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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

One of the US Department of Energy’s (DOE) biggest challenges today is cleanup of the legacy resulting
from more than half a century of nuclear weapons production. The research and manufacturing associated
with the development of the nation’s nuclear arsenal has left behind staggering quantities of highly
complex, highly radioactive wastes and contaminated soils and groundwaters. Based on current
knowledge of these legacy problems and currently available technologies, DOE projects that hundreds of
billions of dollars and more than 50 years of effort will be required for remediation.

Over the past decade, DOE’s progress towards cleanup has been stymied in part by a lack of investment
in basic science that is foundational to innovation and new technology development. During this decade,
amazing progress has been made in both experimental and computational tools that have been applied to
many energy problems such as catalysis, bioenergy, solar energy, etc. Our abilities to observe, model, and
exploit chemical phenomena at the atomic level along with our understanding of the translation of
molecular phenomena to macroscopic behavior and properties have advanced tremendously; however,
remediation of DOE’s legacy waste problems has not yet benefited from these advances because of the
lack investment in basic science for environmental cleanup.

Advances in science and technology can provide the foundation for completing the cleanup more swiftly,
inexpensively, safely, and effectively. The lack of investment in research and technology development by
DOE’s Office of Environmental Management (EM) was noted in a report by a task force to the Secretary
of Energy’s Advisory Board (SEAB 2014). Among several recommendations, the report suggested a
workshop be convened to develop a strategic plan for a “fundamental research program focused on
developing new knowledge and capabilities that bear on the EM challenges.” This report summarizes the
research directions identified at a workshop on Basic Research Needs for Environmental Management.
This workshop, held July 8-11, 2015, was sponsored by three Office of Science offices: Basic Energy
Sciences, Biological and Environmental Research, and Advanced Scientific Computing Research. The
workshop participants included 65 scientists and engineers from universities, industry, and national
laboratories, along with observers from the DOE Offices of Science, EM, Nuclear Energy, and Legacy
Management.

As a result of the discussions at the workshop, participants articulated two Grand Challenges for science
associated with EM cleanup needs. They are as follows:

Interrogation of Inaccessible Environments over Extremes of Time and Space

Whether the contamination problem involves highly radioactive materials in underground waste tanks or
large volumes of contaminated soils and groundwaters beneath the Earth’s surface, characterizing the
problem is often stymied by an inability to safely and cost effectively interrogate the system. Sensors and
imaging capabilities that can operate in the extreme environments typical of EM’s remaining cleanup
challenges do not exist. Alternatively, large amounts of data can sometimes be obtained about a system,
but appropriate data analytics tools are lacking to enable effective and efficient use of all the information
for performance regression or prediction. Research into new approaches for remote and in situ sensing,
and new algorithms for data analytics are critically needed. Depending on the cleanup problem, these new
approaches must span temporal and spatial scales—from seconds to millennia, from atoms to kilometers.

Understanding and Exploiting Interfacial Phenomena in Extreme Environments

While many of EM’s remaining cleanup problems involve unprecedented extremes in complexity, an
additional layer is provided by the numerous contaminant forms and their partitioning across interfaces in
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these wastes, including liquid-liquid, liquid-solid, and others. For example, the wastes in the high-level
radioactive waste tanks can have consistencies of paste, gels, or Newtonian slurries, where water behaves
more like a solute than a solvent. Unexpected chemical forms of the contaminants and radionuclides
partition to unusual solids, colloids, and other phases in the tank wastes, complicating their efficient
separation. Mastery of the chemistry controlling contaminant speciation and its behavior at the solid-
liquid and liquid-liquid interfaces in the presence of large quantities of ionizing radiation is needed to
develop improved waste treatment approaches and enhance the operating efficiencies of treatment
facilities. These same interfacial processes, if understood, can be exploited to develop entirely new
approaches for effective separations technologies, both for tank waste processing and subsurface
remediation.

Based on the findings of the technical panels, six Priority Research Directions (PRDs) were identified as
the most urgent scientific areas that need to be addressed to enable EM to meet its mission goals. All of
these PRDs are also embodied in the two Grand Challenges. Further, these six PRDs are relevant to all
aspects of EM waste issues, including tank wastes, waste forms, and subsurface contamination. These
PRDs include:

¢ Elucidating and exploiting complex speciation and reactivity far from equilibrium

Understanding and controlling chemical and physical processes at interfaces
e Harnessing physical and chemical processes to revolutionize separations

e Mechanisms of materials degradation in harsh environments

e Mastering hierarchical structures to tailor waste forms

e Predictive understanding of subsurface system behavior and response to perturbations.

Two recurring themes emerged during the course of the workshop that cut across all of the PRDs. These
crosscutting topics give rise to Transformative Research Capabilities. The first such capability,
Multidimensional characterization of extreme, dynamic, and inaccessible environments, centers on the
need for obtaining detailed chemical and physical information on EM wastes in waste tanks and during
waste processing, in wastes forms, and in the environment. New approaches are needed to characterize
and monitor these highly hazardous and/or inaccessible materials in their natural environment, either
using in situ techniques or remote monitoring. These approaches are particularly suited for studying
changes in the wastes over time and distances, for example. Such in situ and remote techniques are also
critical for monitoring the effectiveness of waste processes, subsurface transport, and long-term waste
form stability. However, far more detailed information will be needed to obtain fundamental insight into
materials structure and molecular-level chemical and physical processes required for many of the PRDs.
For these studies, samples must be retrieved and studied ex situ, but the hazardous nature of these samples
requires special handling. Recent advances in nanoscience have catalyzed the development of high-
sensitivity characterization tools—many of which are available at DOE user facilities, including
radiological user facilities—and the means of handling ultrasmall samples, including micro- and
nanofluidics and nanofabrication tools. These advances open the door to obtaining unprecedented
information that is crucial to formulating concepts for new technologies to complete EM’s mission.

The sheer magnitude of the data needed to fully understand the complexity of EM wastes is daunting, but
it is just the beginning. Additional data will need to be gathered to both monitor and predict changes—in
tank wastes, during processing, in waste forms and in the subsurface over broad time and spatial scales.
Therefore, the second Transformative Research Capability, Integrated simulation and data-enabled
discovery, identified the need to develop curated databases and link experiments and theory through big-
deep data methodologies. These state-of-the-art capabilities will be enabled by high-performance
computing resources available at DOE user facilities.
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The foundational knowledge to support innovation for EM cannot wait as the tank wastes continue to
deteriorate and result in environmental, health, and safety issues. As clearly stated in the 2014 Secretary
of Energy Advisory Board report, completion of EM’s remaining responsibilities will simply not be
possible without significant innovation and that innovation can be derived from use-inspired fundamental
research as described in this report. The breakthroughs that will evolve from this investment in basic
science will reduce the overall risk and financial burden of cleanup while also increasing the probability
of success. The time is now ripe to proceed with the basic science in support of more effective solutions
for environmental management. The knowledge gleaned from this basic research will also have broad
applicability to many other areas central to DOE’s mission, including separations methods for critical
materials recovery and isotope production, robust materials for advanced reactor and steam turbine
designs, and new capabilities for examining subsurface transport relevant to the water/energy nexus.
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During World War II and the Cold War, the US Department of Energy (DOE) and its predecessor
agencies produced significant quantities of materials for the nation's arsenal of nuclear weapons. This
large-scale production involved processes that were conducted in multiple government-owned facilities
distributed across the United States. Processes included uranium mining and milling; uranium

enrichment; fuel and target fabrication; irradiation in nuclear reactors; chemical separations; production of
uranium and plutonium oxide, alloys, and other metallic products; and management of the wastes
associated with these processes. These large-scale industrial activities produced a tremendous quantity of
wastes in many forms. In addition, there were intentional and accidental releases of radioactivity and
hazardous materials to the environment.

Nuclear weapons production in the United States ceased in the late 1980s and early 1990s, and the
facilities were placed in varying degrees of disposition as the Cold War came to an end. At this time,
DOE’s focus turned towards remediation of the weapons legacy that resulted from the production and
research operations. DOE’s Office of Environmental Management (EM) was charged with the legacy
cleanup. As EM began its efforts, at least 29 states were home to one or more of the original 107 legacy
sites that made up the nationwide nuclear weapons complex (DOE 1997). Since EM began its efforts in
1989, 91 of these original sites have been remediated, costing over $150 billion. However, these sites
were relatively small and not extensively contaminated. In contrast, the remaining 16 sites present
exceedingly greater technological challenges, with highly contaminated materials and wastes as well as
extensive environmental contamination. The states left with the largest quantities of legacy materials and
facilities are South Carolina (Savannah River Site), Tennessee (Oak Ridge Reservation), and Washington
(Hanford Site).

EM’s remaining cleanup challenges are simply staggering in their technical complexity and will take
decades to resolve. As EM plans for these remaining challenges, it projects that completion of its mission
will require at least another 50 years and at least $235 billion. Nearly half of the estimated funding is
required for processing millions of liters of highly radioactive liquid wastes that are currently stored in
over 200 underground tanks. Based on historical funding levels of $6 billion per year, EM currently
estimates a budget shortfall of at least $28 billion. A recent report by the Secretary of Energy Advisory
Board stated, “Finding ways to reduce the aggregate cost, to do the job more effectively and safely, and to
speed up the work will clearly serve the American public. Technology offers that opportunity. Moreover,
new technology is necessary because there are significant challenges associated with the cleanup work
ahead. In fact, without the development of new technology, it is not clear that the cleanup can be
completed satisfactorily or at any reasonable cost” (SEAB 2014).

In the early years (before 2000), about 4 percent of EM’s budget was invested in research and
development. For various reasons since that time, EM’s investment in research and development has
plummeted such that in 2014, the budget for technology development was only 0.2 percent of EM’s
budget. Over the past decade, significant advances have been made in experimental and computational
tools to enable the development of foundational knowledge of molecular phenomena. In other aspects of
DOE’s technology programs, amazing progress has occurred in the ability to link molecular phenomena
to macroscopic observables over time and space. However, due to the lack of investment in basic research
for technology development by EM, waste cleanup efforts have not benefited from these advances; this
lack of investment has limited innovation and new technology development for cleanup. This presents the
opportunity to invest in basic science to provide a foundation for new cleanup approaches. Although there
is urgency in moving forward on DOE cleanup, the timeframe for completion allows for investment in
use-inspired basic science associated with bottlenecks in the cleanup processes. Such investment will
serve the American public by reducing aggregate costs via increased efficiencies and efficacies of
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remediation. Broader impacts of the research needs described in this report include other areas central to
DOE’s mission. From these efforts, new separations methods may be realized for critical materials
recovery and isotope production. In addition, this work may lead to more robust materials for advanced
reactor and steam turbine designs, and new capabilities for examining subsurface transport relevant to the
water/energy nexus.

Transformative Opportunities to Innovate Revolutionary New Cleanup
Approaches

The pursuit of fundamental research that bears on EM challenges could advance understanding in
important areas and pave the way for both incremental improvements and high-impact technology that
would significantly reduce the magnitude of the cleanup cost and schedule. As noted by a Secretary of
Energy Advisory Board task force, EM has lacked a vigorous effort to pursue use-inspired fundamental
research and develop technologies that are outside of their day-to-day program over the last decade
(SEAB 2014). Such a vigorous research effort must target big challenges that hold the promise of
breakthrough performance. This situation has hampered opportunities to develop game-changing
technologies that could significantly speed cleanup, reduce cost, and/or improve effectiveness. Given the
expected duration of the work, there is ample time to develop and deploy such technologies or to adapt
and improve technologies from other industries or applications.

One example of a missed opportunity relates to the high-level radioactive wastes currently stored in tanks
at the Hanford Site in Washington State, the Savannah River Site in South Carolina, and the West Valley
Nuclear Site in New York. Nearly half of EM’s cleanup funding is currently being spent to address the
required processing of about 300 million liters of highly radioactive wastes that are distributed between
these sites. Large quantities of highly radioactive materials must be processed and effectively
immobilized in waste forms that will endure storage for many hundreds of years. However, the contents
of these tanks represent some of the most complex and hazardous mixtures known on Earth, containing
hundreds of curies of radioactivity and a multitude of chemical components, including soluble materials,
suspended solids, precipitates (sludge), and gases. The contents of these tanks are highly alkaline, contain
concentrated electrolytes, and are highly radioactive. Further, the wastes within a given tank are stratified
and very heterogeneous; they vary tremendously between tanks; and are changing with time due to
radiation effects and chemical reactivity. Even understanding the most basic information, such as the full
range of species present in the tanks, is a significant challenge. The stability of the tanks themselves is a
great concern because the extreme conditions inside the tanks has promoted corrosion and failure of tank
materials. Some of the tanks have leaked over the decades and contributed to contamination of tens of
square miles of groundwater and soils with radioactive and other hazardous wastes that require
monitoring and/or remediation with additional associated costs.

