanding of rock
structure over a range of scales. Finally, improved computing power has allowed expanded use
of computational simulations, which have provided additional insights into multiphase flow
systems.

In addition to oil and gas production, there are other multiphase flow systems that are important
to the energy sector, including systems in shallow zones that involve oil-water-air mixtures. An
emerging area that involves multiphase flow, over unprecedented scales and with unique
characteristics, is the storage part of Carbon Capture and Storage (CCS). CCS refers to the
process of capturing anthropogenic carbon dioxide before it is emitted to the atmosphere, and
then injecting the captured CO, into deep geological formations. The CCS concept could allow
fossil-fuel-based power plants with essentially no emissions, which are often referred to as Zero-
Emission Power Plants. To have any significant impact on the global carbon problem, a large
amount of carbon emission avoidance is necessary—over the next 50 years, on the order of 500
billion metric tons, or Gigatons (Gt), of carbon dioxide. A typical coal-fueled power plant
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produces about 5 million metric tons, or megatons (Mt), of CO, per year, which means hundreds
to several thousand zero-emission power plants must be brought on line over the next decades.
Currently the U.S. has 1,552 coal-fueled power plants (336,000 MW) and 5,467 natural gas-fired
power plants (437,000 MW) (Energy Information Administration 2006)

Carbon dioxide, perhaps with other combustion products like oxides of sulfur and nitrogen (SO
and NOy), persists as a separate fluid phase when injected into deep subsurface formations,
thereby leading to a multiphase flow problem. However, this problem is now driven by fluid
being injected, rather than extracted as it is for oil production. While CO; has been injected into
depleted oil reservoirs for about 30 years, and a relatively mature infrastructure exists in places
like West Texas, the amount injected to run all of the enhanced oil recovery operations in this
region is about 20 Mt/yr of CO,, which corresponds to emissions from about three large power
plants. Direct experience with megaton-scale CO, storage, not involving enhanced oil recovery,
is limited to two commercial-scale projects, one in the North Sea and one in Algeria (see sidebar
on Current CO, storage projects: The Sleipner and In Salah projects). Solution of the carbon
problem will require a much larger effort.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

While scientists have studied subsurface multiphase fluid systems for many decades, and
important scientific challenges remain, the carbon problem introduces fundamentally new
scientific challenges that must be addressed to provide the proper foundation for meeting critical
technical needs. The enormous scale of the carbon problem, the fact that a variety of geologic
media will need to be used, and the fact that the flow system will fundamentally be driven by
overpressurization (injection) rather than underpressurization (extraction), all lead to challenges
that require fundamental scientific inquiry. The importance of the carbon problem and its new
challenges leads to a new set of basic science questions, and to associated research opportunities.
We highlight five important research areas.

Emergent behavior in multiphase systems due to physical and chemical
heterogeneity from the pore scale to basin scale

Modeling subsurface systems is a formidable task because of the wide disparity in length scales
ranging from pore to basin. Furthermore, many of the fluid phases are composed of multiple
components; for example, crude oil has hundreds of different components. Research approaches
to analyze this highly complex problem require new conceptual and theoretical models of
multiscale, multiphase, and multicomponent processes, with their numerical implementation
ultimately involving high-performance computing and model validation with corroborating
laboratory and field experiments. Theoretical models range from pore-scale models that can be
approached by existing descriptions, e.g., Navier-Stokes equations and their solution through
techniques like lattice Boltzmann methods, pore-scale network models, Darcy-scale continuum
models, and larger-scale continuum models based in part on stochastic theories (for example,
Reeves and Celia 1996; Oren et al. 1998; Prodanovic and Bryant 2006). Development of theories
to bridge this wide range of scales is still in its infancy. The enormity of the CO, problem and its
impacts up to the basin scale make the issue of proper mathematical representation of processes
and phenomena across disparate scales an important grand challenge. Four outstanding
challenges are identified as follows.
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Current CO; storage projects: The Sleipner and In Salah projects

At the Sleipner gas field in the North Sea, the produced natural gas has a high CO,
content. To prepare the gas for market, the CO, is stripped from the gas. The stripped
CO, gas would normally be emitted to the atmosphere, However, because Norway has a
CO; emission tax for off-shore emissions, in 1996 Statoil decided to inject the CO, back
underground, into the Utsira Formation, rather than emitting it to the atmosphere. The
amount injected is about one million metric tons per year. The Utsira Formation is
overlain by a thick cap-rock formation, which limits upward migration of the buoyant
CO; plume. The figures below show the location of the field in the North Sea, and a
schematic of the CO, injection well and the deeper wells that produce natural gas.

i oy PP -
§ Sleipner Field: Norway

SouresSiotoil \

Courtesy of Statoil

In addition to the Sleipner project, a newer injection, also on the order of a million tons of
CO; per year, has begun at the In Salah field in Algeria. This is also for the purpose of
emission avoidance, although in this case there is no taxation structure driving the
decision. Both of these injections are being monitored by surface geophysics surveys.
The Enhanced Oil Recovery (EOR) project at Weyburn is also being monitored—no
other EOR projects currently involve imaging of the subsurface CO,. The figure below
shows the amounts involved in these three injection projects, as compared to the
emissions from a single coal-fired power plant.

Monitored CO, Stored Underground

4

In Salah (2005)

One 500MW coal-fired
power station

Weyburn (2000)

Millions of tons of CO,

Sleipner (1996)

0
Year 1995 1996 1997 1998 1959 2000 2001 2002 2003 2004 2005 2005 2007 2008 2003 2010

Courtesy of John Gale, IEA Greenhouse Gas R&D Programme,
http://www.ieagreen.org.uk; see Gale 2006.
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Buoyancy-driven flow at all scales

For problems like CO; injection into deep brine-filled formations, the less-dense CO; is driven
upward by buoyancy. It is also driven laterally by pressure forces, and further influenced by
capillary forces associated with the small-scale fluid-fluid interfaces. While each of these driving
forces is reasonably well understood on its own, the interactions and interplay among these can
lead to highly complex behavior, especially when the natural heterogeneity of a geological
formation is included in the analysis.

In such cases, new behavior and new characteristic time scales emerge as the macroscale CO,-
brine interface interacts with heterogeneities in the permeability field. An example of these kinds
of behaviors is presented in the sidebar on Buoyancy, capillarity, and heterogeneity: Buoyancy-
driven flow at all scales. A suitable theoretical and computational framework for this behavior
does not exist.

Impact and coupling of interfacial phenomena and reactive flow at all scales

Interfaces between fluid pairs, and between fluids and solids, are fundamental to all multiphase
flow and reactive transport in geologic systems. A sound understanding of interfacial behavior,
and how it is manifested across the range of length and time scales appropriate for practical flow
problems, remains an open question. Couplings between fluid movement and interfacial
phenomena, such as precipitation/dissolution reactions and their feedback to the flow system,
make modeling the system particularly challenging. Such couplings often manifest themselves
across different scales. A comprehensive understanding of how behavior at one scale affects
behavior at larger (and smaller) scales remains one of the most difficult challenges for
understanding and predicting multiphase flow.

Seamless transitions between mathematical descriptions of flow at multiple scales in
heterogeneous media (pore level to basin scales)

A grand challenge for multiphase flow in the subsurface is a satisfactory mathematical
description of behavior that is self-consistent across many length and time scales. Well-known
examples include the transition from molecular statistical dynamics to the equations of fluid
flow, such as the Navier-Stokes equations, and the transition from Navier-Stokes flow with an
individual pore to the Darcy equation at a laboratory column scale. Inclusion of multiple fluid
phases and their associated interfaces leads to much more complex problems. Further transitions
from the core scale to the field scale introduce extreme challenges. Efforts to place multiphase
flow on a more rigorous foundation have begun, but much work is needed to develop these to the
level needed. Intensifying the challenge still further is the effect of heterogeneous properties—
chemical, interfacial, transport—across the wide range of length and time scales. Variations in
properties can trigger a number of important mechanisms that lead to different physical/chemical
phenomena impacting different parts of the geologic system at different times. Ideally, this
seamless transition framework will allow the scientific community to understand the emergence
of patterns, trends and behaviors at larger scales arising from behaviors at smaller scales.
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Buoyancy, capillarity, and heterogeneity:
Buoyancy-driven flow at all scales

Multiphase flow regimes and behavior are poorly understood when buoyancy is the
dominant force. The instability inherent in buoyant flow is well known, but when the
fluids occupy a porous medium, new behavior and new characteristic time scales emerge
as the interface interacts with heterogeneities in the permeability field. Because capillary
forces often exceed buoyancy forces in geologic systems, still more complicated behavior
emerges as the fluid/fluid interface encounters heterogeneities in the capillary pressure
characteristics of the domain. As the length scale traveled by the plume increases, the
behavior can undergo yet another transformation. A suitable theoretical and
computational framework for this behavior does not exist.

Examples of emergent behavior for buoyant flow in a heterogeneous geologic system:

Top—If less dense fluid initially
occupies the bottom part of the
domain, the flow pattern follows
connected paths of higher permea-
bility when capillary pressure is
negligible.

Middle—If a single capillary
pressure curve applies to the
domain, capillarity smoothes the
pattern  established by the
permeability field.

Bottom—If capillary pressure
varies spatially, a qualitatively
different displacement occurs.

Courtesy of Steven Bryant,
University of Texas at Austin.
From Sadaatpoor et al. 2007.
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Correlating processes and heterogeneity on the basis of length and time scales

Many processes associated with multiphase flow and reactive transport occur at characteristic
length and time scales. Heterogeneity inherent in geologic systems occurs at all length scales. A
fundamental challenge is that the type of heterogeneity that strongly influences a particular
process need not occur at the scale characteristic of that process. For example, multicomponent
diffusion in the gas phase can give rise to pressure gradients that cause advective flow. While
this process is important over the length scales on which the concentration gradients exist, over
larger scales, buoyancy-driven or injection-driven flow will dominate the advective process.

The fundamental challenge is to identify and delineate the scales at which connections between
process and heterogeneity are found. Constraining the links between process and heterogeneity
would lead to a more seamless description of multiphase flow and reactive transport, and allow
an organized description of emergent behavior useful for developing the next generation of
models applicable over the full range of relevant length scales.

Multicomponent, multiphase properties and interactions of mineral-fluid-
microbial systems

Multiphase flow systems commonly involve complex, multicomponent fluid phases that can react
with one another and with the rock minerals. For example, when CO; is injected into a geological
formation, reactions between silicate minerals, water, and injected CO, can produce calcite-group
carbonates (e.g., calcite, siderite, dolomite, and magnesite). These and many other kinds of
reactions must be understood over broad ranges of temperature, pressure, and phase composition.
In addition, the presence of subsurface microbial communities can produce additional complexities
due to their influence on reactions and surface properties. Proper inclusion of these fundamental
reactions, over appropriate space and time scales, is crucial for meaningful model formulation and
system prediction. Three areas have been identified as especially significant for general multiphase
flow systems that are relevant to energy needs.

Phase behavior and partitioning between CO, and brine, organic, and gas and solid phases

Flow of geologic fluids, including gases, liquids, and supercritical solutions, serves to transport
mass and energy in the natural environment. These fluid phases also act as both reaction media
and reactants. Among the many different types of geologic fluids, those containing volatile
carbon, oxygen, hydrogen, nitrogen and sulfur (C-O-H-N-S) species, and those enriched in
chloride salts (brines), are of particular interest. They occur widely in varied geochemical
settings, commonly contain significant quantities of dissolved and suspended compounds
(complex hydrocarbons, organic macromolecules, colloids/nanoparticles), play a crucial role as
primary reaction media, and are important sources and sinks of greenhouse gases. The relative
strengths of complex molecular-scale interactions in geologic fluids, and the changes in those
interactions with temperature, pressure, and fluid composition, are the fundamental basis for
observed fluid properties. A comprehensive and technically rigorous understanding of the
volumetric properties and energetics of C-O-H-N-S fluids is needed to correctly interpret fluid-
fluid and fluid-solid interactions expected in various sequestration settings. Because many
subsurface systems involve the presence of hydrocarbons, there is a clear need to investigate
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complexation and binding of organic molecules (e.g., humic acids) in agueous solutions, with or
without CO..

Although we have gained important quantitative insight into the speciation, stability and kinetics
of many organic-based systems of geological relevance, we still lack a fundamental
understanding of the effects of mixed-salt composition, elevated pCO, and temperature, and
Eh/pH conditions on the equilibrium and Kinetic properties of key organics and biomolecules.
Moreover, we are just beginning to understand how molecular-specific interactions among
solutes and solvents eventually lead to homogeneous nucleation, crystallization, and aggregation
of colloidal nanoparticles which could participate in and influence transport behavior.
Understanding these solvent-mediated interactions for broad classes of solutes and suspensions
in natural systems over the range of conditions typical of geologic fluids will greatly improve our
ability to model and predict fluid behavior, reactivity, and the partitioning of elements and
isotopes between coexisting species and phases relevant to geological sequestration.

Rates of dissolution and mineral reactions involving CO,

Kinetics of dissolution and mineral reactions can have enormous impacts in many fields of
energy sciences. For CO; injection, the long-term efficacy of subsurface sequestration depends
on our fundamental understanding of the extent and rate of CO,-mineral interactions and the
associated effects on the fate of the injected carbon and rock characteristics. Injection of CO;
lowers the pH of the brine that it contacts by several pH units, leading to rapid dissolution of
calcite and possibly other minerals. Some of these CO,-mediated dissolution reactions can
produce solutes that buffer pH, thereby controlling the extent to which formation waters become
acidified (Knauss et al. 2005; Kharaka et al. 2006a,b). These reactions also have the potential to
alter the porosity and permeability of the formation. Such changes may impact the injection
process, but more importantly they would change the long-term flow characteristics and storage
capacity of the formation. At present, neither the equilibrium thermochemistry nor the kinetics of
these reactions are well understood at the low temperatures and the high CO, loading rates
expected. They also exhibit a wide range of molar volume change. Porosity development in
nature results, in part, from such volume changes; consequently, these reactions will provide
important insights into this process. The thermophysical properties of fluids under confinement
are still poorly constrained for the temperature-pressure conditions relevant to subsurface
disposal of CO,. Novel in situ experimental methods such as neutron scattering are needed to
assess the interfacial interactions between a complex fluid and heterogeneous matrix at pressure-
temperature-composition conditions relevant to CO, sequestration. The overarching challenge is
to understand the chemical and isotopic phenomena engendered by complex mineral-fluid
interactions occurring over ranges of temperature, pressure, compositions, and length and time
scales relevant to the sequestration systems that lead to robust predictive capabilities of coupled
reactive-transport processes in nature.

Microbial processes relevant to CO, sequestration

Anaerobic, thermophilic microbial communities are known to exist at depths and in formations,
reservoirs and aquifers being targeted for subsurface CO, injections (Onstott et al. 1998; Onstott
2005). These communities are composed of fermenters, metal and sulfate reducers, and
methanogens. Fermenters tend to be concentrated in shales, while metal and sulfate reducers and
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Figure 3. Schematic (left) illustrates the chemical processes associated with the microbial-mediated reduction of
iron in solution in the presence of CO,. The SEM (right) of a large siderite (FeCO3) crystal co-precipitated with
fine-grained magnetite in a bicarbonate-rich culture of iron-reducing thermophilic bacteria at 65 C (from Zhang et
al. 2001).

methanogens are concentrated in sandstones (McMahon and Chapelle 1991; Fredrickson et al.
1997; Krumholz et al. 1997). Subsurface injection of CO, can impact this lethargic subsurface
microbial ecosystem in a variety of ways, not the least of which could include iron reduction
leading to biomineralization (Figure 3). For example, the mobilization of dissolved organic
matter, as observed in the CO, injection into the Frio Formation (Kharaka et al. 2006a), may
increase its availability for fermentation reactions; the increase in dissolved CO, may enable
biogenic CH, formation; the decrease in pH may favor release of critical nutrients (e.g.,
phosphate and metals) and elevate cell membrane H* gradients, both of which promote cell
growth and activity.

The rates and extent of microbial immobilization of CO,, however, are difficult to predict since
our knowledge of anaerobic microbial processes both in lab and field is based upon studies of
water-saturated systems, not a mixed COy/water system at high pressure (Zatsepina et al. 2004).
The challenge will be to parameterize this process at a scale that is useful for field-scale
applications, based on comparison of laboratory microbial transformation of CO, under high
partial CO, pressure in the presence of brine and various mineral/rock media for a range of
microbial phenotypes with field observations.

Shallow crustal deformation and fluid flow driven by large anthropogenic
perturbations

Understanding the physical and chemical responses of subsurface rock masses to large-scale
perturbations like those associated with CO, injection presents substantial scientific challenges.
Rock masses are highly heterogeneous with regard to lithology, texture, structure and strength.
Discontinuities such as faults, joints and microfractures exist at all length scales, and they have
significant impact on the coupled rheological and transport responses, which may be highly
nonlinear and anisotropic. If other injection environments are considered, such as poorly lithified
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deep offshore marine sediments, then the challenges are magnified because geomechanical
responses of these systems is a largely unexplored topic. Understanding of soft-sediment
deformation requires interrogation of fundamental questions regarding coupled processes
affecting pore pressure increases and resultant deformation of the sediments, and how these will
affect fluid displacement. Indeed, the rapid and large-scale injection of a fluid like CO, into very
soft sediments may be more akin to igneous intrusion than multiphase flow in porous media.

A variety of research approaches will be needed to address these challenges, including field
studies of geomechanics in a variety of geologic settings, laboratory experiments to constrain
rheological behavior of fluid-rock systems, discrete or continuum modeling of deformation, and
development of novel theoretical frameworks where current approaches are inadequate.

Coupled pressure, stress, strain, and flow responses in multiphase fluid-rock systems

A multiplicity of deformation mechanisms at different scales may be activated by the
anthropogenic perturbations in this geologic regime. In porous clastic and carbonate rocks, grain-
scale deformation mechanisms such as microcracking, pore collapse, pressure solution,
crystalline plasticity, and aperture dilation and contraction may be operative. The properties of
fractures must also be understood across a range of scales, and must include both physical and
chemical impacts. These include responses to effective stress, as well as feedbacks to the flow
field and associated changes in fluid composition, and therefore geochemical reactions that can
result due to changes in fluid flow. All of these processes can dynamically alter the already
complex hierarchical architecture of fracture networks (e.g., Caine et al. 1996). The interplay of
these factors controls whether a joint or fault system would provide conduits or barriers for the
transport of a multiphase fluid in the shallow crust and the potential for fault reactivation. These
are critical considerations for problems involving large-scale pressure perturbations, such as the
CO; injection system. For injection into deep seabed sediments, a quite different approach must
be developed, where very large deformations of the sediments may occur. The possible
formation of CO; hydrates in these systems, which introduces an additional solid phase into the
system, would lead to further complexities and represents a largely unexplored area of research.

Coupled geochemical and geomechanical responses

Mineral dissolution or precipitation can modify rock strength and pore structure. In turn, changes
in stress and pore structure can modify the delivery of fresh reactants and removal of reaction
products, influencing geochemical reaction rates and products. Over long time periods these
local-scale coupled processes may impact large-scale fluid dynamics and deformation, creating a
complex interplay between basin-wide processes and local-scale coupled geomechanical and
geochemical processes. Chemical and hydrologic gradients in the fluid-rock system can
significantly impact the kinetics of processes such as pressure solution, subcritical crack growth,
and solution-precipitation. The interplay between space and time scales also enters into these
mixed physical-chemical reactions, requiring new approaches to study the comprehensive system
response across all of the relevant spatial and temporal scales.
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Imaging of geomechanical processes and properties

Understanding complex geomechanical processes will require accurate measurements of stress,
pore pressure, deformation, alteration to the solid matrix, and rock fracturing at a variety of
scales, from the microscopic to the field scale. Available field-scale methods for imaging stress
fields and deformation are limited by poor spatial coverage, particularly in three dimensions.
Microscopic imaging of pore geometry and alteration of the solid matrix are limited by the
sample size, spatial resolution of micro-tomography facilities, and experimental difficulties
associated with creating controlled, representative and dynamic conditions needed for
meaningful experiments in small experimental cells. Novel methods of in situ chemical imaging
should also be explored to reveal complex behavior at fluid-matrix interfaces.

Flow and transport properties of seals, faults, and fractures

The sealing quality of cap-rock formations, including any faults or fractures, is arguably the most
critical element controlling the vertical migration of overpressurized or buoyant fluids in the
subsurface. These barriers to fluid flow typically consist of massive consolidated clay-rich
sediments (shale) and evaporites such as anhydrite. Resistance to flow results from the small size
of the pore and pore throats (nano- to submicron-scale) in the rocks, creating both viscous and
capillary barriers to the nonwetting fluid during multiphase flow.

The quality of a seal depends not only on the texture of rock matrix, but also on faults, fractures
and wellbores that penetrate the seal. Understanding the effectiveness of seals requires an
integrated understanding of the microscopic interfacial stresses at fluid-fluid and fluid-solid
interfaces, as well as a broader understanding of the depositional and postdepositional processes
that created the modern-day architecture of the seal. Natural oil and gas seeps associated with
hydrocarbon reservoirs around the world demonstrate the imperfection of many natural reservoir
systems; these may be unacceptable in technological applications.

The presence of an oil or gas reservoir provides proof of the existence and effectiveness of a
sealing formation, given that both oil and gas are buoyant relative to water. However, identifying
strata that are effective seals for natural gas or CO, storage in brine-bearing formations, which
have no apparent history of oil or gas residency, is a significant challenge. Basic research to
identify the relevant pore-scale physics, long-term reaction rates, and response to pressure and
fluid evolution, as well as the development of measurement techniques to identify small features
(like fractures) within subsurface domains, will facilitate the success of large-scale underground
storage of buoyant fluids such as CO,. A concerted program of basic research addressing the
following scientific areas is needed:

* Understanding the impact of interfacial and surface properties of fluids in fine-grained and
fractured media at laboratory, reservoir, and regional scales and at slow transport and
reaction rates

* Identification of the transmissivity of faults and fractures as a function of fluid chemistry,
phase state, rock-fluid interactions, and pressure

* In situ measurement of fluid-rock interactions in fine-grained media (saturation, pressure,
and flow)

* ldentification and characterization of local high-permeability features in seals over large
regional scales
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Interfacial and surface properties of fluids in fine-grained and fractured media

Fine-grained materials lead to slow flow rates for single-phase fluid flow due to the high viscous
resistance (low permeability) associated with the small pore spaces. In multiphase flow, capillary
entry pressures may preclude a non-wetting fluid (like CO,) from entering the pore spaces,
thereby eliminating flow through the formation. However, heterogeneity of material properties,
small-scale features like fractures, and the interplay between buoyancy, pressure, and interfacial
forces (capillarity), make this invasion and subsequent flow of fluids like CO, through fine-
grained materials highly uncertain and difficult to predict (see the sidebar on Buoyancy,
capillarity, and heterogeneity: Buoyancy-driven flow at all scales). Possible reactions associated
with fluid-solid interfaces can modify any invasive flows that develop (e.g., Johnson et al. 2004).
All of these feedbacks and nonlinear processes must be understood in the context of flow
suppression and leakage control to properly characterize and quantify the movement of injected
fluids through sealing formations.

Transmissivity of faults and fractures

In addition to detection and characterization of the properties of faults and fractures at high
spatial resolution, it is critically important to be able to predict whether faults will transmit or
retain fluids as a function of fluid pressure, phase state, and chemical composition. A major
source of uncertainty and disagreement centers on whether fault systems are sealing or
transmissive. Even if the initial character of a fault system is known, anthropogenic perturbations
can change its properties. Available wellbore-based characterization tools are either poorly suited
or completely inadequate for characterizing these effects. Fault gouge properties and complex
3D fracture networks in natural systems are very difficult or impossible to reproduce in a
laboratory setting, making field measurements a critical but expensive and time-consuming
aspect of this research. Finally, the typically slow rate of fluid migration in these structures
makes conducting measurements in a timely manner challenging, even under favorable
conditions.