While the challenges associated with high-level radioactive wastes and other EM cleanup problems may
at first seem insurmountable, major technology breakthroughs are possible if they are based on a
fundamental understanding of the effects of extreme environments on the chemistry of the system and the
materials within the system. By understanding the demands placed on the contaminant species and
associated materials by extreme environments, particularly at the atomic and molecular levels, scientists
and engineers can begin to exploit previously unknown and unrealized chemistries, which can lead to the
development of next-generation, disruptive technologies. Over the last decade, incredible advances in
computational ability, understanding of nanoscience, and amazing increases in resolution for dynamic
imaging and other spectroscopies have occurred. Unfortunately, the EM cleanup mission has not yet
benefited from these advances. Applying these revolutionary new tools to EM’s problems can create an
entirely new paradigm for legacy waste cleanup.
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Defining Basic Research Needs for Environmental Management

One of the recommendations of the Secretary of Energy Advisory Board task force was for DOE’s Office
of Science to conduct a workshop to develop a strategic research plan to inform a plan for a “fundamental
research program focused on developing new knowledge and capabilities that bear on the EM challenges”
(SEAB 2014). This report summarizes the research directions identified at a workshop titled Basic
Research Needs for Environmental Management. This workshop, held July 8-11, 2015, was sponsored by
three Office of Science offices: Basic Energy Sciences, Biological and Environmental Research, and
Advanced Scientific Computing Research, and was supported by EM. Prior to the workshop, experts who
have extensive knowledge of EM sites, especially Savannah River and Hanford Sites, prepared a
technology resource document, Technology and Applied R&D Needs for Environmental Management
(Appendix A), which provided the foundation on which the discussions of the workshop were initiated
(Appendix B). The workshop participants included 65 scientists and engineers from universities, industry,
and national laboratories, along with observers from the DOE Office of Science, EM, and the Offices of
Nuclear Energy and Legacy Management.

The workshop began with a plenary session that outlined the current state of the art and technology gaps
that impact EM’s mission. The participants divided into panels to assess promising basic research
opportunities that form the basis of this report. Panel 1, Waste Stream Characterization, Transformation,
and Separations, examined research needs in measurement and characterization of waste streams, actinide
and fission product chemistry in synthetic and natural environments, and separation approaches. Panel 2,
Waste Forms, examined issues related to the stability of vitrified wastes, ceramics, other waste forms, and
to metal waste containers (including the tanks) resulting from stresses induced by radiation, temperature,
corrosion, and other chemical reactions. Panel 3, Contaminant Fate and Transport in Geological
Environments, examined issues related to understanding the relevant subsurface environment; multiphase
flow and transport; and measurement, modeling and verification, and systems approaches. A fourth panel
was formed to assess common basic research needs that cut across the three technology panels. The goal
of these panels was to identify specific Priority Research Directions (PRDs) that would lead to the
development of revolutionary new technologies to advance EM’s mission with respect to effectiveness,
cost, and safety.

The sheer complexity of stored tank wastes presents a huge technology challenge for EM. The many
hundreds of chemicals in the tanks exist as solids, liquids, and gases in an environment that is far from
equilibrium. The resulting mixtures are dynamic in composition, driven by localized inhomogeneities and
the presence of highly ionizing radiation and electrons and radicals that exist due to extremes in alkalinity
and ionic strength. Thus, the specific forms of many radionuclides in these tanks are poorly understood
and it is essential to understand the chemistries of these species before efficient approaches for separating
these highly radiative species can be devised. Further, the dynamic environments of these tank wastes
require understanding the interactions of species across broad length and time scales, from atomic to
meter scales and from fractions of a second to years. Understanding the chemical interactions occurring in
the tanks will also provide insight into macroscale phenomena, such as waste stream rheology, slurry
agglomeration, and precipitation, which will help prevent pipe clogging, precipitation, and filter fouling
and thus improve solution handling as these materials are being processed.

Without a doubt, the biggest technical bottleneck that must be addressed is the separations of the most
highly hazardous radioactive materials from the tank solutions. To complete EM’s mission in an efficient
and cost-effective manner, a new generation of separation materials is critically needed. These materials
must be extremely robust—with high performance lifetimes and recyclability—and capable of
withstanding high levels of ionization radiation and alkalinity. Recent advances in nanoscience may lead
to the design of new materials with specific architectures to yield materials with tailored pores or
supramolecular structures that are highly selective for the targeted chemical species. One could even
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imagine materials designed to remove multiple species in a single step, rather than needing to have costly,
sequential processes. To realize this potential, however, fundamental understanding of the chemical
interactions of the targeted species with the separations materials is mandatory.

Processing the tank wastes will also require vessels, piping, and other materials designed to operate
reliably in the extreme conditions that exist in the waste tank solutions. Failures of these materials can
result in costly unexpected interruptions in processing and unintended release of these materials into the
environment. Understanding the interactions of the tank waste solutions with exposed materials at the
atomic scale is critical in elucidating the failure of these materials. This knowledge will, in turn, serve as
the basis for development of new materials that will meet the full range of requirements needed for waste
handling, processing, and long-term storage.

Once the highly hazardous materials are isolated, they must be prepared for disposal to ensure long-term
safety of human health and the environment. Unfortunately, the extreme complexity of the tank wastes,
and the variability from one tank to another, precludes a single approach for waste stabilization. Thus,
new materials are needed to provide immobilization that is predictable over hundreds and thousands of
years. This will require a fundamental understanding of the myriad processes that can cause deterioration
and eventual failure of storage materials. In addition, the processes developed to isolate the highly
hazardous materials must be closely coupled with the design of materials for long-term storage.

Designing these processes and materials as a system will have an enormous impact on the development of
efficient, predictable, and cost-effective protocols required to meet EM’s mission.

As processes are being developed for treating and long-term storage of tank wastes, leakage from these
tanks continues to contaminate the environment on and surrounding DOE sites. Remediation of sites,
estimated to include millions of liters of water and tens of million cubic meters of soil, requires
understanding of subsurface processes and properties that influence the fate and transport of the
contaminates. In addition, this knowledge will provide the scientific basis for developing next-generation
remediation technologies for EM. A significant challenge is identifying the chemical form of radioactive
contaminants in the subsurface environment, including the transformation of these materials by
biogeochemical processes. This environment is immensely complex, with inorganic and organic species
co-mingled with microbes and reactive solutes that can both control transport in the subsurface and
modify the chemical state of the contaminant. Unfortunately, the complex processes that occur in the
subsurface are poorly understood. This information is vitally important for comprehending and predicting
the chemical, physical, and biological processes that control transport of contaminants in the environment
and for developing effective methods for remediating soils and waters. For example, little is understood
about the interfacial processes that control transport of materials through pores, especially low-
permeability domains, in the subsurface. Further complicating these environments are transient
perturbations such as extreme natural and human-made events. These events include floods, fires, and
contaminant releases, among others. Understanding the fundamental transport of materials in the
subsurface and the impact of transient effects is critically needed to obtain predictive models of how such
events will affect management and remediation of contaminated soils and water.

The participants in the workshop panels noted that for the first time in history a combination of
experimental and computational tools is available that has remarkable power and uniqueness suitable for
exploring the characteristics of materials at length and time scales necessary to understand performance in
extremes. Among them are high-intensity X-ray light sources, high-flux neutron sources, high-intensity,
advanced microscopies (including optical, electron, and scanning probes), radiological facilities, and
ultrascale computers, combined with modeling, simulation, and data visualization tools needed to take
advantage of their power.
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Summary of the Outcomes of the Workshop

As a result of the discussions at the workshop, two overarching Grand Challenges emerged, as outlined
below.

Interrogation of inaccessible environments over extremes of time and space. Whether the contamination
problem involves highly radioactive materials in underground waste tanks or large volumes of
contaminated soils and groundwaters beneath the Earth’s surface, characterizing the problem is often
stymied by an inability to safely and cost effectively access the system. Sensors and imaging capabilities
that can operate in the extreme environments typical of EM’s remaining cleanup challenges do not exist.
Alternatively, large amounts of data can sometime be obtained about a system, but appropriate data
analytics tools are lacking to enable effective and efficient use of all of the information. Research into
new approaches for remote and in situ sensing and new algorithms for data analytics are critically needed.
Depending on the cleanup problem, these new approaches must span temporal problems from seconds to
millennia and spatial scales from atoms to kilometers.

Understanding and exploiting interfacial phenomena in extreme environments. While many of EM’s
remaining cleanup problems involve unprecedented extremes in complexity, an additional layer is
provided by the multitude of interfaces in these wastes including liquid-liquid, liquid-solid, and others.
For example, tank wastes can have the consistency of peanut butter, where water behaves more like a
solute than a solvent, and radionuclides can partition to solids, colloids, and other phases, complicating
their efficient separation. A better understanding of contaminant behavior at the solid-liquid and liquid-
liquid interfaces in the presence of large quantities of ionizing radiation is needed to develop improved
waste treatment approaches and enhance the operating efficiencies of waste treatment facilities. However,
these same interfacial processes, if understood, could form the basis of entirely new approaches for
effective separations technologies, both for tank waste processing and subsurface remediation.

These Grand Challenges encompass six PRDs that were identified as the most urgent scientific areas that
need to be addressed to enable EM to meet its mission goals. Further, these six PRDs are relevant to tank
wastes, waste forms, and subsurface contamination. These PRDs are as follows:

¢ Flucidating and exploiting complex speciation and reactivity far from equilibrium

Understanding and controlling chemical and physical processes at interfaces

e Harnessing physical and chemical processes to revolutionize separations

Mechanisms of materials degradation in harsh environments

Mastering hierarchical structures to tailor waste forms

Predictive understanding of subsurface system behavior and response to perturbations.

Two recurring themes emerged during the course of the workshop, giving rise to Transformative
Research Capabilities. The first opportunity, Multidimensional characterization of extreme, dynamic, and
inaccessible environments, centers on the need for obtaining detailed chemical and physical information
on EM wastes in waste tanks and during waste processing, in wastes forms, and in the environment. New
approaches are needed to characterize and monitor these highly hazardous materials which are often
inaccessible in their natural environment, either using in situ techniques or remote monitoring. These
approaches are particularly suited for studying changes in the wastes over time and distances, for
example. Such in situ and remote techniques are also critical for monitoring the effectiveness of waste
processes, subsurface transport, and long-term waste stability. However, far more detailed information
will be needed to obtain fundamental insight into materials structure and molecular-level chemical and
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physical processes required for many of the PRDs. For these studies, samples must be retrieved and
studied ex situ, but the hazardous nature of these samples requires special handling. Recent advances in
nanoscience have catalyzed the development of high-sensitivity characterization tools, many of which are
available at DOE user facilities, as well as the means of handling ultrasmall samples including micro and
nanofluidics and nanofabrication tools. These advances open the door to obtaining unprecedented
information on EM wastes that are critically needed to formulate concepts for new technologies required
for completing EM’s mission.

The sheer magnitude of the data needed to fully understand the complexity of EM wastes is daunting, but
it is just the beginning. Additional data will need to be gathered to both monitor and predict changes—in
tank wastes, during processing, in waste forms, and in the subsurface over broad time and spatial scales.
Therefore, the Transformative Research Capability, Integrated simulation and data-enabled discovery,
identified the need to develop curated databases and link experiments and theory through big-deep data
methodologies, where precisely targeted queries are made on large (petabytes and exabytes) data sets to
provide real-time or near-real-time responses. These state-of-the-art capabilities will be enabled by high-
performance computing resources available at DOE user facilities.

The foundational knowledge to support innovation for EM cannot wait as the tank wastes continue to
deteriorate and result in environmental, health, and safety issues. As clearly stated in the 2014 Secretary
of Energy Advisory Board report, completion of EM’s remaining responsibilities will simply not be
possible without significant innovation and that innovation can be derived from use-inspired fundamental
research as described in this report. The breakthroughs that will evolve from this investment in basic
science will reduce the overall risk and financial burden of cleanup while also increasing the probability
of success. The time is now ripe to proceed with the basic science in support of more effective solutions
for environmental management.
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PANEL 1: WASTE STREAM CHARACTERIZATION,
TRANSFORMATION, AND SEPARATIONS

Abstract

DOE EM is faced with the staggering responsibility of processing millions of liters of highly radioactive
wastes to prepare them for geologic disposal. The chemistry of these wastes is highly heterogeneous and
far from equilibrium due to high radioactivity, pH, and ionic strength. Current technologies fall far short
of achieving this mission, and new approaches are critically needed to process these wastes efficiently and
effectively. An essential first step is gaining a fundamental understanding of the multitude of chemical
and physical processes that occur in these extreme environments, taking advantage of recent advances in
nanoscience and new capabilities at DOE user facilities. Armed with this information, basic research can
catalyze the development of wholly new processing technologies that can efficiently isolate hazardous
materials from these wastes and safely meet EM’s goals in a timely and cost-effective manner.

Introduction

EM has made substantial progress towards remediating many of its nuclear weapons and nuclear research
sites; however, the remaining sites are vastly more complex and present significantly greater technical
challenges and safety risks (Rimando, Jr. 2015). To safely complete the remaining cleanup, new
approaches and technologies are needed to characterize, separate, and stabilize the wastes in forms that
are acceptable for disposal. Conventional waste processing is expected to continue for at least several
decades, which provides time for use-inspired research to support new approaches and technology
development.