In situ measurement of fluid-rock interactions in fine-grained media (saturation, pressure and
flow)

The performance of fine-grained barriers in multiphase conditions is complex because the active
sealing mechanism varies with fluid composition and pressure, and the changes in geochemical
behavior and stress can alter the properties of the seal. Tests of seal properties in the laboratory
or from the wellbore are inherently limited in terms of their spatial coverage and validity when
extrapolated to in situ pressure and temperature conditions. Improved field-deployable methods
are required for accurate determination of the properties of flow barriers. If these measurements
could be made in situ without major modification of the natural environment, then observations
of seal properties as functions of changing fluid composition, pressure and stress during
anthropogenic perturbations could be made.

Identification and characterization of local higher-permeability features in seals

Techniques to identify the existence of sealing strata, and to a lesser extent sealing faults, are
currently available. However, techniques to locate and then quantify the properties of the weak
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points or flaws in these seals are poor to nonexistent. Especially challenging is the need to assess
small features (fractures, sand-on-sand contacts) at the millimeter to the few-meter scale, when
the total area of interest covers hundreds of square kilometers. Regions of heterogeneous
permeability need to be identified. Even regions of slow leakage will need to be monitored over
time.

Dynamic imaging for complex multiphase systems

The resolution of subsurface imaging methods must improve dramatically before we can track
multiphase fluid movement and behavior in situ. Quantitative imaging of four-dimensional (three
space dimensions plus time) variations in quantities like phase saturations and pressures requires
a more fundamental understanding of how seismic and electromagnetic waves, and other remote
sensing methods, depend on the spatial distribution, pressure, and interfacial properties of
multiple fluid phases in porous and fractured media. Improved theoretical, mathematical and
computational models for wave propagation in porous media must be developed, with explicit
coupling to models of multiphase flow. Together, the coupled models form the basis for inverse
modeling and imaging of relevant flow parameters.

Critical paths forward will:

(a) Determine remotely imaged features and properties sensitive to multiphase properties of
interest

(b) Develop a theoretical basis for the constitutive relationships between material properties and
how fields and waves interact with them

(c) Calibrate these relationships with quantitative laboratory data

(d) Demonstrate whether or not models accurately predict experimental behaviors at the field
scale

For example, we know that the sensitivity of seismic velocity to increasing saturation depends on
the distribution of the fluids in the pore space. In homogeneously saturated materials, P-wave
sensitivity decreases appreciably with increasing gas saturation. However, we know very little
about the sensitivity of seismic attenuation to saturation, and we cannot distinguish a residual
phase saturation (trapped by capillary forces) from a mobile phase occupying the same volume
fraction. Additionally, simulations in three spatial dimensions, for example seismic imaging, rely
on complex numerical methods implemented on high-performance computers. Inclusion of
multiscale heterogeneity, time-dependent properties, and the expanded list of parameters
required for coupled models for wave propagation and flow in porous media, results in huge
computational domains—perhaps hundreds of billions of nodes and petaflops of computing
power with the accompanying complexities of adaptive and variable meshes, parallel algorithms,
and challenges of quantifying uncertainties. Together these form an enormous scientific
challenge.

Success in achieving a revolutionary breakthrough in imaging capabilities is expected to have
substantial technological benefits, including improved oil and gas recovery, improved success in
oil and gas exploration, and safer and more secure geological storage of CO,. For example, the
ability to detect and interpret the presence of vertically oriented gas distributions will improve
leak detection from geological CO, storage reservoirs, as well as help to locate gas chimneys,
which are signs of past hydrocarbon migration. Improved quantification of the fraction of pore
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space filled with a nonwetting fluid will provide more reliable inventories of hydrocarbon
reserves and the mass of stored CO- in the subsurface.

Theoretical foundations for high-resolution spatial and temporal imaging of multiphase fluid
distributions

Identification of local properties from global measurements is the key challenge for high-
resolution geophysical imaging. This requires consideration of both the spatial and temporal
scale of the global measurements, as well as the local properties of interest. The inherent multi-
scale, multiphysics nature of this problem requires development of new theoretical approaches
that preserve and reveal the relevant underlying physics, while volume averaging material
properties over a spatial scale that is consistent with the resolution of the measurement.
Limitations of current theoretical approaches will require inclusion of more comprehensive
physical descriptions of wave interactions with the complex multiphase systems. For example,
serious limitations in our current ability to image the spatial distribution of multiple fluid phases
in rocks using seismic imaging can be overcome by moving beyond velocity-based tomography
to methods that include wave attenuation and/or make use of the full wave form generated by the
seismic source. Fundamental new understanding will be needed to develop the foundation for
next-generation imaging approaches.

Constitutive relationships among waves, fields, and properties of multiphase flow systems

A comprehensive sequence of laboratory measurements at a variety of spatial scales is needed to
establish a rich database to study the effects of fluids on bulk geophysical and flow properties.
Examples include seismic compressibility, velocity, attenuation, electrical resistivity, dielectric
constant, density, and saturation. These measurements, along with associated theoretical models,
provide a robust scientific basis for relating geophysical measurements such as seismic velocity
and attenuation to the amount and spatial distribution of fluid phases in the subsurface.

Coupled models for flow dynamics and imaging

This challenging problem requires development of integrated models that account for waves,
potential fields, and flow and transport in porous media. Traditionally, each of these
subdisciplines has proceeded in isolation, passing primarily abstractions of concepts and results
from one group to the next. Progress in quantitative high-resolution imaging will require removal
of disciplinary barriers, leading to rigorous cross-fertilization among subdisciplines by creating
common theoretical and computational platforms. To this end, one must consider theoretical,
mathematical and experimental (laboratory) activities that, in concert, seek to understand and
quantify the relationships and sensitivities of image parameters to multiphase flow parameters of
interest.

Large computational domains

Computational requirements for forward simulations and inverse models motivate the
development of new computing paradigms, both algorithms and computer architectures.
However, these new paradigms must carefully consider tradeoffs between capturing the relevant
model descriptions and the computational loads. That is, new algorithms and architectures must
consider the needs of the applications on a basis equal to the way applications have considered
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the limitations of modern architectures. We anticipate that forward and inverse modeling
algorithms of the type we require here will need to drive development of new hardware
architectures that are better suited to the applications at hand.

CONCLUSION

Understanding of multiphase flow of fluids in rocks builds on more than a century of develop-
ment in oil and gas production, soil science, and geothermal energy production. Nevertheless,
scientific challenges remain for applications such as geological storage of CO,. In particular, the
large injection volumes, long transport distances and long time frames raise new issues with
regard to the reliability and robustness of current understanding. Carbon dioxide is highly mobile
in subsurface environments due both to its low viscosity and density—and will tend to migrate
along high permeability pathways, moving upward until it encounters capillary barriers in fine
textured rocks. Complex and path-dependent behavior results from the interplay of buoyancy
forces, natural rock heterogeneity, and capillary forces. Small-scale processes along fluid-fluid
and fluid-solid interfaces, and within the fluid phases, ultimately control many of the properties
and behaviors that are observed at larger scales.

Five critical fundamental scientific research needs have been identified.

1. New approaches are needed to accurately predict migration of multiple fluid phases in
environments that are highly heterogeneous, from the pore scale to the basin scale—over
large spatial scales and long time frames.

2. Methods to quantify and predict rates of geochemical reactions between multiphase, multi-
component fluids and minerals are needed to understand how quickly dissolution and
mineralization will occur.

3. Fundamental scientific understanding of basin-scale geomechanical processes is needed to
predict shallow crustal deformation and basin-scale brine displacement caused by large and
rapid anthropogenic perturbations such as injection or extraction of multiphase fluids in the
subsurface.

4. A new multidisciplinary approach is needed to assess the multiphase flow properties of
membrane seals, faults and fractures to determine whether or not a geological reservoir has
an adequate seal.

5. Dynamic field-scale imaging is needed to test and validate multiphase flow models.

A fundamental research program in these areas will significantly improve our ability to
understand and predict multiphase flow in complex subsurface environments—and provide a
strong scientific foundation for assessing the full potential of geological storage of CO; in deep
geological formations.
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CHEMICAL MIGRATION PROCESSES IN GEOLOGIC MEDIA
CURRENT STATUS

The ability to predict the transport of energy byproducts and related contaminants in geological
systems over long times is one of the most important and daunting challenges facing the
Department of Energy (DOE). For example, in the geological disposal of nuclear waste, the main
scenario in which radionuclides could reach the biosphere and expose humans to unacceptably
high radiation doses is through groundwater transport (Macfarlane and Ewing 2006).
Groundwater may contact and corrode waste containers, leach radionuclides from wasteforms,
and transport radionuclides as dissolved species or colloids (e.g., Kersting et al. 1999; Santschi et
al. 2002) to wells used to extract drinking or irrigation water (Figure 4). As a second example,
one mode of sequestering CO in the earth is by injection into subsurface rock units. Evaluating
the long-term integrity of these rock units, and therefore their ability to retain the CO,, will
depend on the chemical and physical interactions that occur among minerals, in-place pore fluid,
and the CO,. In all cases, forecasting how chemical byproducts and related contaminants may
migrate through deep subsurface regions of the earth must be accurate and scientifically
defendable. This requires that we understand the key chemical and transport processes that occur
in geological systems.
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Figure 4. Illustration of possible contaminant migration pathways in the geologic system at Yucca Mountain,
Nevada (CRWMS M&O 2000).
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The objective of this panel is to identify important basic science challenges that, if met, would
greatly enhance the reliability and scientific credibility of predictions of chemical migration in
geologic media. These science challenges target five principal areas:

* Colloid migration

* Coupled chemical-hydrologic processes

* Complex and dynamic interactions at the mineral-water interface

* Biogeochemistry

* Reaction equilibria and kinetics in perturbed geochemical environments

The significance of each area in the overall context of chemical migration processes and specific
proposed principal research directions are described in detail below.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS
Colloids as a critical mode of radionuclide mobility

Colloids, which range in size from 1 nm to 1 um, are chemically, structurally, and temporally
complex species that are critically important to understand as carriers of radionuclides, metals
and other contaminants in geologic systems. Because colloids exist in many forms,
understanding the processes that determine their formation, speciation, atomic-level structure,
and interfacial properties is necessary before their migration behavior can be modeled in natural
systems. Advances in sampling technologies, characterization, and computational approaches
would enable acquisition of this information and lead to development of new conceptual models
for how colloids behave at a microscopic level. Innovation is needed in these approaches at
larger scales to enable the reliable prediction of the reactivity, fate and transport of colloidal
particles in aqueous environments. Novel sampling techniques must be implemented that allow
capture of representative colloids from natural environments without introducing artifacts.

Colloids are difficult to characterize because of their size range and chemical complexity.
Colloids may have ill-defined, irregular structures and variable chemical compositions.
Examples of colloids include more or less thermodynamically well-defined polynuclear
hydrolyzed metal species, organic macromolecules, and clays. The broad range of sizes,
structures, compositions, and heterogeneous atomic positions make modeling colloids at the
molecular level a particular challenge. Computational approaches require advances in treating
radionuclides, large nanoscale particles, and complex and heterogeneous species in solution and
at interfaces. New reactive transport measurements at the pore, column and field scales will lead
to new conceptual and mathematical models of colloid-associated contaminant transport in
heterogeneous geologic environments. Scientific advancement on these fundamental issues will
lead to lower uncertainty in predictive modeling of radionuclide transport, improved
performance assessment of waste repositories, and improved engineered barriers around
emplaced wastes.

Coupled physical-chemical processes from the mineral surface to the pore scale

Breakthroughs in modeling of reactive transport processes relevant to chemical migration will
occur only by gaining fundamental understanding of coupled processes through a hierarchy of
scales.
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Basic research is required to:

* Develop robust multiscale, multiphase models that explicitly link mechanisms such as
transport through thin films and complex reactions at mineral surfaces in different
geochemical environments to the pore-scale and/or macroscale flow regimes

* Interrogate operative submicron- to pore-scale reactive-transport processes in natural and
simulated systems through use of innovative experimental and analytical techniques for the
purpose of testing new conceptual and mathematical models.