At the Hanford and Savannah River Sites, millions of liters of highly radioactive wastes are stored in
aging waste tanks. At the Hanford Site, the compositions of the wastes vary from tank to tank because of
upstream processes employed over the years. Further, the contents of various tanks were sometimes
combined with other tanks. The wastes contain combinations of hundreds of chemical constituents in
different forms. The chemical conditions of every tank are considered extreme due to high alkalinity,
concentrated electrolytes, and large amounts of ionizing radiation. More details on the waste stream
quantities and characteristics can be found in Appendix A.

In many cases, the processing of tank wastes is stymied because of the coupled complexity of the waste
chemistry and associated safety risks. At the same time, the storage tanks are beyond their design life and,
because some are now leaking, there is an urgent need for moving forward. Efficiencies are not optimized
where wastes are being processed, which increases costs.

Waste characterization before processing is extremely expensive, primarily because the waste materials
are highly radioactive (SRNL 2015). The radiation environment also causes surprises with respect to the
behavior of the waste streams during processing. For example, solids in the actual waste streams are often
more refractory than simulants that have not been exposed to the extreme conditions of the waste tanks
(Russel et al. 2009). The costs associated with production of the waste forms and their ultimate disposal
are extremely high, thus new methods are needed to increase separations efficiencies and optimize waste
processing.

Over the past decades, DOE has developed some highly successful separations processes for these kinds
of complex matrices, such as plutonium-uranium extraction (PUREX) to isolate plutonium and caustic-
side solvent extraction (CSSX) to recover cesium (see Appendix A). Both of these processes are examples
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of the efficiencies and specificities that are possible, and both evolved from long-term investments in
fundamental and use-inspired research programs. Additional, similar separations targeted at other key
radionuclides are needed; for example, new extractive reagents for processes that combine high
selectivities with favorable phase properties and resistance to or specific exploitation of radiolytic
degradation. Some progress has been made in new approaches, such as oxidative caustic dissolution for
the Hanford Site wastes, but lingering technical issues must be addressed before implementation. For this
specific example, a more rigorous understanding of plutonium redox chemistry, speciation, coordination,
and kinetics under highly caustic and radiolytic environments is needed. More generally, fundamental
knowledge on the dynamics of interfacial chemistry of the waste solids and the associated fission
products and other contaminants in radiation environments is essential to support safe and improved
characterization and processing.

Fundamental Challenges and Research Opportunities

Any approach for processing stored tank wastes must deal with the extreme complexity of the wastes,
which include numerous complicated assemblages of soluble materials, suspended and precipitated solids,
liquids, and gases that are inhomogeneously distributed within the tanks. In most cases, water is limited in
the wastes and acts as a solute rather than a solvent. A further complication is that these mixtures are
dynamic—these assemblages have been aging in highly alkaline concentrated electrolytes and subjected
to large quantities of ionizing radiation over many decades. These conditions have caused changes over
time, including formation of unexpected electronic oxidation states in unusual chemical forms.

Under these conditions, risk-driving radionuclides (for example, plutonium, americium, curium,
technetium, cesium, strontium, and iodine) have poorly understood chemistries that limit predictability of
their behavior in process streams. Although recent studies on hydrated actinide cations such as
Th(H,0)10*, Pu(H,0)s**, and Cm(H,0)s*" have significantly advanced the fundamental understanding of
actinides in solution (Knope and Soderholm 2013), this behavior does not translate to the waste tank
environment. Approaches developed for effective characterization and separations of tank wastes must
address chemistries never before considered. Extending scientific knowledge of redox speciation in a
radiation environment is essential. To gain more predictive capability, it is critical to determine valence,
bonding, structure, and the phase of waste components in complex environments in the form of aqueous
solutes, clusters, nanoparticles, sorbates, and incorporated ions in inorganic and organic materials. In
addition to actinides and fission products, significant volumes of aluminum, chromium, phosphate,
bismuth, and iron were commonly introduced into the solutions to improve initial separations processes.
The presence of these additional materials complicates downstream processing and waste immobilization;
thus, approaches for the efficient removal of these nonradioactive species are also needed. An example
for species of technetium is provided in the sidebar. In this case, available thermodynamic data suggest
that the species in the soluble fraction of the waste stream should be the pertechnetate anion (for example,
TcOy); the chemical form that is observed is a transient monovalent technetium cation in the form of
either Tc(CO)s" or Te(CO)NO*" (Lukens et al. 2004).

Current understanding falls far short of providing the necessary foundation to develop reliable
technologies for these extreme chemistries. Advances in fundamental science describing the speciation
and chemical behavior of the actinides and fission products are essential to support waste characterization
and separations technologies for the treatment of high-level radioactive wastes.
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TECHNETIUM CARBONYL SPECIATION IN WASTE TANKS

Eh (volts)

Pourbaix diagram of technetium (left) and structure of a transient species suspected to be in the supernatant
fraction of the Hanford Site tank wastes (Lukens et al. 2004; Pourbaix 1966; Serne and Rapko 2014).
Images courtesy of Pacific Northwest National Laboratory.

The highly radioactive wastes in the tanks at the Hanford Site represent chemical systems that are far
from equilibrium. Consequently, when the wastes are characterized before processing, unexpected
species are found. For example, based on equilibrium thermodynamic calculations, the technetium
(Tc) ion is expected to exist in the tank waste system as the pertechnetate species, TcOy. Instead, a
range of chemical forms is observed, with many of them being complete surprises. These surprises
include monovalent technetium carbonyl species such as T¢(CO);" and Tc(CO).NO?* (see figure).
Clearly, the conditions of the radioactive waste tanks are driving the formation and persistence of
species that under equilibrium conditions are considered to be transient and unimportant. Designing
processing schemes and separations for the highly radioactive waste streams must consider these
species, yet the scientific basis for predicting them is currently lacking.
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Understand Interactions across Multiple Scales

Predicting the behavior of high-level radioactive wastes and developing methods for their characterization
and treatment requires an understanding of multiscale complexity and heterogeneity. This is where
molecular, ionic, and electronic processes at interfaces (for example, solid-solid, liquid-solid, solid-gas,
and liquid-liquid) in radiation environments often control interactions at the mesoscale. In turn, these
interactions control a range of properties across various scales including colloid formation, particle
transport, and flocculation or precipitation. The broad timescales of these dynamics are also equally
important. Building a predictive capability for these interactions is a grand scientific challenge requiring
development and application of new analytical and computational techniques. These methods could
provide critical insights needed to understand and control the multitude of interactions in heterogeneous
media across large variations and the three spatial dimensions and time. Advances in techniques for tank
waste processing will also likely be useful for other EM mission applications, such as subsurface
interfacial chemistry and contaminant transport.

Although knowledge of the collective phenomena is necessary for understanding interactions across
scales, a first step involving individual system components is often necessary. This may mean isolating
specific components for study that can lead to unintentional alteration of the system, including masking
collective phenomena. For example, both amorphous and crystalline solids may play important roles in
the behavior of certain wastes. These mixtures of solids require multimodal characterization such as
X-ray scattering and diffraction as well as electron microscopy and optical spectroscopy. Advances in
multimodal approaches that combine spectroscopic methods into a single measurement tool, as shown in
the following sidebar, will likely prove very useful for capturing the collective behavior while also
characterizing individual components. New analytical methods that can simultaneously take advantage of
the individual chemical and physical properties of the heterogeneous mixtures (for example, differences
in chemical state, density, and magnetic susceptibility) can also help minimize secondary waste volumes
resulting from analysis. Also, analytical separations based on micro- and nano-fluidic approaches can lead
to significant analytical cost savings due to waste minimization.

DOE scientific user facilities provide an exciting opportunity to probe structure and interactions at
multiple length and timescales, in sometimes challenging operational situations such as those involving
radioactivity. Neutron sources, X-ray light sources, electron microscopy centers, radiological user
facilities, high-performance computing, and nanoscience facilities allow coupling theory with
experiments done on multiple length scales. In particular, a number of remarkable developments have
enabled X-ray and neutron scattering/reflectivity to probe structures at interfaces directly (Bera et al.
2015; Bu et al. 2014; Scoppola et al. 2015). Accomplishing this goal also requires developing new theory
and algorithms implemented on exascale computer architectures to treat interactions in complex media
across temporal and spatial scales. New computational approaches are also needed for searching,
manipulating, and exploiting both existing and future data sets. Additionally, advances in uncertainty
quantification could provide significant benefit to understanding the properties of waste streams and
subsequent processing, including tank closure, filling, and monitoring.

Finally, understanding chemical interactions across scales of time and space will provide a molecular-
scale explanation of poorly understood macroscale phenomena, such as waste stream rheology, slurry
agglomeration, and control of precipitation. In turn, this understanding will provide the foundation for
improving mixing systems, preventing pipe clogging and membrane fouling, and designing new, robust
separations systems. This knowledge will reach far beyond high-level radioactive wastes and can be used
to address many other complex heterogeneous processing problems, such as predicting subsurface colloid
transport, designing coal slurry processing, and developing suspension-based biomass processing.
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MULTIMODAL CHARACTERIZATION
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Multimodal approach offers insights on metal
cation speciation in and on liquid drops. Image
reprinted (adapted) with permission from
Polynuclear Speciation of Trivalent Cations
near the Surface of an Electrolyte Solution,
Mrinal K. Bera and Mark R. Antonio,
Langmuir, 31 (19), 5432-5439 DOI:
10.1021/acs.langmuir.5b01354. Copyright
(2015) American Chemical Society.

By harvesting both electrons and photons
from a liquid drop that is illuminated by
X-rays, researchers have developed a new
multimodal approach for understanding the
redox speciation of targeted metal cations
(denoted as M) at the surface and in the bulk
of liquid drops (Bera et al. 2015). The initial
results for a selection of trivalent metal
cations reveal an unexpected polynuclear
metal speciation at the surface of the drop;
whereas the typical mononuclear speciation
expected of an aquated metal cation is found
in the bulk interior. This new
characterization technique provides a new
approach for understanding molecular
reactions of solvent extraction systems for
the separation of metal ions from aqueous
media (Bera and Antonio 2015).
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Design and Synthesize Tailored Materials for Inproved Separations

The development of new separations materials is critical for
efficient processing of tank wastes. Designing materials that can
respond favorably to large doses of ionizing radiation would
significantly benefit the processing of high-level radioactive
wastes. Design approaches must also consider materials
performance lifetimes and recyclability at extreme conditions.
Highly selective separations approaches can be designed using
materials at the molecular- and supramolecular-length scales via
chelation. Also, computational approaches can be used to
design highly specific supramolecular structures, as
demonstrated for the CSSX chelator currently in use at the
Savannah River Site.

In addition to developing new materials with enhanced
selectivity, fundamental approaches are needed for optimizing
the properties of extractive systems to allow process scale up.

For new extractants to be process-compatible, they must be
resistant to third-phase formation. They must also be either
resistant to radiolytic degradation, or preferably, they should
exploit changes induced by ionizing radiation. Moreover, new
nanomaterials can be employed for sequestration and
separations processes. For example, graphene shows
remarkable resistance towards radiolytic damage and can also
be tailored into nanoporous materials that can separate metal
ions, as already demonstrated for water desalination (Surwade
et al. 2015) and for selective alkali metal cation binding (Guo
et al. 2014). Furthermore, recent progress in actinide borate
chemistry (Wang et al. 2011), particularly with regard to their
porosity and anion exchange capacities, could lead to the
development of high-performance separations and
identification of solubility-limited waste forms (Figure 1). A
significant advantage of nanoscale materials is that they offer
prospects for rational and deliberate designs to provide highly
efficient separations. For example, high surface-area materials

Figure 1. Three (a, b, ¢) graphical
representations of the molecular and
crystal structures of a californium(III)
borate, Cf{BsOs(OH)s]. Actinide borate
structures such as these may be used to
design new generations of materials for
separations and waste forms. With a
broader fundamental understanding of
their behavior, materials properties
such as porosities and ion exchange
capacities might be tuned to match
specific large-scale processing needs.
Reprinted by permission from
Macmillan Publishers Ltd: Nature
Chemistry (Polinski et al. 2014).
Copyright 2014.

can be designed to provide specific, uniform pore sizes or can be chemically modified to target specific
molecular interactions that can enhance selectivity. To take full advantage of nanoscale materials for
separations, a fundamental understanding is required of chemical interactions at the surface of the solid-
state separations media and actinide and lanthanide complexes. In summary, advances in fundamental
chemistry of interfacial interactions in radiation environments will have a tremendous impact on
advancing separations technologies for the EM mission and many other applications important to DOE’s

energy mission.

Understand Electron-, lon-, and Radical-Driven Phenomena in Bulk and Interfaces

Redox phenomena that are driven by electron, ion, and radical reactions play important roles in the
chemistry of many of the longer lived radionuclides in high-level radioactive wastes. lonizing radiation
produces an avalanche of secondary particles. The most important particles are low-energy electrons,
solvated electrons, neutral radicals, radical ions, alpha and beta particles, neutrons, and gamma radiation.

12
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These particles can initiate a cascade of secondary electrons. These secondary electrons can drive
unexpected chemical speciation and reactivity including corrosion. The radiolysis reactions shown in
Figure 2 rely on water, which is limited in the tank waste systems. The ability to identify the oxidants and
reductants, and anticipate or control their impact on the reactivity of the molecular species in the waste
streams, is quite limited. Yet this is pivotal knowledge for developing a thorough and predictive
understanding of basic chemical phenomena involving absorption, solvation, complexation, exchange,
electron transfer, and hydrolysis behaviors, all of which comprise an essential foundation for safe and
cost-effective processing of high-level wastes.

H,0* + (e)*

W

H;O0* + OH (+| e

aq

+H,0
(e)* H,O

(e_)* H2 + 0
H,0 > H,0* H+H+O
H+ OH

A 4

+ H,0
+(e)* H,0 + H,0*

H-+ OH
H,+ O
H+ OH-
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Figure 2. Key processes in the decomposition of water by ionizing radiation showing neutral, ionic,
and radial products with various oxidizing and reducing powers. Reprinted with permission
from Garrett et al. (2005). Copyright 2005, American Chemical Society.

Little is known about the role of ionizing radiation on the chemical and physical behavior of
nanoparticles, colloids, and ultrafine precipitates. Some evidence exists in the literature to suggest that
nanoparticles smaller than the mean distance that charge carriers can travel (typically < 100 nm) may
enhance the effects of radiation-induced chemistry and production of radiolysis products. In the case of
water radiation chemistry, these phenomena are particularly prevalent for metal oxides, such as ZrO,, that
have band gaps of approximately 5 eV and larger. This band-gap energy is nearly resonant with
dissociative states of the adsorbed water. Previous work using gamma rays (LaVerne 2005; Petrik et al.
2001) and ultraviolet/vacuum ultraviolet photons (Poston et al. 2014) demonstrate the importance of the
chemical identity and phase of the particles in the radiation production of molecular hydrogen during
water radiolysis. Combining state-of-the-art experimental and computational approaches could elucidate,
for the first time, the role of chemical entities that range from simple aquated ions (angstrom scale) to
molecular coordination compounds (nanometer scale), and even macromolecular grains (micron-scale
colloidal systems).

Finally, details about the transuranic elements in the inhomogeneous, chemically diverse tank media are
generally sparse. Building a foundation for a thorough understanding of redox speciation in aqueous
systems of relevance to tank chemistry is a challenging endeavor given the complicating effects such as
radiolysis, hydrolysis, disproportionation, oligomerization, precipitation, and competitive binding effects.
However, such basic knowledge is essential for designing processing schemes to transform the waste
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streams into waste forms. Knowledge that is currently lacking includes mechanisms of the relevant
solution redox speciation and their influence on the interfacial electrochemical equilibria in such
environments, particularly those in which there are strong ionizing radiation fields.

CHARACTERIZATION AND CONTAINMENT:
TWO SIDES OF THE SAME COIN

Approximately 200 million liters of radioactive waste are stored in 177 large underground tanks at
the Hanford Site in Washington State and approximately 130 million liters in 45 tanks at the
Savannah River Site in South Carolina. The wastes, which are now decades old, are highly
radioactive, extremely caustic, and contain very high concentrations of electrolytes and precipitated
materials, along with radioactive fission products and actinide elements. Additional species include
nitrate, nitrite, hydroxide, carbonate, and phosphate ions. While it is possible to list the elements
involved, the dynamic nature of the species in the waste continues to bring surprises. For example,
the leak in a Hanford Site double-shell tank (Engeman et al. 2012) was attributed to corrosion that
should have been inhibited by nitrite and hydroxide ions; nonetheless, it occurred.

The wastes in these tanks require processing to stabilize and contain them in waste forms that must
perform for millennia. Designing effective waste forms requires matching the chemistry of the
output from the waste processing to the chemistry of the waste form. Given the complexity and
evolving nature of the wastes it is a natural but shortsighted tendency to make simple assumptions
when devising approaches for processing and stabilizing wastes. However, the complex, dynamic
nature of these wastes demands that the numerous components and processes that occur in the tanks
be fully understood. Armed with this information, efficient and cost-effective processes can be
developed. Processing and stabilizing the wastes requires an intimate connection between the science
and engineering involved in characterizing the waste, retrieving it, separating or processing it, and
converting it into its final form. Decisions made at each step—whether it is adding water to remove
sludge or adding specific chemicals to separate out troubling elements—can significantly alter the
waste stream that feeds into stabilization.

Conclusions

According to the current waste processing plans, EM must remove about 300 million liters of highly
radioactive materials from underground tanks at the Savannah River and Hanford Sites (see Appendix A),
which will result in the generation of nearly 1,100 million liters (Certa et al. 2011) of waste to be
processed into waste forms at existing or new facilities. The wastes in these tanks comprise an
extraordinarily complex mixture of chemical components under extreme conditions. The difficulties
associated with characterizing the materials in the tanks compound issues associated with developing
efficient and selective separations processes that are critical for preparing these wastes for disposal. To
address these challenges, development of new characterization approaches and generation of new
processing and separations concepts are needed. Formulation of these new concepts requires fundamental
understanding of the relevant chemical and physical phenomena across broad spatial scales, from atomic
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to mesoscale. Current knowledge gaps that impede development of new separations approaches are
daunting. The gaps include a lack of understanding of the entropic role of long-scale, organic-phase
structuring in metal ion partitioning and a lack of knowledge of the use and/or management of rare
oxidation states due to placing the separations system under kinetic control. Armed with this fundamental
knowledge, wholly new processing schemes can be designed. Recent advances in nanoscience are
particularly exciting because they offer the potential to tailor materials characteristics and functionalities
to revolutionize both the efficiency and selectivity of separations processes. Further, it may be possible to
develop separations systems that adjust to the heterogeneous system and other conditions presented to it,
instead of today’s concept of a static separations system. In summary, the development of a new
generation of processing and separations systems requires fundamental understanding of the speciation
and reactivity that occur in radiation environments and conditions of high alkalinity and concentrated
electrolytes.
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Abstract

Waste forms employed for geologic disposal of EM’s radioactive wastes must be stable for millennia to
prevent release of hazardous materials to the environment. These stringent requirements demand
revolutionary concepts be developed to address current technology gaps and yield effective materials for
safe, long-term waste disposal, or EM’s mission will be at significant risk. Developing new concepts will
require a fundamental understanding of both the structure of the waste forms and the mechanisms
involved in their degradation, which can be enabled by state-of-the-art characterization techniques. New
computational tools are needed both to design new materials and predict performance of these materials
over broad timescales. Similar advances in fundamental knowledge are needed to design and assure the
performance of new structural materials used in both waste processing and disposal. The enormous
challenges defined by current technology gaps for waste forms and structural materials will require
multidisciplinary teams to assess the full range of issues that ultimately impact the performance of these
materials for meeting EM’s mission requirements.

Introduction

Past DOE nuclear materials production activities resulted in a legacy of radioactive wastes that are stored
at locations across the United States. These wastes take many forms: solid and liquid; high and low
radioactivity; and short and long half-lives. Regardless of their form or characteristics, materials play a
critical role in storing, processing, and ultimately disposing of these wastes. Highly radioactive liquid
wastes, which contain caustic solutions of inorganic and organic materials, must be stabilized into waste
forms that will sequester the contaminants for millennia. Before producing the waste form, the wastes are
stored in tanks. Special attention must be paid to the stability and integrity of materials used for the waste
forms, storage tanks, and processing lines due to extremes in radiation and chemical reactivity. In addition
to these highly radioactive wastes, DOE-owned spent nuclear fuels are an additional waste that will be
disposed of directly. In this case, the spent fuel serves as the waste form and includes the original fuel
assemblies that have been exposed to large doses of radiation during their use. The spent nuclear fuel
waste package contains significant quantities of radioactive fission products and actinides from
irradiation; they have also experienced extreme temperature changes.

Ultimately, the waste must be prepared for geologic disposal to minimize their impact on human health
and the environment. For liquid wastes, the radioactive and/or hazardous constituents are typically
processed and immobilized in vitreous (glass) or cementitious matrices. The vitrified wastes will be
disposed of in a repository where the waste form itself can serve as a barrier to releasing radionuclides.
However, the waste form barriers are supplemented by either natural barriers, such as the host rock
formation in which the repository is constructed, or engineered barriers, such as canisters, casks,
overpacks, or drip shields. For low-level waste, the waste form itself, which can be vitreous, cementitious,
or composed of other materials, will often be used as the primary barrier to environmental release. A
primer on waste form types, retention mechanisms, durability, and loading, along with examples, is
provided in Appendix C.

Degradation of any of the materials used for the waste forms, tanks, processing vessels, piping, cladding,
and associated barriers can lead to unexpected release of contaminants to the environment; thus, the long-
term (hundreds to thousands of years) integrity of these materials is of utmost importance. However,
today’s materials do not meet the full range of requirements needed for safe and effective long-term waste
storage, handling, and disposal. This requires development of new materials that are resilient in the harsh
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environments encountered in these applications to ensure the contaminants are properly sequestered for
centuries to come. Recent advances in nanoscale science, characterization, and computation have the
potential, for the first time, to enable the fundamental understanding of the myriad chemical and physical
processes associated with degradation of waste storage materials. Improved understanding of these highly
coupled processes will significantly improve development of new materials for radioactive waste storage,
processing, and long-term disposal as well as development of highly reliable models for stability of these
materials.

Fundamental Challenges and Research Opportunities

Advancing Materials for Waste Forms

Advances in materials are needed to ensure the long-term stability and safety of waste storage, including
revolutionary concepts in glasses and cementitious materials, as well as wholly new storage materials
concepts. Glasses are solid-state materials that have a topologically disordered internal structure made of
a three-dimensional network of interconnected structural blocks. Because of the disordered arrangement
of structural blocks, glasses can accommodate the wide range of elements that are present in the wastes,
allowing them to be retained within the glass structure. In the past, glass was only considered to exhibit
short-range order; however, analyses of complex glasses using high-resolution analytical tools have
revealed that medium-range structural features may also exist (Caurant et al. 2009). An enhanced
understanding of both short- and medium-range order and the effects on properties and performance of
glass waste forms is vitally needed to develop improved glass materials.

Waste loading in glass is a key parameter that impacts cost and efficiency of EM’s vitrification facilities
as well as the long-term stability of these waste forms. Currently, formation of these highly complex
vitreous materials is poorly understood. Crystallization within the glass, formation of secondary phases
(for example, salt formation) and phase separations all constrain waste loading and long-term durability
(Kim et al. 2011). The structures of these materials need to be understood from the nano- to mesoscales to
develop glass forms that can increase waste loading; even small gains in waste loading can yield dramatic
savings in operating and disposal costs. Further, this information could be coupled with processing
properties during glass formation in the melter (viscosity, liquidus temperature, electrical conductivity,
etc.) to provide input for computational modeling and establish optimum conditions to form the desired
glass structures.

Thermochemical representations of complex melts, glasses, and crystalline phases are important for
understanding the development and behavior of nuclear waste forms, including determining and
predicting melt temperatures, precipitation temperatures, viscosity, chemical activities and vapor
pressures, phase separation, glass- and crystalline-phase compositions, and stability and durability. While
models do exist for relatively simple oxide systems, they do not exist for the highly complex materials
represented by various waste form materials. For example, first principles or ab initio methods break
down when a substantial number of species need to be considered, and high-z systems (for example,
lanthanides or actinides) present substantial bottlenecks to modeling these complex systems.

Fundamental approaches must be developed to generate thermochemical models and values for systems
of interest. For example, these approaches could be applied to multielement spinels or nepheline
(Na3;KAl4Si4016) crystalline phases (see Figure 3), which are problematic with regard to glass melter
operation and waste form stability, respectively.
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Figure 3.  Structure of hexagonal nepheline according to Hahn and Buerger (1954). View along c-axis
of the P63 hexagonal nepheline structure showing layer of framework tetrahedra that point
alternately up and down and consist of nominally alternating silicon and aluminum atoms.
Reprinted from John McCloy et al. (2015). Copyright 2015, with permission from Elsevier.

Knowledge and ultimately control of the chemistry and structure of cementitious waste forms is important
for the efficient processing and long-term performance for disposal of low-activity wastes. A thorough
understanding of the mechanisms that bind the radionuclides in the waste form matrix and the
mechanisms that impact the evolution of the waste form properties as a function of time and changing
conditions in the disposal environment is essential. In particular, understanding of the chemical and
structural mechanisms controlling transport through these multiphase, porous materials with features
ranging from the nano- to micrometer scale is required. In addition to improving waste form processing
and performance, this insight could expand the utility of these low-cost waste forms to work with wastes
that contain higher levels of radioactivity.