Many studies have documented orders of magnitude differences between mineral dissolution
rates measured in the laboratory and rates derived from natural weathering environments. For
example, White and Brantley (2003) demonstrated a strong dependence of the dissolution rates
of common aluminosilicates (feldspars and biotite) on weathering “age.” Although the relative
roles of surface reactions and diffusion processes on overall reaction rates are topics of active
debate (e.g., Grambow 2006), it is clear that coupled processes influence multiple transport
mechanisms and chemical reactions at grain surfaces and boundaries, and in fluid films, pore
throats, and pores. Mineral reaction rates obtained from field observation and experiments apply
only to the systems for which they were measured, and for which the extent of process coupling
on transport is usually unknown.

In fine-grained and/or low permeability rocks (e.g., shales, bentonite, many igneous rocks), most
fluid is present in nanometer-scale fluid films and submicron-scale pores, resulting in bulk
reaction and transport rates that are governed by local fluid-mineral surface environments.
Transport of contaminants into these microenvironments is therefore a crucial first step leading
to immobilization on mineral surfaces or incorporation into minerals by precipitation or solid-
state diffusion. Strong evidence for the role of such intergranular and intragranular processes on
uranium immobilization as mineral precipitates has been documented (see sidebar on Unique
chemistry in intragranular microfractures and surface microstructures).

Reactive-transport models are still in their infancy for multiphase fluids, yet multiphase systems
are ubiquitous in nature and prevalent in engineered systems designed for subsurface waste
storage. For example, documented effects of surface tension on thermodynamic properties of
aqueous species and the partial pressures of gases are not usually accounted for in macroscale
models. In addition to processes encountered in single-phase systems, mass transfer between
fluid phases can alter the composition of the fluids. For example, supercritical CO, injected into
a carbonate reservoir will displace water from the pore space, leaving brine films on mineral
surfaces. Dissolution of CO; into the brine films will alter their pH values and drive surface
reactions, such as carbonate dissolution and secondary mineral precipitation.

The primary objective of this research direction is to demonstrate the critical role that
microstructural features and their associated geochemical environments play in basic coupled
transport processes. This will lead to new evaluation of the limitations of large-scale models and
to development of innovative approaches for capturing effects of site-specific processes by
combining fundamental process-level models and site-specific data, and minimizing
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Unique chemistry in intragranular microfractures and surface microstructures

Although contaminants in geologic systems usually have low bulk concentrations, they are not
homogeneously distributed, but rather are concentrated in microscale phases or molecular
clusters attached to solid surfaces. Chemical properties and geochemical behavior at these nano-
to microscales can be dramatically different from those expected for contaminants evenly
distributed as trace components in a bulk phase. Furthermore, these forms of contaminants tend
to be localized in regions having geochemical characteristics atypical of average field
conditions.

Certain properties of these microstructural environments and the nanophases within them have
received considerable attention (e.g., Zachara et al. 2004; Sanchez-Moral et al. 2003). These
regions can induce mineral precipitation or alter dissolution, and consequently sequester trace
metals and radionuclides (see figure below). Such microstructures restrict fluid flow and/or
solute transport, which ultimately causes isolation of specific regions (e.g., within micro-
fractures or near microbes) from the bulk fluid system, and allows unique geochemical
conditions and unexpected molecular processes to evolve. The unique conditions can lead to
atomic to nanoscale properties of precipitates that are quite different from those expected for
similar mesoscale solids. It is well known, for example, that nano-sized mineral phases are often
polymorphs of the bulk material with different physical and chemical properties (e.g., Zhang
and Banfield 1998; Navrotsky 2007). Also, the behavior of nanoparticles within chemical
microenvironments can differ from the same nanophase outside the microenvironment.

Current geochemical models that have been used for decades to calculate how major species and
contaminants change and migrate in natural systems (e.g., Jenne 1989; Loeppert et al. 1995;
Arai et al. 2006; Payne and Airey 2006) are usually based on data obtained from macroscale
laboratory systems. These models treat interfacial reactions as processes of adsorption/ion
exchange, solid solution formation, or pure amorphous or crystalline phase formation. There are
numerous examples of the failure of these simplified models based on large-scale chemical
systems to successfully predict the fate of trace metals or contaminants in the environment.
Chemical microstructures and microenvironments such as those illustrated below represent
exceptional opportunities for considering the coupling of interdependent reactions, from the
molecular level up to the micron scale. Geochemical models can be vastly improved by basic
research on relevant molecular and hydrodynamic processes in confined systems at these scales.

These backscattered electron images of granitic rock fragments obtained from beneath a spill at the
Hanford site show U(VI) (white) precipitated in microfractures within mineral grains. P = plagioclase;
K = potassium feldspar; M = mica. Remarkably, these rock fragments account for <4% of the total
sediment mass, yet contain >90% of the U(VI) (Liu et al. 2006). These results show that coupled multiscale
processes (precipitation at localized surfaces, diffusion through thin films) must be represented in models
used to predict subsurface reactive transport.
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application of empirical calibrations. Quantifying site-specific processes will have direct
influence on our capability to evaluate the potential extent of radionuclide immobilization or
remobilization and trapping of CO, in mineral phases.

Mineral-water interface complexity and dynamics

A wide variety of geochemical processes are governed by elementary reactions occurring at the
mineral-water interface. Adsorption, ion diffusion, growth, dissolution, precipitation, and
electron transfer can change the composition of natural waters, alter the pathways of flowing
solutions, affect colonization of microorganisms, control the geochemical cycling of elements,
and determine the transformation and ultimate disposition of contaminants. Natural mineral-
water interfaces are invariably complex in both their structure and reactivity, from the different
atomic arrangements at dissimilar crystal terminations to imperfections such as defects, pores, or
surface roughness. Variable distribution of sites with different reactivities at the atomic-scale is
an intrinsic component of multiscale complexity, as is the accessibility of water and its dissolved
components to specific sites in confined spaces. As a result, the reactivity of any mineral surface
varies widely at different time scales, and overall dynamic behavior is difficult to predict.
Furthermore, mineral surfaces can be partly or completely covered by residual organic,
mineralogic, and/or microbial coatings. Therefore, chemical migration processes controlling
geochemical cycling and element mobility operate in a complex and constantly evolving
microscopic landscape (Figure 5). The rates and mechanisms of mineral-water interface reactions
must be understood at the molecular level to adequately and accurately represent these reactions
in reactive-transport models used for estimating the extent of chemical migration into the future.

Figure 5. Schematic illustration of molecular-scale complexity at mineral-water interfaces, which includes variable
topography and distribution of reactive surface sites, various kinds of adsorption, diffusion, incorporation, and
precipitation reactions that define solute-surface and solute-cell interactions. (Manceau et al. 2002; copyright ©
2002, the Mineralogical Society of America. All rights reserved.)
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Although studies on perfect or near-perfect mineral-water interfaces are valuable for probing
molecular-level structure, reaction mechanisms, and dynamics of elementary processes, the key
scientific challenge is to reconcile this molecular-level information with the behavior of complex
mineral-water interfaces expected in nature. There is a basic need to systematically examine the
components of this complexity with increasing spatial, energetic and temporal resolution. For
example, new knowledge of trace-constituent uptake in mineral surfaces can be obtained by
determining how trace elements modify elementary step dynamics through processes such as
changing the direction of step motion. Growth surfaces can acquire unique structures distinct
from bulk mineral structures because of the changing composition of the interface that leads to
variable dehydration rates of aqueous ions that attach to the surface and formation of vacant sites
that are missing atoms. Such interface structures are difficult (if not impossible) to describe
thermodynamically, and currently cannot be included in macroscopic thermodynamic models.
lon and charge transport in the solution and mineral on either side of the interface can couple in
ways that makes their separate study irrelevant. Emerging advances in spectroscopic and
microscopic capabilities, synchrotron X-ray and neutron sources, and computational hardware
and modeling methods will be essential to make significant progress in understanding these
complex dynamics at a robust quantum mechanical level. Realization of this science direction
will also drive the development of next-generation capabilities and greatly enhance knowledge of
the fundamental phenomena underlying element cycling and radionuclide mobility—important
issues that continue to be characterized by orders of magnitude discrepancies in macroscopic
reaction rates.

Biogeochemistry in extreme subsurface environments

Estimates of the distribution of life on Earth suggest that over 90% of Earth’s biomass exists in
the form of microorganisms in subsurface environments. These organisms are genetically and
metabolically diverse, and mediate a host of globally significant chemical transformations
(biogeochemical reactions) through their interaction with the lithosphere. Subsurface micro-
organisms can be distinguished (among other attributes) by their required source of carbon for
biosynthesis: heterotropic (requiring organic carbon) and autotrophic (requiring CO,). Micro-
organisms that are ubiquitous below ground can have a profound influence on: composition of
subsurface waters; mineralogy and surface properties of subsurface sediments; valence;
geochemical form; and mobility of radionuclide and trace metals. Certain microorganisms
concentrate soluble metals or radionuclides in their periphery through biosorption to exposed
biomolecular complexants, or by enzymatically driven electron transfer reactions that induce
bioprecipitation reactions on the organism surface or within the cell periphery.

Subsurface microorganisms of many types can nucleate and form unique, high-surface-area
biomineral phases including iron and manganese oxides of single and mixed valence states (e.qg.,
ferrihydrite, goethite, magnetite, green rust, birnessites), carbonates (siderite, magnesite, calcite,
aragonite, dolomite), and phosphates. Bio-precipitated solids can react strongly with trace
constituents through surface and bulk substitution reactions, associating trace elements with the
solid phase and significantly retarding their transport. A more specialized grouping of subsurface
microorganisms, termed metal-reducing bacteria, can reduce oxidized, polyvalent radionuclides
[e.g., Tc(VII), U(VI), Np(V)] in pore water, groundwater, or nuclear waste streams of different
types, causing their precipitation and resulting in significant reduction in their solubility and far-
field migration potential. Dissolved hydrogen gas and reduced carbon compounds serve as
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electron donors for biologic electron transfer to radionuclides and other redox-sensitive elements.
Hydrogen is a likely byproduct of radiolysis and metal corrosion in environments near buried
nuclear wastes. Reduced carbon species are likely to be entrained in plumes rich in CO, that may
migrate in geological sequestration environments.

Individual microorganisms are typically 2-5 um in size. These may co-associate in films of like
organisms (biofilms) or in complex associations of different species with interdependent
functions (communities). These biologic features populate reactive mineral interfaces and
together concentrate nutrients, organic carbon, and mineral-derived electron donors that provide
energy for metabolism and molecules for biosynthesis. Fluxes of metabolic products and the
assembly of biostructures for geochemical functions create a unique and dynamic chemical
environment at the microbe-mineral interface that can dramatically alter inorganic molecular and
microscopic structures and compositions of the associated mineral surface. Biogeochemical
processes have consequent large influences on chemical migration through their potential impact
on all system variables and properties influencing solid-liquid distribution.

A high priority research area is understanding the dynamics of the biogeochemistry of extreme
subsurface environments associated with nuclear waste and CO; sequestration. Central to this is
the belief that perturbations in the indigenous microbial community by inoculation of surface
microorganisms (during drift, shaft, or well emplacement), followed by the development of
extreme conditions of temperature, radiation, water potential, and carbon dioxide concentration,
will cause marked and unpredictable changes to the system’s biogeochemistry that must be
understood. Basic research targeting the evolution of the subsurface microbiologic community in
response to environmental perturbation, and the molecular and microscopic nature, rates, and
products of biogeochemical reactions that occur at the microbe-mineral interface under extreme
conditions, holds particular promise for both discovery science and problem application.