Beyond these conventional wastes forms, a new generation of materials could be designed to enhance
waste form performance. For example, secondary structures with materials property enhancements have
been developed via colloidal synthesis to control particle size and composition at the nanoscale (Lu and
Yin 2012). Such materials-by-design approaches could be exploited to develop advanced waste forms
with tailored loading and durability properties. Further, these tailored waste forms could be applied to
radionuclides that are not effectively managed by current bulk waste processing. Examples include "'I,
135Cs, and *Tc, which are volatile during processing and ineffectively incorporated into glass waste
forms.

Understanding Materials Degradation in Highly Complex Environments

Knowing how materials perform when exposed to harsh environments—environments that push the
material away from equilibrium—is a Grand Challenge of the materials science community (BESAC
2007, 2015). In particular, the radiation damage that accompanies nuclear materials leads to defects that
diffuse and agglomerate, causing macroscopic changes in the properties of the material. Thus, events that
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occur on the picosecond timescale and atomic length scale result in changes on the macroscale that can
take years or decades to manifest. An important example of this is the embrittlement of reactor pressure
vessels that occurs because of nanoscopic clustering of alloying elements (Pareige et al. 1997).

In materials of interest to EM, a further complication is the concurrent chemical evolution of the material.
As radioactive species decay, their chemical identities change, and radiation-induced damage can also
occur in crystalline materials (see sidebar). Thus, in many contexts it is important to understand not only
how the damage processes alter the microstructure of the material, but also how the concurrent changes in
chemistry couple with those defect fluxes to possibly alter the phase structure of the material.

TANK AND INFRASTRUCTURE STRUCTURAL INTEGRITY

A Cold War legacy nuclear materials management challenge is maintaining the structural integrity of
the aging infrastructure for the storage and transfer of high-level waste stored in more than 200 large
underground tanks at various DOE sites.

The tanks are fabricated from welded and stress-relieved steel (see Appendix A). Hot nitrate
solutions are known to attack steel, resulting in pit and crack formation. This attack can be inhibited
by nitrite and hydroxide ions; thus, this corrosion process is currently controlled by adding inhibitors
when needed. However, steel tanks have failed over the years and even recently, resulting in leaks
into the environment or the annular space of double-shelled tanks.

A fundamental understanding of the mechanisms of corrosion and development of new approaches
to inhibit corrosion in tank environments is crucial for continued safe operation of the tanks, as well
as for other materials used in waste processing and long-term waste disposal.

Understanding these effects requires an integrated experimental and theoretical approach, which is now
becoming possible with advanced computational and characterization tools. While insight into these
problems has been obtained, particularly how radiation induces redistribution of chemical species in
complex alloys—radiation-induced segregation (Murty and Charit 2008)—coupling this structural
information with evolving chemistry has received little attention. Importantly, while one might be able to
achieve a steady-state microstructure if the chemistry is constant; once it begins to evolve with time, a
true steady state cannot be reached as the equilibrium of the system is evolving with time (see sidebar).
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RADIATION EFFECTS ARE COUPLED WITH CHEMISTRY

During neutron irradiation of uranium, fission transmutes the uranium atoms into other atoms of
other elements and their isotopes, the yields of which depend in part on neutron energy and neutron
capture cross sections. The isotopes of '*’Cs and *°Sr are produced in large quantities and make up
the majority of the radionuclide inventory that requires disposal as high-level radioactive waste. Both
isotopes are beta decay processes with half-lives of approximately 30 years; '*’Cs decays to isotopes
of barium while *°Sr decays to isotopes of yttrium. The physical damage mechanisms from beta
decay may be minor, as direct interaction with lattice by the associated beta particles is very weak;
however, low-energy electrons and electronic excitations can occur that dramatically alter the
chemical behavior of the material. While these physical damage processes are occurring, thereby
altering the defect structure of the material, the chemistry is also evolving, but little is known about
how the physical and chemical changes couple together. In addition, the rate at which these changes
occur are controlled by the half-life of the isotopes; predicting this behavior over many radioactive
half-lives (perhaps hundreds of years) is very challenging. Radiation effects are not unique to the
wastes, as they also occur in nuclear fuel and structural components of a reactor during irradiation
and transmutation. In these cases, however, there is significantly more physical damage as a
consequence of ballistic events from bombardment of neutrons, alpha particles, and other swift
heavy ions.

Corrosion is another means through which waste forms and waste containment materials degrade (see
sidebar). The environments of radioactive wastes are far more complex and reactive than those found in
more typical materials applications. In fact, exposure to high concentrations of highly reactive anions (for
example, nitrate, nitrite, carbonate, and phosphate), high radiation fluxes and temperatures, mixed phases,
and often dynamic or flowing solutions make understanding these corrosive degradation processes
especially challenging. For example, radiolytic contributions to processes involving absorption, solvation,
complexation, exchange, electron transfer, and hydrolysis and their impact on corrosion remain mostly
unstudied. A further complication in waste processing is flow-accelerated corrosion, which results from
flowing particulate-laden fluids across surfaces with protective films, leading to corrosion.

Metals in fuel-cladding materials, waste tanks, fuel casks, special nuclear material storage containers, and
process vessels are all subject to corrosion that could lead to failure. Understanding the highly coupled or
synergistic effects responsible for corrosive degradation in metallic systems is needed to design a new
generation of materials for these applications. In the case of the carbon-steel, high-level waste tanks
currently used, empirical relationships have provided the bases to control the tank chemistry to minimize
corrosion. However, the effects of all physical and chemical processes occurring in the tanks that
contribute to corrosion processes are simply not known. This will require a detailed understanding of
processes that occur at the interface of the metal with the tank waste, process solutions, and even
groundwater. Elucidation of interfacial chemical and physical processes occurring in these boundary
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regions would lead to development of new classes of materials that could withstand the highly demanding
environments of radioactive waste solutions. These new materials could also find uses in energy
applications where service in extreme environments is required.

CORROSION: DEGRADATION OF MATERIALS IN EXTREME ENVIRONMENTS

In general, corrosion is a primary basis of materials degradation, causing trillions of dollars of
damage annually worldwide. Corrosion may be defined simply as the environmental degradation of
materials. This degradation occurs by chemical means whereas purely mechanical degradation is not
part of corrosion. Most people think of corrosion as being metallic degradation, such as rusting steel.
However, other materials corrode through environmental degradation, including glasses, ceramics,
and polymers. Metallic corrosion can take many forms that look different; uniform corrosion, pitting,
crevice corrosion, and environmental cracking. However, the same electrochemical principles
underlie all of them. Metal atoms increase oxidation state and release electrons, which are consumed
by a reduction reaction, such as the reduction of oxygen or water. The rate of oxidation, or corrosion,
is dependent on both the environmental conditions and details of the metal surface. Oxide glasses
and ceramics are much more thermodynamically stable than metals and are generally more corrosion
resistant. However, they will corrode in sufficiently aggressive environments. This attack is usually
not electrochemical in nature.

Different forms of steel corrosion after testing in a tank waste simulant (left to right): environmental
cracking, pitting corrosion, and liquid-air interface corrosion (Brossia et al. 2007a and 2007b). Left:
Image courtesy of DOE; right: image courtesy of DOE Office of River Protection.

Glass waste forms are thought to degrade by a series of processes, including

e Hydration of the three-dimensional network of interconnected structural blocks, leading to dissolution
at the surface of the glass

e Transport of species to and from the reacting glass surface
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¢ Jon exchange within the solid glass

e Precipitation of alteration products that change the system chemistry (Vienna et al. 2013).

The rates of these processes are strongly influenced and coupled through the surface structure and
solution chemistry, which are in turn influenced by the reacting glass and by reaction with the near-field
materials and precipitation of alteration products (Figure 4). Based on initial models and the evaluation of
natural analogs, waste glasses have lifetimes greater than a million years. However, the study of glass
corrosion in prototypic conditions is extremely challenging because reaction rates are on the order of

107 g/m*/day. New experimental and computational techniques are needed to provide detailed
information on the mechanisms responsible for glass corrosion over long timescales.
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Figure 4. Schematic diagram of glass dissolution mechanisms (ion exchange and matrix dissolution) in
aqueous solution, coupled with both hydrated amorphous surface layer formation and
crystallization/precipitation from solution. Image courtesy of Carol M. Jantzen (Jantzen et al.
2010).

Cementitious materials used for low-level storage also degrade and affect the transport of highly mobile
radionuclides (tritium, residual cesium, strontium, and long-lived isotopes such as technetium, neptunium,
iodine, and *C). Thus, it would be especially valuable to understand and control the various degradation
processes to expand the utility of this low-cost waste disposition form. These cementitious materials are
difficult to study, however, because they are porous and have multiple phases. As a result, the
mechanisms of radionuclide binding in cement are not well understood at present, nor are the chemical
and physical mechanisms responsible for transport through these multiphase materials. Further, the
reactivity of specific species, such as selective redox-sensitive species including technetium(IV, VII), in
these porous materials remains elusive.

Predicting contaminant release from disposal systems using glass or cementitious waste forms is
inherently difficult because of the heterogeneous nature—multicomponent, multiphase, nonequilibrium—
of the system. Furthermore, short-term test data (months to years) may not fully capture all of the long-
term processes that can impact estimates of waste form performance over geologic timescales spanning
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10,000 years or more. Therefore, to obtain a thorough understanding of radionuclide release and transport
in heterogeneous systems over large timescales and relate observed experimental phenomenon to actual
long-term performance, new high-performance computational methodologies are needed. Such
information is critical for obtaining a license to place solid radioactive waste in a subsurface disposal
facility. This is because the long-term performance of these materials, specifically the release rate of
radionuclides into the environment and the associated corrosion or weathering rates of the solid waste
form, must be understood to fully assess the impacts of the disposal facility on public health and
environmental resources. Thus, a sound scientific basis for determining the long-term release rates of
radionuclides from radioactive waste forms must be developed if the performance assessment is to be
accepted by regulatory agencies and the public. Another critical need is new analytical techniques that can
operate in harsh environments of extreme radiation. In particular, a new generation of sensors is needed to
monitor materials in situ to increase the safety and security of stored wastes.

Conclusions

New materials are critically needed for the long-term, safe, and reliable immobilization of radioactive and
hazardous waste constituents currently being stored at EM sites. The vast varieties of waste inventory
preclude a one-size-fits-all approach for waste stabilization. Therefore, several waste form matrices are
required to provide predictable immobilization over many hundreds and even thousands of years. The
complexity of the waste form chemistries present extreme scientific challenges in obtaining a
fundamental understanding of the myriad processes that can cause deterioration and failure of storage
materials. Understanding the inextricably linked chemical and physical processes that occur in the
materials across different timescales will require new approaches using high-performance computing to
assimilate results from short-term measurements (femtoseconds to many hours) and project the results to
hundreds and thousands of years.
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PANEL 3: CONTAMINANT FATE AND TRANSPORT IN

GEOLOGICAL ENVIRONMENTS

Abstract

Legacy contamination in the environment threatens the
areas surrounding EM waste sites; this contamination
includes soils, vadose zone, groundwater, and hyporheic
and riverine subsystems. Understanding and predicting
contaminant behavior in these subsurface systems are
required for developing efficient and cost-effective
remediation. Currently, these subsystems are poorly
understood because of their heterogeneity and
inaccessibility. New approaches are critically needed to
characterize and monitor the components of these
systems, which include interfaces of fluids and solids;
numerous inorganic, organic, and mineralogical species;
and communities of microorganisms. These various
components contribute to astonishingly complex systems
that must be understood to predict their behavior over
broad spatial and temporal scales. Armed with a stronger
scientific basis, revolutionary approaches for
environmental remediation could be devised, including
controlling the transport and transformation of species via
biogeochemical processes to enhance cleanup processes.

Introduction

The Earth’s subsurface serves as a reservoir for much of
its fresh water as well as a majority of contaminants from
EM legacy nuclear waste sites. As described in Appendix
A, DOE manages one of the largest groundwater and soil
remediation efforts in the world. The inventory at the sites
includes 6.5 trillion liters of contaminated groundwater,
an amount equal to about four times the daily US water
consumption, and 40 million cubic meters of soil and
debris contaminated with radionuclides, metals, and
organic chemicals. Remediation of legacy waste sites
requires a predictive understanding of subsurface
processes and properties that influence the fate and
transport of these contaminants as well as a scientific
underpinning to guide the development of next-generation
remediation approaches that will be both effective and
sustainable over decadal-to-century timeframes.

Developing a predictive understanding of subsurface flow
and transport is hindered by the multiscale complexity of
the subsurface (Figure 5)—a dynamic system that
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Figure 5. Contaminant fate and transport in
geological environments is governed by
coupled hydrological, physical, geochemical,
and microbiological properties and processes
that occur over a wide range of spatial and
temporal scales. Image courtesy of Susan
Hubbard (Hubbard and Linde 2011), Lawrence
Berkeley National Laboratory. Copyright 2011,
Elsevier Ltd. All rights reserved.
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includes heterogeneities at all scales. The far-from-equilibrium, non-ideal subsurface environment, which
encompasses the vadose and saturated zones, is actively linked to surface waters, the soil-plant system,
and the atmosphere. The subsurface mineral matrix and associated pore fluid is populated by diverse
suites of microorganisms and metazoans that mediate biogeochemical cycles of both nutrient and
contaminant elements. Mineral, water-dissolved, and biologic constituents interact within the structured
geological subsurface in complex ways—over length scales of microns to kilometers and timescales
ranging from picoseconds to millennia and longer.