Equilibrium and reaction rates in perturbed geochemical environments

Any geochemical environment that has reached a steady or equilibrium state over a relatively
long time will respond to the emplacement of energy system byproducts through sudden or
gradual reactions among minerals, pore waters, and the energy wastes. The reactions are
triggered by perturbations to the original in situ conditions such as changes in temperature and
gas pressure, chemical gradients, and oxidation-reduction conditions, or imposition of intense
radiation fields. The reactions may be fast or slow, and may occur as single isolated events, be
coupled, or have feedback effects on one another. They may have significant effects around the
emplaced materials or at great distances. Matter and energy transfer between the geochemical
environment and emplaced waste is expected with either beneficial or detrimental effects. As an
example, the anticipated increased temperature near emplaced nuclear waste at the Yucca
Mountain repository site may cause complex brines to form in moisture-laden dust that
accumulates on the waste package surfaces (see sidebar on The hypothetical perturbed
environment near emplaced nuclear waste in a geologic repository). These brine droplets will
have different reactivity and corrosive effects than natural groundwaters, and their presence may
lead to the release of contaminants to the surroundings. Therefore, over a wide range of
scenarios, the thermodynamic properties of complex geological fluids and solids, and the
reaction rates among phases and species, must be known to define the critical environmental
parameters that control migration or immobilization of wastes.
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The hypothetical perturbed environment near emplaced nuclear waste
in a geologic repository

The longevity of engineered materials in proposed nuclear waste repositories such as Yucca
Mountain strongly depends on the environments to which they are subjected (Steefel 2004).
The pH, chemical composition, oxidation state, and transport of liquid water to the engineered
materials, along with transport of organic and inorganic gases into the repository as a function
of time and temperature, are critical parameters controlling environmental stability. Dust or
rubble on engineered material surfaces may experience high temperatures, radiation fields and
chemical gradients. Moisture and volatile gases may be added to or removed from the dust
and rubble, possibly resulting in deliquescent brine formation and reactions that corrode the
waste package materials, prevent corrosion, release wastes to the repository, sorb released
species, or precipitate released contaminants. The surrounding geochemical environment is
likely to be influenced by properties of the engineered materials, creating a feedback loop.
Heat flow and rates of contaminant release, the degree of oxidation and generation of acidic
gases from corrosion processes, and the effects on permeability and mineralogy of the
surrounding rock must all be factored into the evolving environment.

Dust and Salt Deliquescence
During the Thermal Period

Dust Brine Precipitate

— 3
Time Evolution

Courtesy of Carl Steefel, LBNL

Above: Key processes within waste emplacement drift. Below: Surface processes on top
of waste package.

J
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Much has been learned about equilibria and reaction kinetics in complex geochemical systems
over the past few decades, but our knowledge is far from complete. We lack basic data for many
important compositional systems, and we have even less knowledge of reaction mechanisms,
despite the recent advances in molecular-scale analysis and computation. For example, methods
such as synchrotron X-ray, or neutron scattering and spectroscopy, or computational modeling
have allowed us to advance our understanding of interfacial structure, dynamics, and reaction
mechanisms, but rarely have these approaches been applied to determine reaction rates or
equilibrium configurations of solid surfaces. The pace at which we can acquire knowledge of
equilibria and reaction rates is limited by these approaches because they often require perfect
mineral surfaces, simple solution compositions, and large time expenditures to implement. New
thermodynamic and Kinetic data must be obtained using new experimental techniques and
approaches that rapidly and accurately handle complex compositional systems, concentrated
solutions, and effects of variable time scales and solid surface characteristics. Almost any
envisioned reaction between a geological repository and emplaced byproduct will result in
chemical changes that are both kinetically and thermodynamically regulated, so theories that link
relevant equilibria to reaction rates and mechanisms must be formulated. Experimental,
analytical and computational approaches available today must be exploited and expanded to
allow the progress needed to accurately and confidently predict risks associated with
contaminant migration.

The goal of this research direction is to address critical gaps in our understanding of fundamental
thermodynamics and reaction kinetics, and derive theoretical formulations relating the two,
which are essential to accurately model effects of perturbations to the geochemical environment
and emplaced energy system wastes that ultimately control contaminant migration processes.
Specific objectives are:

1. Determine key thermodynamic data for solids and complex fluids, including effects of trace
components.

2. Determine key data for mineral-solution reaction kinetics under the full range of saturation
conditions and under transient conditions.

3. Investigate natural systems representing the expected perturbed environments for evidence of
effects on chemical migration due to changes in specific parameters.

4. Apply advanced computational approaches to advanced chemical imaging capabilities,
including neutron, synchrotron X-ray, NMR and other probes of surface reactions at the
atomic scale, and in situ characterization of porosity/permeability and chemical/mineral-
ogical heterogeneity in dense geologic media, whether in experimental or natural systems.

CONCLUSION

The fundamental reactions that control the migration of chemical constituents in geologic media
take place at the interface between minerals and aqueous fluids, and in certain cases include
significant effects of microbiological processes. Even at the atomic scale, this interface is a
complex environment that challenges the geoscientist to make effective use of advances in
geochemical, chemical, physical and biological knowledge. The complexity extends from the
atomic to the pore scale, a range of scales over which fluid flow plays a progressively larger role
in chemical migration. The likelihood is high that we are on the verge of being able to link
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reaction and transport across this scale range, both quantitatively and rigorously, through
achievement of the research goals described in this panel report.

The five targeted areas for new basic research in the geosciences identified by this panel should
produce the necessary knowledge that will allow the U.S. Department of Energy to fulfill its
charge to accurately anticipate the long-term safety potential for any chosen repository of energy
byproducts.
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SUBSURFACE CHARACTERIZATION
CURRENT STATUS
Overview

The subsurface is spatially heterogeneous because of the complex geologic and biogeochemical
phenomena that create and modify subsurface materials and processes. Since the first well was
drilled, design and management of resource recovery or emplacement systems has been
hampered by the difficulty of characterizing subsurface complexity. Consequently, predictions of
mass transport and reactions are often too uncertain to provide meaningful estimates of risks in
the contexts of human health, society, economics and the environment.

Subsurface characterization is a broad topic that could be construed to encompass most of the
topics discussed in the other panel reports. The methods and research needs discussed herein
pertain to the entire subsurface, including the vadose zone, fresh groundwater systems and deep
saline systems. The panel focussed on those aspects of characterization that present the most
difficult obstacles to progress in subsurface science and resource management:

1. Measurement or estimation at the appropriate scales of state variables such as fluid pressure,
temperature, solute concentration, and fluid saturation, and geologic media properties such as
permeability, porosity, capillary pressure or retention curves, geomechanical characteristics,
and chemical reactivity. More effective subsurface characterization would not focus solely on
the usual point- or local-scale measurement of these attributes, but rather on larger scale or
multiscale measurements that might obviate the need for upscaling or downscaling, or
provide unprecedented reduction in model non-uniqueness (e.g., spatially continuous
measurement of pressure and temperature, in situ measurement of field-scale reaction rates
with novel tracer methods).

2. Understanding the interaction of physical fields, such as elastic waves or electromagnetic
disturbances, with geologic media sufficiently to use these physical fields in multiscale
characterization of the state variables and media properties. These interacting physical fields
are complicated because small-scale properties of the medium influence the behavior of the
field at a much larger scale. Currently the theory that connects the small-scale properties to
the larger-scale field is inadequate for many characterization purposes.

3. Fusion of disparate data types (e.g., geologic, geophysical, hydrologic, reservoir, biogeo-
chemical) obtained at disparate scales to maximize reliability of characterization at
appropriate scales. This hurdle requires substantial advances in forward modeling of coupled
nonlinear processes, joint inversion of coupled process models, and evaluation of cumulative
uncertainties stemming from local uncertainties contributed by each coupled model.

4. Characterizing the extremes in fluid flow fields—namely, zones of preferential flow in which
fluids can migrate much faster than conventional estimates might suggest, and zones of
extremely slow fluid movement. The former would include conductive faults and well-
connected fractures or sand/gravel bodies. The latter would include confining beds, aquitards
and seals. Because such preferential flow paths can be so consequential to material isolation
efforts and exposure risk assessments, and because they are difficult to detect or anticipate,
research focus on this area is paramount. Similarly, spatial structure and integrity of the
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“slow” media are critical for containment and management of subsurface resources and are a
primary reason why extraction of fluids, whether petroleum or contaminated groundwater,
tends to be difficult and inefficient.

5. Remote observation of fluid flow, mass transport, fluid residence time, and reactions.
Characterization of the complex subsurface is most hampered by its inaccessibility. We can
achieve greater access to the subsurface by drilling more and more boreholes, but this is very
expensive, typically not adequate, and is counterproductive when the objective is to maintain
a naturally well-sealed storage site. Revolutionary change in our ability to characterize the
subsurface will most likely come from techniques that provide much greater access with less
dependence on drilling. Such techniques might include “smart” tracers capable of relaying
their position without being sampled directly, the ability to measure local fluid residence time
distribution (fluid age distribution) as a direct indicator of dispersion and preferential flow,
enhanced geophysics including fusion with other data types (see Item 3 above), and the
ability to monitor dynamic subsurface fluid processes remotely.

These obstacles can be organized under four broad, overlapping areas:

* Integrated characterization and modeling of complex geologic systems with large and diverse
data sets

* In situ characterization of fluid trapping, isolation and immobilization
* Imaging flow, transport and chemical attributes

* Monitoring dynamic subsurface processes associated with large-scale anthropogenic
manipulations

Integrated characterization and modeling of complex geologic systems with large
and diverse data sets

Modern problems of coupled flow, transport and reaction require better coupled models, both
forward and inverse, for resolving not only the dynamic phenomena but also for resolving the
characterizations of spatial-temporal variations in relevant variables. In other words, more
unified modeling approaches not only provide the means of simulating the relevant, coupled,
nonlinear phenomena, but also potentially provide the means for better characterization through
approaches such as joint inversion. No single data type (e.g., geologic, geophysical, hydrologic,
geochemical, geomechanical) is sufficient by itself to characterize the complex subsurface. This
is true even if one were trying to characterize only one aspect, for example, physical
heterogeneity. Just as human perception of a 3D object requires observations from multiple
perspectives, the complex subsurface can be better characterized by observing how the system
complexity manifests through all the available physical and biogeochemical signals.

Current modeling practices decouple both scale and physics, and integrate data, in an ad hoc
manner (Hill and Tiedeman 2007). A rigorous paradigm for treating these problems in the
geosciences is missing. This is critical because incorrect treatment may lead to a gross
accumulation of errors due to strong nonlinear couplings. Such strong nonlinearities are
frequently encountered in multiphase flow, reactive transport, and geomechanics, although the
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Hydrologic forcings and climate change

Subsurface fluid systems can be strongly influenced by magnitudes, rates and
mechanisms of groundwater recharge and discharge, which in turn are affected by
climate variability. Although the Characterization Panel focused mainly on measurement,
monitoring and modeling of deeper subsurface properties and processes, subsurface
models also rely strongly on characterization of boundary conditions at the land surface
or the shallow subsurface (Scanlon et al. 2006; Flint et al. 2002; Bagtzoglou and Cesano
2007). Measuring or estimating the magnitudes as well as spatial and temporal variability
of fluid movement through the vadose zone and groundwater recharge are therefore
important challenges for DOE’s research agenda in subsurface science. Furthermore, any
long-term subsurface management operation must consider effects of climate change that
will be translated downward via surface and shallow subsurface processes. A number of
research frontiers exist in this area, including accurate measurement of precipitation and
evapotranspiration across diverse landscapes and the development of geophysical
methods for monitoring shallow hydrologic phenomena. Precipitation and evapo-
transpiration are the two largest components of the hydrologic cycle, yet we seldom can
measure them with sufficient accuracy to adequately constrain estimates of groundwater
recharge.

spatial and temporal scales at which these processes need to be resolved are different. There is a
clear and urgent need to resolve these highly nonlinearly coupled processes in a way that
preserves a theoretical and practical understanding of modeling and discretization errors.

At first order, the goal is to characterize the unknown spatial patterns in relevant properties and
perhaps temporal changes in those patterns and properties. Top priority concerns are typically the
extremes of preferential flow and very slow flow. At this first-order level, however, we still have
a limited ability to predict the existence and characteristics of these features. While we can
typically provide good estimates of mean fluid velocity averaged over certain volumes, the
troublesome and almost ubiquitous extremes in fluid flow fields represent major deviations from
the mean velocity. In the hydrologic sciences, modeling of such deviation has focused primarily
on a diffusive model of dispersion that does not adequately represent these processes in the
upscaled volumes (de Marsily et al. 2005; Zinn and Harvey 2003). More recently, workers have
accounted for fluid transport more accurately by high-resolution modeling of the system
heterogeneity, usually encompassing no more than one or two scales of heterogeneity (e.g.,
facies and sequence boundary scales) (LaBolle and Fogg 2001; Weissmann et al. 2002).
Although high-resolution flow and transport models can provide more realistic representation of
the relevant physical and chemical processes, this approach puts even more emphasis on quality
of the characterization of heterogeneity and raises questions about whether the relevant scales of
heterogeneity are represented adequately. In the presence of multiple fluid phases, the
description of fluid transport is further complicated by multiphase flow phenomena, where the
mobility of one phase depends on the presence and characteristics of other phases.
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Figure 6. Simple example of benefits of data fusion (Barlebo et al. 1998). The modeled solute plume can differ
dramatically when we add just one more observable, such as concentration, in the calibration procedure.
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Figure 7. The role of uncertainty in decision making (Snieder et al. 2007).

The problem of estimating the unknown spatial-temporal patterns of relevant properties is ill-
posed unless one has information on the processes that created the patterns (Fogg et al. 2000). As
an analogy, consider the problem of medical imaging of the human body with, for example, X-
ray, CT scan or NMR methods. The effectiveness of these approaches would be dramatically less
if the physicians interpreting the image data did not have in-depth knowledge of human anatomy.
Similarly, any application of imaging technologies to the subsurface will be, at best, severely
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limited if the geologic origins of the deposit (e.g., depositional environment, structure,
diagenesis) are unknown. Thus, information on geologic origins of the system is and will remain
essential for characterization.

A pervasive limitation in the implementation of complex models is the problem of uncertainty
(Poeter and Anderson 2005; Poeter and McKenna 1995). The estimated model has uncertainties
that are due to data errors, limitations in resolution, and, sometimes, the poorly known relation
between the probing field and the local physical and/or chemical properties. Yet the uncertainties
in the data are essential for wise decision-making. To complicate matters, the uncertainty usually
is scale-dependent, and often difficult to quantify because the uncertainties in the physical and
chemical processes that underlie the model estimation are often poorly known. Combining
multiple data sets (data fusion) usually reduces the uncertainty but, paradoxically, can complicate
the estimation of uncertainty (see Figures 6 and 7). Because of nonlinearity, there is no general
theory for the estimation of uncertainty (Snieder 1998). Moreover, visualizing the uncertainty
(Sambridge et al. 2006) and communicating the uncertainty to the nonspecialist (Baddeley et al.
2004) is a largely unsolved problem.

In situ characterization of fluid trapping, isolation and immobilization

The transport of contaminants and storage products occurs predominantly through fluid
transport. For this reason the trapping of fluids is essential for containment issues. Faults and
impermeable, overlying rock units, including salt, can form effective traps. The trapping can
occur through a variety of different mechanisms. A critical distinction is that porosity and
permeability are not necessarily closely related in areas of relatively low porosity. The crystalline
structure of salt and other minerals prevents fluid migration. Perhaps, surprisingly, most seals are
porous to some degree, as shown in the microphotographs of a top seal and a fault zone in
Figure 8. For multiphase flows, these rocks are sealing as long as the fluid pressure is less than
the capillary entry pressure. The sealing properties depend in this case on the details of the pore-
space distribution, as well as on the properties of the (multiphase) pore fluid. The pore space
distribution is influenced by the constituents of the seal, the past deformation history,
mineralization phenomena, and the formation of cracks. Overall, seals are complicated and
dynamic structures. Their properties are affected by changes in the stress field, with fracture
formation, by ongoing deformation (formation of clay smear), by disruptive events
(earthquakes), and by mineralization or dissolution processes. The latter processes depend, in
their turn, again on fluid migration.

The interplay of several processes makes the characterization of seals difficult. In general, the
assessment of fault integrity is easiest in hydrocarbon reservoirs where the seal integrity can be
established from the long-term accumulation of oil or gas. In environments where a buoyant
fluid is absent, such as saline aquifers, the characterization of a seal must be established
remotely. The local properties of a seal can sometimes be established from boreholes, but
because of the cost of boreholes, and the potential risk of creating a future pathway for the fluid,
one aims to minimize the number of boreholes. Furthermore, a seal is only effective when
laterally uninterrupted, and local measurements usually do not establish the continuity of seal
integrity. As shown in Figure 9, the geometry of minor faults near a major fault can be
complicated. These minor faults can leave a significant imprint on the macroscale deformation
and fluid conductivity properties of the fault system.
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‘Top Seal Shale ‘

Courtesy of R. Knipe, Rock Deformation Research, rdr@leeds.ac.uk

Figure 8. Microstructure of top seal shale (left image) and fault rock (right image).
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Figure 9. An outcrop of the Moab fault (top panel), and the 10 million fractures and subfaults that have been
mapped (bottom panel) for the region indicated with the orange box in the top panel.
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Imaging flow, transport and chemical attributes

Geophysical imaging of the subsurface has grown through spectacular advances made with the
advent of 3D seismic surveys. Figure 10 shows a vertical cross section through a three-
dimensional seismic image in a reservoir in the Gulf of Mexico. The different geologic strata and
their spatial delimiters by faults are clearly visible. The phrase “high-resolution imaging” should
be taken with a grain of salt. Employed wavelengths are often about 30 meters, which is much
larger than the thickness of strata, and also much larger than the length scale of the microscale
characteristics of the rocks that are crucial for understanding and predicting their bulk properties
(Figure 8).

The complicated relation between microstructure and bulk properties is illustrated in Figure 11,
which shows the seismic velocity measured in a laboratory experiment (Cadoret et al. 1995),
where a porous rock is first infiltrated with a fluid and then drained. During infiltration (blue
dots) the velocity steadily decreases until the last blue dot (near maximum saturation), which
indicates an abrupt increase in velocity. During drainage (red dots), the velocity ultimately
increases. Note that the shear wave velocity is not a unique function of fluid saturation. The
colored circles show the fluid saturation on the microscale as measured by X-ray tomography.
During the infiltration the fluid has a fine-scale distribution (bottom circle), whereas during the
drainage the fluid distribution is patchy (upper right circles). This means that the deformation
field on the macroscale (the seismic waves) does not uniquely depend on the water saturation; it
also depends on the spatial pattern of the saturation on the microscale. This is only one example
of the poorly understood relation between microproperties and bulk properties. Other examples
include the relation between seismic anisotropy and fracture networks (Grechka and Kachanov
2006), and the relation between seismic attenuation (Q), microscale structure, and pore fluid
behavior (Pride et al. 2003).

A comparison of the current state of subsurface imaging with medical imaging is of interest.
Medical imaging started with X-ray transmission photography. The technique evolved into X-ray
Computed Tomography (CT scans). This imaging method shows the structures in the body. In
other fields, X-ray spectroscopy is now used to measure the details of molecular processes
through the energy transitions in excited states of molecules. In Positron Emission Tomography
(PET scans), the particles that are detected and used for the imaging are tagged to bio-chemical
tracers. This makes it possible in medical imaging to probe the spatial and temporal distribution
of the chemical process of interest.

In the geosciences, the geometry of structures at a length scale down to about 10 m can be
constrained, as well as several attributes of these images, and some properties of the subsurface
can be estimated from these attributes. Other geophysical fields, such as electromagnetic fields,
supply complementary information, such as the electrical conductivity, but are even more
restricted in spatial resolution. The smallest length scale that can be resolved is much larger than
the small-scale structures and processes that determine the bulk properties of the subsurface. To
bridge the large span of length scales over which subsurface physical and chemical processes
operate, it is necessary to diagnose these processes over a much larger range of spatial and
temporal scales than currently is possible.
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Figure 10. Cross section through a 3D seismic image of the South Eugene Island field in the Gulf of Mexico. Colors
indicate the horizontal reflectors, while black wiggles display the reflectivity of two fault zones (Haney et al. 2004).
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Figure 11. The extensional velocity in a limestone sample as a function of water saturation during imbibition (blue
dots), and drainage (red dots). The colored circles show the water saturation on the microscale measured with
computerized X-ray tomography. From Cadoret 1993 with T. Cadoret’s permission; Cadoret, T., Marion, D., and
Zinszner, B. Influence of frequency and fluid distribution on elastic wave velocities in partially saturated limestones
Journal of Geophysical Research 100, 9789-9804 (1995). Copyright © 1995 American Geophysical Union.
Reproduced/ modified by permission.

40 Basic Research Needs for Geosciences: Facilitating 21°' Century Energy Systems



PANEL REPORT: SUBSURFACE CHARACTERIZATION

a 1985 b 1992
High
updip
N N A10ST
Low A A
Relative
reflectivity

Figure 12. Plan view of the reflectivity of the B-fault in Figure 10 from two time-lapse seismic surveys. High
reflectivity corresponds to large pore-fluid pressure in the fault. This region of high reflectivity propagates up-dip,
and shows transport of fluid along the fault zone with a velocity of about 140 m/y Reprinted by permission from
Macmillan Publishers Ltd: Nature 437, 46 (2005).
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Figure 13. Optical measurements of the presence of a conservative tracer (top panels; red color) and a reactive
tracer (bottom panels; red color) for different times. Fluid propagates from the bottom to the top of the figures
through a porous medium consisting of glass spheres (Oates 2007).
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Figure 14. Simulated groundwater residence time distributions from the midpoint of selected well screens for each
of the 10 realizations, Kings River alluvial fan aquifer system, CA (Weissmann et al. 2002). Local mixing of
groundwater age is ubiquitous and more extreme than previously thought. Models show that the same phenomenon
occurs at greater depth, but potentially with far greater ranges in ages. Predominantly old water (e.g., 10° y) that
contains a young fraction (e.g., 10*-10%y) is a direct indication of preferential flow. The travel time distributions are
typically non-symmetric (non-Fickian). Weissmann, G.S., Yong, Z., LaBolle, E.M., and Fogg, G.E. (2002).
Dispersion of groundwater age in an alluvial aquifer system. Water Resources Research 38(10), 16.1-16.8.
Copyright © 2002 American Geophysical Union. Reproduced/modified by permission.

Detecting the presence of a fluid and possibly its movement over time (see Figure 12) is different
from measuring its flow and the chemical reactions that take place within the fluid, or between
the fluid and the rock matrix. Oates (2007) made laboratory measurements of the reactions of
moving fluids by injecting fluid into a porous medium (Figure 13). Conservative tracers show
the complicated invasion pattern of the flow, whereas reactive tracers create images of reactivity
and the diffusion of reactants. The reactivity depends on the chemical properties of the reactants,
as well as on the small-scale properties of the flow pattern that brings the reactants into contact.
This experiment was carried out in the laboratory where optical techniques can be used for
diagnostics. Measuring reactivity remotely in the subsurface is a much more formidable task.

In addition to geophysical methods, chemical and isotopic tracers can be used to characterize
subsurface properties and structures. Environmental tracers (Cook and Herczeg 2000) are either
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anthropogenic or naturally occurring substances that, with the appropriate model, can provide
estimates of the mean residence time of the sampled water. Examples include isotopes (e.g., *C,
%Cl, *H-He) as well as anthropogenic compounds such as chlorofluorocarbons (CFCs) and sulfur
hexafluoride (SFs) (Phelps et al. 2006). Recent work (e.g., Weissmann et al. 2002; Bethke and
Johnson 2002; DePaolo 2006) indicates that these methods tend to provide a biased estimate of
the mean age of a typically broad distribution within the groundwater sample (Figure 14). The
broad distributions of age are indicative of the multiple scales of complexity that cause scale-
dependent dispersion, preferential flow (including leakage along faults), physical and chemical
anthropogenic transients, and, in some cases, chemical reactions. Unfortunately, environmental
tracer methods are currently insufficient to estimate the full range of groundwater ages within a
sample and to thereby deduce the actual age distributions. In particular, methods are needed for
reliably estimating groundwater ages in the range of 40 to ~3000 years. When methods exist to
cover virtually the full range in most ages within groundwater samples (10°~10* years), it will be
possible to estimate actual age distributions, which will represent a powerful tool for
characterization of multiscale heterogeneity via model calibration and for validation of these
models.