Over the last several years, DOE Office of Science workshops have identified fundamental gaps that limit
predictive understanding of subsurface flow and transport. Understanding the fundamental coupling of
hydrological, geochemical, and biological processes and its control on how the larger system functions
has been identified as a Grand Challenge for subsurface flow and transport (BERAC 2010; BESAC 2015;
DOE 2010). Examples of select fundamental research needs include quantifying dynamics of interfaces
and molecular and nanoscale controls on macroscopic physical, geochemical, and biological processes
(BESAC 2007, 2015). Fundamental advances are needed to understand rate-controlled reactions in
perturbed environments and enable simulation of coupled processes and scale transitions occurring in
hierarchical geological systems—from native scales where processes occur to watershed or larger scales
where systems are managed, and as systems are perturbed through natural and anthropogenic events.
Approaches are needed to enable real-time monitoring of these perturbations, at spatial scales relevant to
the individual process as well as the contaminated system response.

Fundamental Challenges and Research Opportunities

Several fundamental basic science challenges exist that, if met, have the potential to lead to
transformative approaches to quantify, predict, and control the fate and transport of environmentally
hazardous contaminants in the subsurface. These science challenges are encompassed by the following
five key areas:

e Radionuclide speciation and transformations
e Transient perturbations

e [ow-permeability domains

Four-dimensional sensing of the subsurface

Predicting properties of multiscale systems.

Speciation and Biogeochemical Transformations of Radionuclides in the
Environment

Because of its ubiquity, mobility, and strong solvation properties, liquid water profoundly affects
subsurface contaminants, redistributing it into plumes, surface waters, and difficult-to-remediate low-
permeability sediments (for example, soil saprolite). Inorganic and organic solids act in concert with
water by supplying and retaining contaminants, often for decades or hundreds of years. Microbes and
reactive solutes such as oxygen, nitrate, and organic compounds further modify the contaminant chemical
state. Thus, water-solute-microbe-solid interactions control the transport of contaminants in subsurface
geologic environments. Conceptualizing and quantifying reaction networks in these multicomponent,
multiphase systems (that is, solutes, colloids, particles, and mineral surfaces) are exceptionally
challenging activities given that subsurface environments can exhibit extraordinary ranges in chemical
gradients of salt loading, pH, and oxidation state. Temperature and pressure can also exhibit lateral and
vertical variability. It is not uncommon to observe extraordinary complexity in solid phase composition
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and structure. Meeting these challenges is essential to providing the fundamental scientific basis that
supports quantitative modeling, risk assessment, and compliance strategies. The speciation and reactivity
of radionuclides and heavy metals in heterogeneous subsurface environments in extreme near-field and
dilute far-field settings are complex and currently insufficiently understood. Risk-driving radionuclides or
legacy contaminants (for example, uranium, plutonium, technetium, cesium, strontium, iodine, and
nonradionuclides such as chromium, mercury, arsenic, and selenium) exhibit poorly understood chemical
and physical forms in biogeochemical environments that evolve over time and space, limiting
predictability of their fate and transport.

A rigorous structural, kinetic, and thermodynamic description of the complex chemical pathways
connecting molecular-level reactions and macroscopic-scale transport is a fundamental scientific
challenge (see sidebar). Recent advances have been made in analytical probes for characterizing aqueous
species, volatiles, and complex solids from the nanometer-to-centimeter size range. Coupled with
advances in the theory available to calculate the properties of complex mixtures and in the performance of
computational platforms available for simulation, scientists have never-before-available tools to
fundamentally understand complex Earth materials at an unprecedented level of atomic specificity. One
critical research need is to determine the valence, bonding, physical structure, and phase composition and
structure of risk-driving radionuclides in complex biogeochemical environments in the form of aqueous
solutes, clusters, nanoparticles, sorbates, and incorporated ions in inorganic, organic, and biological
materials.

A second important research need is to understand how speciation and conditions that are extreme in their
compositional and temporal variability affect reactivity, kinetics of nucleation, redox transformations, and
mobility of risk-driving radionuclides. Determination of how metastable species and solids evolve over a
range of time and length scales is another significant challenge, because these species can be very long-
lived and control their local environments while being thermodynamically unstable.

Research on speciation and biogeochemical transformations of risk-driving radionuclides in the
environment will lead to novel, broadly relevant impacts, starting with a quantitative description of
inorganic and metallo-organic coordination chemistry of f~elements (uranium, plutonium) and weakly
solvated ions such as cesium, pertechnetate, selenite, and iodine. New understanding of the effects of high
ionic strength and radiation on risk-driving radionuclide forms, stability, reactivity, and mobility will lead
to a more quantitative description of the behavior of contaminants in ever-changing natural environments.
Fundamental discoveries in this area will also lead to a chemically and physically informed rational
design of risk-driving radionuclide remediation and geologic disposal strategies. This insight will lead to
improved confidence in understanding natural attenuation processes and the effects of perturbations as
well as development of validated computational models that will support improved decision making.
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LARGE- AND MICROSCALE INTERACTIONS AND URANIUM’S PERSISTENCE

At DOE’s Rifle field site in Colorado, the Colorado River discharge (blue) corresponds with
groundwater elevation (red) and groundwater uranium concentrations (green). Increased discharge
accompanying late spring snowmelt induces a synchronous rise in groundwater elevations across the
Rifle floodplain, which enables oxidation and leaching of uranium-contaminated materials left in
place following reclamation activities at the site. This annual coupling sustains uranium delivery to
the Rifle aquifer and ensures plume persistence so long as discharge-induced increases in
groundwater are sufficient to enable leaching of residual contaminant inventories in the shallow
subsurface (Williams et al. 2015).
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Consequences of Transient Perturbations on System Behavior

The capacity to effectively manage remediation activities depends on harnessing multiple physical,
geochemical, and biological data into a site-predictive framework; however, the current understanding of
subsurface processes often fails to account for how natural or anthropogenic perturbations at local,
regional, and global scales will impact the subsurface biogeochemical landscape. This knowledge gap is
made even more vital today given that land-use and climate-induced perturbations are already impacting
the fate and transport of contaminants in the subsurface.

Transient perturbations can result in elevated biogeochemical activity that is potentially important for
contaminant fate and transport. Examples include pulses of increased uranium leaching from near-river
sediments during increased river stage (see sidebar). These perturbations can result from natural and
anthropogenic events (for example, hurricanes, landslides, fires, and contaminant release) or transient
conditions resulting from short-term changes in hydrologic or chemical fluxes and gradients. These
perturbations may locally stimulate biogeochemical activity where hydrological flow paths intersect or
encounter a substrate containing complementary reactants. These perturbations can potentially lead to
beneficial uses such as remediation. For example, episodic dissolved organic carbon input from near-
stream soils, which occurs during snowmelt, activates plant and microbial activity, leading to enhanced
nitrogen cycling (Pickett and White 1985).

Transient perturbations that occur over short time periods, but result in disproportionately high reaction
rates relative to longer intervening time periods, represent an important knowledge gap. Isolated periods
of enhanced biogeochemical cycling, termed hot moments, may occur at any spatial (molecular to global)
or temporal (millisecond to eon) scale. Although recent research at DOE sites (such as Rifle in Colorado
and the Hanford Site in Washington State) has documented how short-term flow path reversals and
pressure waves affect plume behavior (Zachara et al. 2013), substantial gaps in understanding these
events on spatial scales ranging from square centimeters to square kilometers and on temporal scales
ranging from minutes to centuries remain. The need is for information on

¢ Quantification of the nature, occurrence, and rate of natural hot moments on nutrient and contaminant
biogeochemical cycles at different scales

o Prediction of spatial and temporal distribution of hot moments based on underlying hydrologic,
geomorphic, microbial, or edaphic patterns

e Development of a new class of remediation approaches based on the combination of natural processes
that create hot moments.

There is an important need to understand the relationship of response time to the nature and
characteristics of the perturbation event for systems coupled with both abiotic and biotic processes.
Integrated field and laboratory investigations, tightly coupled to models, are needed to identify and
quantify the underlying mechanisms that produce hot moments of enhanced biogeochemical cycling and
control their longevity.
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HANFORD SITE WASTE STORAGE, THE VADOSE ZONE, RIVER STAGES

Waste leaks or spills (a) create complex three-
dimensional plumes (b), such as the one
shown beneath Tank 241-BX-102, where
300,000 liters of waste containing 7 to 8 tons
of uranium spilled due to an overfilling
incident (Maher et al. 2013), possibly related
to a plugged overflow line, in February 1951
(Field et al. 2011). The uranium from the
waste reacted in the subsurface beneath the
tank and formed solid phase precipitates,
predominantly sodium boltwoodite (c,d),
which became lodged in subsurface
microfractures (McKinley et al. 2006). The
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uranyl complexes are weakly absorbed to the -

&

surface, as shown by the X-ray absorption
fine structure spectra (Catalano et al. 2004),
and these complexes are responsible for the
longer lasting uranium plume (Maher et al.
2013).

Reprinted with permission from (Maher et al.
2013). Copyright 2013, American Chemical
Society. Figure D reprinted with permission
from Catalano et al. (2004). Copyright 2004,
American Chemical Society.

Developing a predictive understanding of how transient perturbations influence subsurface flow and
transport across multiple spatial and temporal scales will lead to significant benefits; developing
knowledge and models will drive improvements in existing remediation approaches. Entirely new
strategies that exploit hot-moment activity to assist in remediation may be developed. Moreover,
predictive understanding of emergent processes impacted by transient events will have scientific impacts
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beyond remediation activities. Examples include predicting the impacts of hydraulic fracturing on deep
subsurface biogeochemical cycling for increased energy recovery and understanding of how weather and
climate influence subsurface microbiological activity. New scientific insights on surface water
eutrophication, toxic algal blooms, hypoxia, heavy metal transport, soil quality, and greenhouse gas fluxes
to the atmosphere will result. Given that microbial genomics tools can now inform the variation in
metabolic potential and in-gene expression in response to perturbations, better prediction of microbial
forcings and responses can have ramifications for managing engineered restoration systems, and even
human bodies, leading to novel microbial therapeutics and diagnostics. The future ability to predict when
and where high process rates will occur or possible responses to these perturbations in a landscape will
ensure the effective management of soil, water, air, and human health resources.

Low-Permeability Domains in Subsurface Materials

The subsurface fate and transport of contaminants is strongly influenced by the presence of low-
permeability domains, where diffusive transport dominates over advective transport. These domains may
exist within (1) deposits of coarse-textured sands and gravels in the form of fine-grained stringers or
lenses of silt- or clay-sized materials or (2) rock fragments and/or soil aggregates as internal
interconnected pore or fracture space with complex topology. Low- permeability domains are key
subsurface heterogeneities that can dominate the reactive surface area of a given geologic formation and
create zones of multiple porosity with different transport, chemical, and microbiologic properties. These
low-permeability domains can strongly influence long-term system behavior. Developing new insights
and rigorous computational models that bridge the gap between diffusion-dominated interfacial processes
and the hydrodynamic flow regime is a scientific grand challenge that will benefit complex site
remediation as well as geothermal and oil/gas resources, heterogeneous catalysis, chemical processing,
and materials synthesis.

Low-permeability domains function as diffusion-limited sinks for oxygen and other terminal electron
acceptors through microbial respiration that occurs within them. Contaminants that diffuse from the
advection domain react with microorganisms and high-surface-area mineral material that are concentrated
within these zones to alter speciation and mobility. Reacted solutes may be released back to groundwater
when conditions change, allowing the low-permeability domain to function as a persistent contaminant
source long after primary advective domains have been cleansed by transport or remediation. Source-sink
behavior creates chemical gradients at the interfaces of low-permeability domains with primary advective
flow paths that may change in complex ways with plume passage and/or remediation. Fundamental
challenges exist in determining low-permeability domain volumes and their in situ transport and reaction
properties in heterogeneous subsurface materials. In addition, challenges exist in developing robust
reactive transport models that properly account for the coupling, mass transfers, and developed gradients
between advection- and diffusion-dominated domains that define overall system response.