Monitoring dynamic subsurface processes

Measuring time-lapse changes (monitoring) is especially critical for understanding processes in
the subsurface. In the seismic image of Figure 10, clear fault zone reflections are visible.
Figure 12 shows the reflectivity of the B-fault in map-view as inferred from two seismic surveys
recorded seven years apart. A zone of high reflectivity is moving in the northeast direction,
which is the up-dip direction. This moving zone of high reflectivity is indicative of fluid
migration along the fault (Haney et al. 2005). Another example of fluid migration is shown in
Figure 15, where CO, changes the reflectivity of the seismic image during enhanced oil
recovery. Note that in the examples of Figures 12 and 15 the spatial and temporal scales of this
observed moving fluid migration are low. Within the limits of this low resolution, the presence
of the fluid pulse can be established, but details of the interaction of the fluid with the subsurface
structure are lacking.
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Figure 15. Time-lapse seismic images of a reservoir in which CO; is injected. The yellow and red regions indicate
low acoustic impedance; this indicates the presence of fluid or gas.
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The issue of sensitivity is especially important for early identification of time-lapse changes in
the subsurface. Early identification of changes can be important for effectively managing
subsurface reservoirs. The capability to detect minute changes is also of importance for early
warning and mitigation of natural hazards. In many monitoring problems, one seeks to detect a
minute change in the properties. For example, if 1% of the CO, leaks from a sequestration site in
one year, then 70% of the CO, will escape in a century. In this application it will be necessary to
monitor with a much smaller detection threshold than currently is possible. It is possible in the
laboratory to measure changes in the seismic velocity with an accuracy of about 0.01% using
interferometric techniques (Snieder et al. 2002), but these accuracies cannot yet be achieved
under field conditions.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

Integrated characterization and modeling of complex geologic systems with large
and diverse data sets

Subsurface geologic structures are complicated but not random. For sedimentary rocks, for
example, there is a wealth of data and models that relate sediment transport by rivers and ocean
currents to the mineralogy, texture, and large-scale structures of the resulting sedimentary rocks.
Such geologic process descriptions can and must be used to develop better conceptual models of
subsurface heterogeneity, including preferential flow paths and various scales of heterogeneity
that may be difficult to detect or represent with statistical methods. Such geologically informed
models are also needed for determining the consequences of neglecting certain features in
upscaled or more conventional models of heterogeneity. This is one strategy for defining which
system properties, attributes and scales are most relevant to a particular problem.

The translation of geological processes into spatial patterns and scales of relevant properties
(basin, formations, core scale) can be achieved using physical and numerical models of
depositional, diagenetic and structural processes. The field of depositional process modeling is
still in the early stages, but with greater computational capability, and the optimal use and
integration of disparate data sets, it can evolve into a powerful predictive tool for the 3D
geologic structures at various length scales, the microproperties that govern the bulk behavior,
and the temporal evolution of these structures.

One of the main challenges in creating a 3D scale-bridging description of geologic structures is
to relate geophysical, geochemical and bio-geochemical measurements to in situ properties and
processes. The relation between the measurements and the in situ properties is scale-dependent
and needs to bridge different temporal and spatial scales. The quantification and reduction of
uncertainties play a special role because measurements and inferences from these measurements
are useless when the associated uncertainty is unacceptably large. The determination of the
required thresholds of uncertainties needs to be addressed. Ultimately, it is necessary to develop
a fundamental understanding of the relevant upscaling and downscaling laws for flow, transport
properties, reaction rates, and mechanical properties.
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Scaling laws for flow, transport, reactions and coupled processes

The scale-dependence of subsurface processes is so complicated that the laws that govern
behavior are not easily established (e.g., Gollub 2003). An example is fracture propagation
(Scholz 1990). Fracture behavior can be described at a crude level by the surface energy of the
fracture. This description, however, hides the complexity of the formation of the damage zone
near the crack tip, and the way the fracture propagation may be influenced by, for example, the
surface chemistry on the microfractures in the damage zone. In this case, an adequate description
of a process applicable to a particular time and length scale can be obtained by a simple analysis,
but because it ignores essential aspects of the process, it may not be useful at other scales.
Another example is shown in Figure 11. The principles of linear elasticity that govern the
propagation of seismic waves are well-known, and predict that seismic velocity should be a
simple function of saturation state. But as the example shows, two different states of fluid
saturation may correspond to the same velocity, depending on the spatial distribution of the fluid,
which in turn depends on the history of the sample. The difficulty in accounting for the
physical/chemical behavior of Earth systems is most pronounced when coupled processes occur
at different temporal and/or spatial scales. The laws for upscaling and downscaling need to be
addressed by a combination of laboratory measurements, numerical simulation, and field
experiments using different diagnostic methods.

Data fusion, instrumentation, tracers and uncertainty

No single approach or data type is adequate for characterizing subsurface structure and
properties. However, adding additional data types is complicated because the sensitivity and
resolution for each data type may be different. For example, seismic imaging can provide the
subsurface architecture down to a scale of several meters in optimal situations, but this method
cannot directly distinguish between water and hydrocarbon as a pore fluid. In this case,
electromagnetic measurements provide additional information (e.g., Constable and Srnka 2007),
but with different spatial resolution.

The process of combining different data sets (data fusion), and possibly a priori information as
well, is a problem that needs further theoretical, numerical research as well as application to field
examples. Disparate data sets, and other information, can only be combined meaningfully when
the uncertainty in the different pieces of information as well as the resulting combination can be
evaluated. This is especially challenging because the uncertainty depends on the different length
scales for different data sets.

It is imperative to increase the spatial resolution in imaging and characterization. Because of the
attenuative nature of the physical fields used for interrogating the subsurface, the resolution
obtained degrades with distance. New instrumentation that can be used at depth in boreholes or
wells is needed to achieve the required increased resolution at depth. Distributed subsurface
sensor networks at the micro- or nanoscale may have the potential to provide images at
unprecedented length scale. Permanent sensors, or sensors that roam the subsurface—for
example by moving with the flow—can further enhance the temporal sampling of the subsurface.

New measurement techniques can be especially powerful in combination with smart tracers. As
shown in Figure 13, the combination of conserved and active chemical tracers provides insight in
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the reaction rates, as well as the spatial and temporal pattern of reactivity. Tracers that respond to
external fields (e.g., pH or pressure) by changing their response to probing fields, or by emitting
an electric or acoustic signal, may open up new avenues for understanding processes. These
tracers could be chemical or electro-mechanical, possibly in combination with biological
components. Subsurface relay stations in some form are needed for the required transmission of
information. Recent developments in micro/nanotechnology are promising and may play an
important role in distributed sensors networks in the subsurface.

New tracers of groundwater age are needed that can be used to estimate the full spectrum of fluid
residence times within individual water samples representative of large subsurface control
volumes tapped by production wells or of local points within the subsurface. Our current
inability to estimate water ages in the 50 to ~3000 year range is particularly limiting.

Lastly, methods of measuring state variables such as pressure, temperature, saturation and
concentration continuously in space rather than mainly at points or over finite volumes are
needed. Linear measurement technologies such as fiber optics may provide the means of
accomplishing this (e.g., Selker et al. 2006).

Improved geophysical imaging techniques

Geophysical techniques which remotely probe the properties of the subsurface at their critical
length and time scales are still generally unavailable. Despite spectacular advances in 3D seismic
imaging, current imaging techniques are still limited. The current resolution is too low to identify
many of the smaller-scale structures and processes believed to be relevant to the critical
properties of the subsurface and their response to anthropogenic perturbations. The sensitivity of
current monitoring methods is not sufficiently high to match the detection threshold desired for
effectively managing the subsurface. Seismic waves are primarily sensitive to seismic velocities
and density. From measurements of these properties other quantities, such as porosity, can
sometimes be inferred. In practice, many important properties of the subsurface cannot be
estimated from seismic data, although combining different receiver configurations at the surface
and down boreholes, or through vertical seismic profiling, can improve results. For some
properties, such as hydraulic conductivity, the combination of seismic data with electromagnetic
data is promising. Many (bio)geochemical properties, such as the pH or the redox potential,
cannot be probed remotely with current imaging techniques.

Imaging may be more effective by introducing contrast agents into the subsurface in such a way
that it is more sensitive to probing fields. This approach is akin to the use of tracers in medical
imaging. An example is the CO; injection shown in Figure 15 that can be used to determine the
flow pathways in a reservoir. More advanced applications may include, for example, the use of
organometallic tracers. The organic part of the tracers makes it possible to track (bio)chemical
properties, while the metallic part of the tracers creates the opportunity to detect the presence and
concentration of the tracers with electromagnetic fields. Well-designed methods to manipulate
the subsurface may increase the effectiveness of geophysical imaging techniques to monitor
structures and processes in the subsurface.
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To adequately probe the subsurface remotely with imaging techniques, it is necessary to:
* Enlarge the number of physical, chemical, and biological properties to be analyzed remotely

* Enhance the spatial and temporal resolution of geophysical imaging techniques to help bridge
the gap between the length and time scales that can be imaged and the length and time scales
of the relevant structures and processes in the subsurface

* Increase the sensitivity of remote monitoring methods to match detection thresholds needed
for managing the subsurface effectively

* Establish a more accurate connection between imaged properties and the microstructure of
the subsurface

* Develop methods to manipulate the subsurface to increase the effectiveness of imaging
techniques

In practice this will require including combinations of measurements of different physical and
chemical fields, and combinations of surface measurements with down-hole and other probe
measurements. This requires effective data fusion methods as described earlier. Developments in
micro-instrumentation are needed to measure properties of the subsurface in more detail.
Interferometric techniques need to be further developed to use the sensitivity of time-lapse
measurements (Snieder et al. 2002) and to use ambient fluctuations as a source for imaging
techniques (Curtis et al. 2006; Larose et al. 2006). Combined with permanent instrumentation,
interferometric techniques may open up new opportunities for continuous monitoring. A
combination of laboratory measurements and computer simulation is needed to relate the imaged
properties at the resolution of the imaging technique to the relevant microscale properties.

CONCLUSION
Impacts in the geosciences

Restrictions in our current ability to characterize physical, chemical and biological properties of
the subsurface at multiple length and time scales form a major hurdle that prevents us from
understanding subsurface processes and managing subsurface systems. The research activities
described here can impact water resource management, energy and mineral extraction or storage,
geologic waste disposal or storage, site location and subsurface characterization for sensitive
construction projects (e.g., nuclear power plants), and environmental remediation. For these
systems, hazard assessments in general can be improved by more effective characterization
methods.

New and improved subsurface characterization and imaging techniques will help in managing
oil, gas, coal, hydrate and geothermal resources in a more effective and safe manner. The ability
to be confident in early detection of problems and remediation of environmental consequences
will be enhanced, and the benefits, costs, and impact of corrective action can be identified more
rapidly.

Enhanced characterization and imaging systems will provide new and more detailed information
for improving the siting, design, performance assessment, and management of geologic disposal
sites, including carbon dioxide storage and radioactive waste disposal. Such improvements will
increase political and public acceptance of geologic waste storage. Licenses for operation can be
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assigned more rapidly. The ability to detect, diagnose, and remediate leakage problems depends
critically on effective characterization and monitoring.

Finally, the broad area of subsurface monitoring and environmental remediation will benefit
from new and diverse measurement technologies and more integrated instrumentation, and by
ensuring that all types of man-made disposal and storage processes in the subsurface have
predictable consequences. In civil engineering, more effective methods can improve our ability
to monitor new or aging underground infrastructure, and reduce the cost and risk for managing
the subsurface.