Low-permeability domains exist in virtually all subsurface systems over the scale range of millimeters to
many tens of meters and more. While their behaviors are primarily controlled by the coupling of small-
scale chemical and microbiologic processes with diffusive transport, their effects can be manifest over a
large range of spatial scales. Their occurrence in hard-to-access subsurface environments has made their
study historically challenging, but improvements in instrumentation and measurement modalities at
different scales are now making them accessible to research. New opportunities exist that could
significantly improve fundamental investigations such as mechanistic, laboratory-based reactive transport
studies in model systems or with excised sediments containing hierarchical pore structures at the meter
scale and below. Field-based evaluations of low-permeability domains and their impacts within pristine
and contaminated subsurface water systems under dynamic hydrologic conditions could also improve
these investigations. Advances in specific approaches for chemical speciation enabled by the array of
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resources at DOE user facilities allow previously unattainable characterization of reaction locations and
networks mediated by microorganisms and/or chemical conditions that are different from the bulk fluid.
New neutron, electron, and X-ray scattering, microscopy, and tomography techniques now allow
multiscale characterization of interconnected pore spaces and pore network topology of intact subsurface
materials. This information is critically needed to accurately calculate residence times and transport
pathways controlling biogeochemical transformations and contaminant sequestration within low-
permeability domains. Recently developed four-dimension geophysical methods may allow imaging of in
situ biogeochemical processes within and surrounding reactive low-permeability domains in the field
(Hubbard et al. 2008; Wainwright et al. 2014 and 2015). However, high-performance, scale-aware
computing hardware and software must be adapted to support the interpretation of these measurements
within stochastic frameworks and their assimilation into multiscale models to identify low-permeability
domain locations, volumes, transport properties, and contributions to system behavior.

These new capabilities will contribute to understanding and predicting transport and biogeochemical
processes in heterogeneous, multiporosity subsurface systems that are common to complex remediation
sites. Fundamental insights on the subsurface microbiology and geochemistry of pore networks of
different size, continuity, and mineral makeups has the potential to identify unique reactive environments
influencing contaminant behavior. Process-based knowledge will enable predictions of residence and
reaction timescales in low-permeability domains and gradients that form at their interfaces to influence
macropore solution compositions. Improved reactive transport models will couple biogeochemical and
transport processes occurring in advection- and diffusion-dominated domains. Coupling the processes
will allow scientists to better describe the relationships of subsurface geologic structures and low-
permeability domains to nonequilibrium transport behavior at the system scale. The benefits to complex
remediation projects could be substantial. The resulting multiscale understanding and models of low-
permeability domains would provide enhanced capabilities to model the emergent behaviors of
groundwater plumes, while a robust understanding of low-permeability domains as long-term sources
would provide insights necessary to develop effective remedial methods for persistent contaminants and
plumes.

4D Sensing of Reactive Transport

Developing a predictive understanding of flow and transport is hindered by the hidden nature of the
subsurface. Subsurface remediation would benefit from characterizing a wide range of hydrological,
geochemical, and microbiological properties and their couplings that occur within a heterogeneous
framework (Figure 5). The characterization work is hampered because subsurface sampling
conventionally relies on borehole-based measurements and sampling. Breakthroughs are needed in
realizing in situ characterization of reactive transport properties and processes in four dimensions (three
spatial dimensions as well as time), across broad spatial and temporal domains—the mineral (atomic) to
the plume (miles) scales that will allow predictions to be made over timescales from fractions of a second
to years.

The trend of ubiquitous sensing of the environment, evidenced by recent developments in environmental
geophysical techniques (Binley et al. 2015; Hubbard and Linde 2011), fiber-optic technologies, and
unmanned aerial vehicles offers great promise for vastly improved characterization of contaminated sites.
Further development of these and completely new sensing approaches that can remotely and
autonomously sense subsurface hydrological, geochemical, and biological properties are needed,
including approaches that provide useful but indirect information or that respond to an induced
perturbation. Examples include development of approaches for quantifying interfacial biogeochemical
transformations from the pore to plume scale (Revil et al. 2012; Williams et al. 2005) and development of
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proteome microdevices that could be inserted in the subsurface to quantify and transmit information on
enzyme activity associated with critical biogeochemical transformations.

Extracting information from proxy measurements and integration with direct measurements and models
offers promise of transitioning beyond the characterization of parts of a contaminated system to a
seamless monitoring of integrated and multiscale system behavior. A significant and overarching
challenge is to develop new computationally based approaches to co-acquire and couple multimodal
(multitype, multiscale) streaming data sets into reactive transport models. Such a capability would
revolutionize the understanding of subsurface system behavior over wide space and timescales. Joint or
coupled models that consider geophysical, hydrological, and geochemical phenomena and data sets have
been developed and used to understand flow and transport at DOE sites (Kowalsky et al. 2005 and 2011).
However, these approaches need to be significantly extended to explore how hot spots and hot moments
contribute to integrated system hydro-biogeochemical system behavior. To meet this challenge,
petrophysical relationships that link sensed observables with target properties and/or processes across
scales must be developed. For example, induced polarization results from the dynamics of the electrical
double layer formed at the interface between aqueous solutions and mineral surfaces whose charge is
related to the pH and chemical composition of the solution. Thus, if properly calibrated against synthetic
and real geomaterial properties, induced polarization signals could be adapted to estimate geochemical
properties from nanometer to plume scale. Relationships that incorporate multiple types of sensed
observables must also be developed, including relationships obtained from direct and remote or indirect
approaches. The following sidebar illustrates the use of surface seismic and borehole approaches to
estimate the spatial distribution of reactive facies, including associated geological, hydrological, and
mineralogical estimates. In addition to mechanistic, coupled modeling approaches, research into data-
driven approaches is needed to take advantage of multimodel, time-lapse data sets in complex systems,
particularly where mechanistic linkages between observables are limited. An example of this type of
approach is shown in the following sidebar, which illustrates the use of time-lapse, spectral-induced
polarization data to estimate iron(Il) oxide concentration evolution following biostimulation of the
uranium-contaminated subsurface at the Rifle site in Colorado (Chen et al. 2012).

The scientific impact realized by developing four-dimensional reactive sensing approaches will transform
the ability to understand and ultimately predict the myriad processes that occur in the subsurface across
broad temporal and spatial scales. Seamless integration of different data types, including laboratory- and
field-based direct and indirect measurements, offers the potential for greatly enhanced understanding of
heterogeneity and controls on chemical transformations that influence functioning of complex systems:
from contaminated environments to subsurface energy reservoirs, ecosystems, human systems, and space
exploration. The fundamental understanding of geophysical and microbiological signatures gained
through this research, as well as the rapid identification of small-scale controls that drive larger system
behavior (and vice-versa), will be broadly relevant. The benefits to environmental management are
expected to be significant, leading to an improved ability to predict contaminant fate and transport and
optimized remediation and long-term monitoring strategies for subsurface contamination as well as
engineered disposal facilities.
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GEOPHYSICAL APPROACHES FOR CHARACTERIZING CONTROLS ON URANIUM
PLUME MOBILITY AND FOR MONITORING REMEDIATION

Reactive facies represent a package of sediments

having a unique distribution of physico-chemical

properties relative to surrounding regions that 2 g T aray
influence plume mobility (Sassen et al. 2012). At B : i R

the uranium-contaminated Savannah River Site : | 1__?"- IR W

F-Area, seismic and wellbore data were used to
estimate the spatial distribution of reactive facies
along a uranium plume centerline (Figure A)
(Wainwright et al. 2014). Use of reactive facies
to parameterize reactive transport models at the
F-Area demonstrates the improved prediction of
decadal-scale uranium plume migration
compared to use of only physical or geochemical Image courtesy of Susan Hubbard Lawrence Berkeley
properties to constrain the model (Figure B) (Bea National Laboratory (Wainwright et al. 2014)
et al. 2013). Use of time-lapse spectral-induced
polarization to monitor microbially induced
subsurface transformations leading to iron(II)
production was also tested in conjunction with a
bioremediation treatment at the uranium-
contaminated Rifle, Colorado, floodplain site
(Chen et al. 2012). The geophysical monitoring
significantly improved understanding of the
evolution of bioremediation-induced
groundwater chemistry relative to what could be
inferred based on wellbore data alone (Figure C).

ngrenalized U(VI) mass |-

Reprinted by permission from
John Wiley and Sons: Wiley Online Library,
Haruko Wainwright, et al., Copyright 2014
X X . . . Wallbare Data Geophysical
(a) Geophysically obtained estimates of reactive facies along a D 14 Eptirma b
300 m uranium plume centerline, illustrating within facies
variability of sediment texture, hydraulic conductivity, and
sediment geochemistry that influences sorption; (b) simulated
mass of same uranium plume past a downgradient control
plane, performed using model parameterizations that included
reactive facies physico-chemical estimates, chemical
heterogeneity only, and physical heterogeneity only;
(c) comparison of subsurface system response to uranium
bioremediation at the Rifle, Colorado, site using interpolated
wellbore information (left) and time-lapse geophysical data
(right). Figures show the concentration of iron(II), which is
indicative of the redox status altered by the remediation
approach. Image courtesy of Susan Hubbard, Lawrence
Berkeley National Laboratory (Chen et al. 2013)
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Predicting Emergent Behavior of Multiscale Systems

The complexity of the subsurface, as shown in Figure 5, absolutely necessitates the use of models to
incorporate understanding of multiscale properties, processes, and their interactions for prediction of
contaminant fate and transport, and optimized design of remediation strategies. Computational advances
are needed to accurately simulate bidirectional coupling between processes across highly disparate spatial
and temporal scales. With impending exascale computing capabilities and an advancing deluge of
observational data (ranging in scales from atoms to the globe and based on measurements ranging from
laboratories to satellites), a significant opportunity now exists to develop advanced multiscale modeling
and data interpretation and assimilation capabilities, leading to vastly improved subsurface fate and
transport predictions.

Characteristics of current subsurface fate and transport prediction capabilities underscore the need for
new computational advances. Currently, fundamental (first principles) models cannot directly inform
application-scale models, which tend to be highly parameterized and empirical in nature. Single-scale
process models are well developed across a range of scales; direct connections among models at diverse
scales are currently limited by computational demands. Diverse data sets are now becoming available, but
few capabilities exist to rapidly assimilate heterogeneous information into models for improved real-time
predictions. Due to structural and parameter uncertainties, models can currently not be used to decipher
how (and under what conditions) coupled microscale processes are manifested in system-scale behavior.

The development of scale-aware computational methods for adaptive, bidirectional coupling across
molecular-, pore-, continuum-, and plume-scale models are needed. Across these scales, capabilities to
probe and simulate molecular- through pore-scale processes, and their emergent impacts on field-relevant
contaminant fate and transport, are particularly needed. The need for advanced, scale-aware, data-driven
discovery methodologies, paired with model development, exists for subsurface data sets.

The scientific impact expected from new computational advances is expected to be significant and broad
(DOE 2014). Development of novel, data-driven discovery methods for subsurface data sets and the
integration of multimodel data and model outputs across spatial and temporal scales could lead to rapid
identification of critical indicators of emergent system responses to small-scale impacts of environmental
change. This represents a grand challenge in subsurface science that could have enormous impact. For
example, new modeling methods could be used to identify and ameliorate sources of model error in
subsurface simulations, improving predictive understanding of complex subsurface systems. Developed
capabilities are expected to be useful for water resource work, predictive agriculture, subsurface energy
production, and carbon cycling.

The potential impacts of exascale modeling capabilities are clear. Advanced predictions will lead to vastly
improved site conceptual models that properly represent emergent effects of fundamental microscale
mechanisms. Models that accurately predict flow and transport, now and in the future, are expected to
lead to a new class of contaminant control and attenuation strategies that are sustainable and cost effective
over decade-to-century timeframes. An improved understanding of key controls on flow and transport (at
different locations, scales, and timeframes) can be used to design optimized, long-term monitoring
strategies.

Conclusions

An extremely important and complicated veneer of the planet, the shallow subsurface hosts water
resources, supports agriculture, and plays a critical role in biogeochemical cycling that supports most life
on Earth. Unfortunately, it also holds a significant volume of EM legacy waste, notably including metals
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and radionuclides that do not degrade naturally over time to benign products. Understanding plume
mobility and scientific underpinnings to guide successful remediation over timescales relevant to the EM
mission is hampered by the multiscale complexity of this shallow system.

Several specific research opportunities were identified by the subsurface flow and transport panel, which
complement previously identified Grand Challenges. Given the complexity of the subsurface, the
importance of jointly and iteratively advancing the identified process understanding, observational, and
prediction-based research challenges is emphasized.

Realization of the proposed advances will result in research that could rapidly transform responsible and
sustainable management of contaminated (and other shallow subsurface) systems. In addition, the
proposed advances could transform deeper subsurface environments that support over 80 percent of the
US energy and store geologically sequestered carbon dioxide and nuclear waste.
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ELUCIDATING AND EXPLOITING COMPLEX SPECIATION
AND REACTIVITY FAR FROM EQUILIBRIUM

Abstract

EM’s wastes involve extreme chemical and physical conditions that are far from equilibrium, making
prediction of their behavior as the materials are processed or stored as long-term waste forms nearly
impossible at present. When adequately described, even simple aqueous solutions containing dissolved
species involve significant complexity. In the case of EM tank wastes, the complexity is exacerbated by
high pH and ionic strength, and the presence of high radiation environments or radioactive materials. In
the case of structural materials and materials used in waste forms, the lack of knowledge of the impact
from extreme environments prevents development of new materials with long-term stability and
optimized performance. Accurately representing all aspects of such systems and confidently predicting
their changes in time and space is a monumental task. If effectively elucidated, this task can lead to
identifying unrealized functionality and exploit the chemistries for resiliency in processing streams and
materials behaviors. In this PRD, opportunities to address research challenges in the bulk solution and
materials systems are discussed; in the PRD titled Understanding and Controlling Chemical and Physical
Processes at Interfaces an additional dimension of complexity confronting these systems and interfacial
processes is addressed.