Impacts for other fields

The challenge of effectively describing complex systems is also faced in other fields of science.
Among the problems that share the complex, multiscale behavior found in subsurface systems
are: the Earth’s climate system; turbulence, stirring and mixing in fluids; and reactive flow. The
research described in this report on imaging, data fusion, uncertainty estimation, and uncertainty
reduction has consequences for other fields such as medical imaging, non-destructive testing,
process monitoring, and material science. The proposed work on smart tracers, in particular,
interfaces with medical research (treatment and diagnostics), materials science, manufacturing,
and process control.
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MODELING AND SIMULATION OF GEOLOGIC SYSTEMS
Everything should be made as simple as possible, but not simpler. — Albert Einstein

Computer modeling of subsurface systems has been practiced for over 50 years and in many
respects is a mature technology. However, modeling capabilities fall short of application needs in
areas such as nuclear waste disposal or carbon storage, where the long time scales needed for
safe containment and the subtlety of interacting processes place far greater demands than can be
satisfied with present capabilities. There are opportunities to develop multiscale, multiphysics,
nonlinear modeling capabilities that will take advantage of evolving petascale computing
platforms. These will provide qualitative improvement in the ability to simulate and understand
subsurface systems, resulting in large technical and economic benefits for design and operation
of waste disposal facilities, improved environmental protection, and higher recovery rates of
energy resources. To accomplish this requires an additional research objective to develop first-
principles-based approaches to chemical speciation, thermodynamics, and reactivity in aqueous
and nonaqueous systems.

CURRENT STATUS

Computer modeling of subsurface flow systems, such as groundwater aquifers and oil and gas
reservoirs, has been performed at increasing levels of sophistication since the 1950s (Peaceman
and Rachford 1955). Much is known about the physical and chemical processes in such systems.
Equations have been formulated that relate process dynamics and equilibria to fundamental
driving forces, such as fluid pressure and chemical potential (Aziz and Settari 1979; Firoozabadi
1999). Algorithms have been developed for solving these equations and have been incorporated
into sophisticated computer programs routinely used by engineering professionals in applications
for recovery of subsurface resources and environmental protection.

In groundwater modeling, methods integrating modeling of complex systems with large and
diverse data sets can build on a substantial legacy, which started with the work of, for example,
Cooley (1979) and Yeh and Yoon (1981). Hill and Tiedeman (2007) review more recent work
that addresses understanding and accounting for heterogeneity (e.g., Hyndman et al. 1994,
Hyndman and Gorelick 1996; Kolterman and Gorelick 1996; Carle et al. 1998; Chen and Rubin
2003; de Marsily et al. 2005), integrating many kinds of data (e.g., Rubin et al. 1992; McKenna
and Poeter 1995; McLaughlin 2002; Binley and Beven 2003; Sanford et al. 2004; Hunt et al.
2006), sensitivity analysis (e.g., Yager 1998; Saltelli et al. 2004; Barth and Hill 2005; Tiedeman
et al. 2003, 2004), quantifying uncertainty (e.g., Moore and Doherty 2005; Meyer et al. 2004),
and model discrimination (e.g., Poeter and Anderson 2005).

Software currently available to address some of these issues includes, for example, PEST
(Doherty 2005), UCODE_2005 (Poeter et al. 2005), iTOUGH2 (Finsterle 2004, 2006; Kowalsky
et al. 2005), MMA (MultiModel Analysis; Poeter et al. 2007), OPR-PPR (Observation-
PRediction and Parameter-PRediction statistics; Tonkin et al. 2006), and DAKOTA (at Sandia
National Laboratory). In addition, relevant environments for constructing such software are
becoming available. For example, the USGS and EPA recently produced JUPITER (Banta et al.
2006), while the EPA is producing the COSU API.
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Figure 16. Multiscale heterogeneity in geologic systems.
BASIC SCIENCE CHALLENGES, OPPORTUNITIES AND RESEARCH NEEDS

In many ways, computer modeling of subsurface flow systems has a well-established approach.
Yet it also has shortcomings that severely limit scope and reliability of current simulation
technology. These shortcomings relate primarily to two pervasive and interrelated aspects of
subsurface systems: (1) the importance of coupled processes, and (2) the presence of structures
and interactions on a vast range of space and time scales that are not compatible with space and
time resolution of the models (Figure 16). Coupled processes denote the interplay of fluid flow,
solute transport, heat transfer, and chemical and mechanical interactions between rocks and
fluids. These processes are typically played out in environments that involve structure on scales
from the mineral grain to a geologic region. In some cases there may be a natural separation of
scales that would justify certain approximations and simplifications within some scale range; in
other cases no such scale breaks exist, and processes may evolve through a continuum of scales,
from below the pore scale all the way to the regional scale.

Current approaches to modeling natural or anthropogenic processes in subsurface systems are
adequate for many tasks encountered in resource recovery (oil and gas production, groundwater
management), but may fall short of application needs in areas such as nuclear waste disposal or
carbon storage. 50% oil recovery from an oil reservoir is exceptionally good, while loss of 50%
of a sequestered material is exceptionally bad. The long time scales needed for safe containment
and the subtlety of potential failure mechanisms impose much more stringent demands on
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models as the foundations of performance assessment. In addition to the challenges pertaining to
multiscale modeling of coupled processes, difficult issues arise when attempting to build detailed
models for specific sites that are based on a diverse set of hard and soft data. These issues
include:

1. Determining the optimal level of detail in geological-scale modeling
2. Incorporating large and diverse data sets into models

3. Quantifying model predictive uncertainty with consideration of data errors, model
approximations, scale effects, nonlinearities, and coupled processes

Modeling multiple processes at interacting scales

The present level of understanding and modeling of complex properties and processes in the
subsurface is often insufficient for predicting potential responses to anthropogenic perturbations.
A fundamental gap in the knowledge base is how to accurately couple information across scales,
i.e., accurate accounting of small-scale effects on larger scales, and of large-scale forcings on
small-scale processes. For example, in a fracture, chemical interactions between pore fluids and
the fracture walls occur locally on the submicron scale but affect fluid flow and wave
propagation along the length of the fracture, on a typical length scale of meters or more. For a
porous medium that is partially saturated with gas and water, the distribution of these two fluid
phases is affected not only by the intrinsic length scales of the pores but by length scales
associated with fluid-fluid and fluid-solid interfaces, as well as by time-dependent processes that
alter fluid pressures (e.g., pumping, fault displacement, reactive events). In both of these
examples, the problem is complicated by the fact that there are no obvious scale separations.
This leads to the demanding challenge of determining not only the appropriate mathematical and
numerical representations at each scale but more importantly the interactions across scales.

In addition to complex processes, the properties of natural geologic formations rarely display
uniformity or smoothness. Instead, they usually show significant variability and complex
patterns of correlation across a wide spectrum of interacting scales. For example, mechanical
discontinuities range in scale from a few microns (microcracks) to centimeters-meters (fractures,
joints) to kilometers (faults). They can occur singly or in sets producing heterogeneity from the
pore scale to the reservoir scale that varies temporally because of participation in hydrogeologic,
geochemical, biogeochemical and tectonic cycles, in addition to any human activities or
interference. Geologic characterization models are usually constructed using sparse data, which
come from different sources with varying quantity and information content. We are faced with
the scientific challenge of developing stochastic mathematical and numerical frameworks that
capture the nonlinear dynamic (physical and chemical) processes in geologic formations. Any
probabilistic description must account for uncertainty in models, inaccessible length scales,
scale-dependent statistical description of physical phenomena (e.g., diffusion, mechanical
dispersion), and measurement errors.

Subsurface systems are not static, but evolve over time because of natural processes or human
influences that lead to nonlinear processes with complicated feedback mechanisms. For example,
the evolution of transport characteristics of fractures is controlled by competition between
chemical and mechanical effects. These either generate (e.g., dilatant shear, microcracking,
thermal cracking, focused dissolution) or destroy (shear and hydrostatic compaction, fracture
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healing, dislocation creep, pressure solution, free-face diffusion) fracture porosity. Crucial in this
understanding of chemical effects are the mechanisms in which mechanical deformation
contributes to changes in permeability, and by which, in turn, the mechanical response is
modified. These effects are known to be important at relatively modest stresses and
temperatures, and are typical in systems pushed far from chemical equilibrium, such as in
geothermal or hydrocarbon reservoirs, or around waste repositories. A key challenge is the
accurate representation of multiple processes that vary in strength and exhibit feedback that may
be self-enhancing or self-limiting. Nonlinear processes cannot be modeled with simple scale-
averaged descriptions, but require the resolution of nonlinear interactions spanning a multiplicity
of scales. It also requires an understanding of the physics of systems pushed far from
equilibrium. New linear and nonlinear solvers are needed to enable accurate simulation of
evolving geologic systems on petascale computing facilities.

Coupling information across scales requires the appropriate governing equations for given spatial
and temporal scales, as well as knowing how to appropriately transfer information across scales.
For many subsurface applications, the model must adapt to use real-time information to update
predictions, inform field-scale deployment of monitoring methods, and be able to quantitatively
assess the results. Because of the range of scales, data integration will require understanding
measurements from the laboratory scale to the field scale. On the laboratory scale, experiments
need to be designed to access the data required under controlled conditions (e.g., pressures,
temperature, material properties, fluids) over known scales (e.g., specific pore structures,
molecular scales), and over time to determine how the structure/system/processes evolve. For
example, the principal challenge of upscaling techniques for multiphase fluid dynamics in porous
media is to determine which properties on the microscale can be used to predict macroscopic
flow and the spatial distribution of fluid phases at core and field scales.

First-principles theoretical formulations over the past decade have been derived from volume
averaging theorems in which microscopic interfacial behavior is explicitly incorporated. These
theories have proposed that interfacial area per volume directly affects macroscopic behavior,
and that this variable may govern the observed hysteresis in the capillary pressure-saturation
relationship. Direct visualization of interfaces with high resolution is only possible on the
laboratory scale. Transparent two-dimensional porous media (Cheng et al. 2004) with a
resolution of 0.6 microns per pixel edge length and total sample length of 600 microns have been
used to visualize and quantify the behavior of interfacial geometry, while concurrently
measuring fluid pressures (globally and locally) to test the volume averaging theorem. Any
upscaled models must be calibrated to ensure that fine-scale influences are properly captured.
Thus, laboratory techniques can provide a basis for validating theorems and calibrating
numerical methods for complex media over a range of length scales.

While the laboratory can describe physical phenomena over two to three orders of magnitude in
length, testing of coupling across multiple scales will require mesoscale data and field-scale data
integration. Structural information on the field scale is often difficult to obtain, and tends to be
spatially sparse and temporally infrequent. A major scientific challenge is the development of
models that can examine the state of a system when initial conditions are unknown, but time-
lapsed data are available (e.g., time-lapsed seismic monitoring, well head pressures, strain from
tilt meters). This requires developing feedback between model formulation and data acquisition.
Modeling will inform the field characterization and monitoring process on the scale of data
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needed, on required spatial and temporal coverage of a field site, and on data interpretation. The
field data in turn will enable the development of dynamic and adaptive models that can update
predictions based on newly obtained data from a site. Integration of model development and data
acquisition will make it possible to answer the principal question of how to appropriately
simulate and measure information and processes across scales in a structurally complex dynamic
system.

Subsurface storage of CO,. A practically important aspect of CO, storage in saline aquifers is the
process of Dissolution-Diffusion-Convection (DDC), which spans a vast range of scales from
pore level to site scale, with continuous progression over time, and no scale separation (Ennis-
King and Paterson 2003; Riaz et al. 2006). CO; injected into saline aquifers at supercritical
conditions (pressures above Pqit = 7.38 MPa) is immiscible with water, and forms a separate
phase with gas-like viscosity and liquid-like density. For convenience we refer to this CO,-rich
phase as “gas.” At typical subsurface conditions of pressure 