Scientific Challenges

The materials and solutions in the high-level radioactive waste tanks represent extremes in chemical
conditions that are quite far from equilibrium and result in unexpected speciation and reactivity. Factors
that drive these conditions are unique and include high levels of ionizing radiation, concentrated
electrolytes, and extremes in alkalinity. Despite the lack of predictability in the chemistry of these waste
streams, they must be safely processed and stabilized for disposal. The processing is intended to partition
the highly radioactive components from the less radioactive bulk materials, resulting in high- and low-
level radioactive waste forms. Safety requirements coupled with limited confidence in predicting
chemical behavior severely restrict EM’s ability to effectively and efficiently process the tank wastes and
produce acceptable waste forms.

Chemically harsh systems that include a radiation environment embody a complicated, multifaceted grand
challenge for scientific understanding and prediction. The current understanding of the speciation and
reactivity of fission product and actinide elements is based on much simpler systems that are generally at
equilibrium. Consequently, it is not possible to predict oxidation states, chemical forms, or reaction
pathways in these unique systems. For EM tank wastes, the radiation environment has existed for
decades. Long-term radiolysis has caused continuous production of metastable, reactive species that can
drive unexpected chemical transformations and create unanticipated species. When considering materials
used in waste processing and waste forms, the coupled effects of radiation damage in materials along with
poorly understood chemistry are challenges. Developing safe waste processing schemes and effective
waste forms requires mastering and exploiting the chemical behavior of these systems that are far from
equilibrium. In the case of waste processing and waste forms, a greater understanding of the myriad
chemical and physical processes occurring in these solutions and materials is needed to accelerate the
development of new processes and materials required for EM’s mission.
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Understanding Radiolysis and Radiation Effects to Predict Unique Species in
Radioactive Waste Systems

As described in the Waste Stream Characterization, Transformation, and Separations section, radiation
generates transient but highly reactive species, which likely drive other chemical reactions. Examples are
numerous, and one is the generation of peroxides and subsequent complexation by the dioxoactinide
species, which leads to the formation of surprising uranium and plutonium species (see sidebar).

SURPRISING EFFECTS FROM SEEMINGLY TRANSIENT SPECIES

Water radiolysis produces peroxide (0,%), which is typically considered quite reactive and short
lived. In the presence of some dioxoactinide species such as the uranyl cation (UO,*>) however,
peroxide persists when coordinated directly with the metal cation as shown in Figure A and B. In
nature, alpha decay of uranium produces peroxide that can lead to the formation of the mineral
studtite (for example, [(UO,)O02(H20)4]), allowing the peroxide moiety to persist for millions of
years. In highly radioactive waste tanks, the radiation environment continuously generates peroxide.

The coordination of three peroxide species to one uranyl cation yields the structural building block
(Figure B), which can aggregate to form larger structures such as the Ug cage structure (Figure D).
In other cases, two uranyl cations can coordinate via a single peroxide cation, leaving the remaining
uranyl equatorial coordination sites available for complexation with other ligands (Figure C).

Over the past 15 years, many such fullerene-cage architectures based on peroxide coordination of
actinyl species have been identified with varying internal cage sizes. This creates an opportunity to
exploit the internal cage environments to drive reactivity and functionality (Armstrong et al. 2012).

Uranium structures. Image courtesy of Armstrong
et al. (2012).
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Much of our existing knowledge on water radiolysis is derived from systems in which water is the matrix.
However, in the case of high-level radioactive waste streams and similar EM systems, the extremely high
concentration of electrolytes results in water not being a major component of the systems. Consequently,
radiolysis likely creates other, currently unidentified, highly reactive, transient species that drive the
formation of unexpected chemical species.

Ionizing radiation also causes damage in solid materials, whether they are waste forms (for example,
glasses, cements), matrices used for chemical separations, or structural materials such as the alloys used
in tanks and processing equipment. As discussed in the Waste Forms section the interaction of radiation
with solid materials results in the transfer of energy to electrons and atomic nuclei, which in turn produces
both electronic and atomic defects that interact to determine the ultimate evolution and potential
degradation of the material (Weber et al. 2015). Also, the structure and physical properties of the
materials can be significantly altered due to the numerous processes, such as injection of helium and other
decay or fission fragments into the structure, and by the intentional creation of defects via ion
implantation. At the same time, the basic chemistry of the system evolves because of the decay of
radioisotopes from one element to others. In addition to creating defects and changing chemistry, these
same processes are accompanied by global and transient heat generation (Weber 2014). Exacerbating the
problem is the fact that the damage event caused by ionizing radiation occurs very quickly and produces
individual defects that are highly localized, such as atomic collision cascades, electronic excitations, and
thermal spikes on the picosecond timescale and the nanometer length scale. However, the damage and
resulting defects accumulate over time, leading to a coupling and magnification of their impact over much
longer time domains, from years in the case of separations and structural materials to millennia in the case
of waste forms. Such atomic-scale alterations can cause a cascade of events that can ultimately lead to
materials failure.

The chemical and physical complexity of both tank wastes and associated structural materials, as well as
waste forms, represent huge challenges that must be understood before new processes and materials can
be designed. Further, basic thermodynamic, kinetic, and other chemicophysical data that enable prediction
of radionuclide speciation and materials behavior are lacking (see sidebar). As described in this PRD and
in the Transformative Research Capabilities section, opportunities now exist to couple direct observation
of chemical species with advanced molecular-level modeling. The synergy between the experimental
observation and computational approaches can lead to a fundamental understanding of the chemistry and
physics of these systems. This understanding will enable more robust modeling tools and much higher
confidence in predictions involving high-level radioactive waste streams and materials that are needed to
develop vastly improved and reliable processing and long-term storage technologies.
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SOLUTION SPECIATION AND SOLID PHASE NUCLEATION ARE
NOT WELL UNDERSTOOD

Designing processing schemes for radioactive wastes requires understanding and mastering the
multitude of chemical reactions to enable process control, including precipitation of elements when
desired and dissolution of solids when necessary. Past work on actinide complexation by simple
organic ligands provides initial foundation equilibrium conditions that describe the coordination
chemistry of solution species. How these species organize in solution to homogeneously nucleate
into crystalline solid phases is largely unknown.

Oxalate precipitation is often used during the processing of nuclear materials to separate actinide
elements from other fission products. An example of a plutonium oxalate complex is trivalent
plutonium coordinated by three oxalate anions (Figure A). The structure of the plutonium(I1I)
oxalate solid is shown in Figure B, along with the bluish-purple crystalline needles shown in
Figure C.

Europium(1II) is a fission product that is often separated during waste processing, along with other
lanthanide and actinide elements. In addition, it is sometimes used in developmental studies as a
nonradioactive analog for trivalent plutonium. As shown in Figure D-F, its crystalline morphology is
affected by the conditions under which it precipitates. While such phenomena are well recognized, it
is quite difficult to predict a priori, making it challenging to confidently exploit this knowledge to
tune solid-phase morphology during processing. A scientific basis for describing the organization of
species in EM waste streams, leading to homogeneous nucleation and solid-phase growth, will

enable safe next-generation cleanup technologies with improved efficiency and lower costs.

Plutonium oxalate precipitation (top)
and europium(III) precipitation
(bottom). The plutonium oxalate
complex (a) is trivalent plutonium
coordinated by three oxalate anions.
The structure of the plutonium(IIT)
oxalate solid (b) is shown, along with
the bluish-purple crystalline needles
(c). Europium(III) is affected by the

conditions under which it is i ik i ey - ey
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Chemical Reactivity and Reaction Networks for Complex Systems in Radiation
Environments

The environments of waste streams and waste forms relevant to the EM mission are highly complex and
dynamic, and their behavior defies representation by simpler model systems. The complexity of the
wastes, driven by extremes of pH, ionic strength, and especially ionizing radiation, continuously
generates transient species that force unexpected chemical reactions. As a result, chemical and physical
mechanisms that might be understood individually compete with each other, leading to counterintuitive
behavior in the aggregate. For example, the rheology of many of the high-level radioactive waste streams
prevents rapid, homogeneous mixing. Consequently, chemical environments may cycle episodically.
During tank waste processing, chemical compositions of solids that are entrained in the waste streams
may vary significantly, and these solids are not in equilibrium with the solution phase. The radiation field
(which is derived from the radioactivity of the entrained solids) likely varies, and the generation and/or
accumulation of radiation-induced transients and gases can be unpredictable. The rates of these reactions
and their influence on the overall outcome currently cannot be predicted with the level of confidence that
is vital to develop new processing and storage technologies, which are central to the success of EM’s
mission.

Consequently, a huge gap exists in understanding the relative contributions of the multitude of chemical
species and their reaction networks to the evolution of the overall system, whether waste solutions or
materials. Predictions over large temporal and spatial scales cannot be extrapolated from simple
experiments without an adequate mechanistic understanding of the overall system. This knowledge gap
also prevents exploitation of transient species and unexpected reaction mechanisms to enable control of
reactivity and design of resilient materials for applications in radiation environments.

To illustrate the point with an example of solid phase materials behavior, it is not possible to credibly
conduct experiments at elevated temperatures to accelerate defect-healing rates and assume that the same
pathways prevail at ambient conditions where overall rates are too slow to measure. Understanding these
mechanisms requires an intimate coupling of experiment and modeling across many dimensions of
information to fully elucidate how parameters such as temperature, the nature of the irradiation source,
and material structure collectively yield the relevant material evolution as a function of conditions.

In summary, this PRD focuses on elucidating the myriad chemical reactions that occur in the bulk of
complex waste streams and waste forms, which are the species that react at interfaces in the PRD titled
Understanding and Controlling Chemical and Physical Processes at Interfaces. For the non-interfacial,
bulk processes described, research efforts should be focused on

o Understanding complex chemical equilibria to enable prediction and control of speciation
o Understanding and exploiting chemical reactivity in complex systems.

Recent advances in dynamic chemical imaging and computational capabilities (see also the
Transformative Research Capabilities section) hold the potential for examining these complex systems in

real time and under relevant conditions that will provide—for the first time—the insight required to
develop efficient, cost-effective, and safe technologies to handle EM wastes for years to come.

Research Directions

The matrices and materials that make up high-level radioactive wastes are heterogeneous chemical
systems that are quite far from equilibrium. In processing the radioactive wastes to generate waste forms
for disposal, operational control is essential for the safe and cost-effective treatment of the materials.
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Understanding and predicting the chemical form and reactivity of the constituents in the waste streams are
essential for developing processing schemes, and coupling speciation with reactivity in extreme
environments may enable revolutionary new approaches to highly radioactive waste treatment.

Understanding Complex Chemical Equilibria to Enable Prediction and Control of
Speciation

The chemical and physical complexity of systems associated with EM wastes has precluded the level of
knowledge needed to meet EM’s mission. Basic thermodynamic, kinetic, and other chemicophysical data
that enable prediction of radionuclide speciation in these waste streams are lacking. For example, the
recent observation of monovalent technetium species in high-level radioactive waste systems was quite
unexpected. Clearly, the knowledge of speciation and reactivity in systems involving redox equilibria,
concentrated electrolytes, and ionizing radiation is extremely limited or in some cases nonexistent. The
generation of the basic mechanistic foundation to describe redox reactivity in these systems is clearly
needed, and we can build from knowledge derived from other EM problems. For example, significant
effort has been invested to describe actinide speciation in concentrated electrolytes in support of the
disposal of transuranic waste in the Waste Isolation Pilot Plant (Neck et al. 2009). While this past effort
has resulted in thermodynamic data to describe radionuclide speciation in brines, this understanding does
not readily translate into many other EM-relevant systems.

Current state-of-the-art processes for understanding contaminant equilibria in concentrated brines treat
changes in ion pairing and charge shielding empirically, which results in the development of apparent
activity coefficients. Consequently, these activity coefficients are only relevant for the specific system
under which they were developed. Systems such as these radioactive waste streams are much more
complex than salt-based disposal geomedia. While the concentration of electrolytes is quite high in both
systems, the complexity of the electrolyte compositions is far greater in the high-level radioactive waste
streams at EM sites. In addition, the quantity of ionizing radiation in the radioactive waste systems is
many orders of magnitude greater than that in the salt disposal medium. Furthermore, the high-level
radioactive wastes in EM have been exposed to ionizing radiation for many decades, whereas the salt
disposal medium has not yet experienced exposure to significant levels of ionizing radiation.

In typical laboratory-based experiments, radiolysis is known to alter chemical speciation because of the
reactive species it produces in the solvent, which is typically water. In the case of both natural brines and
high-level radioactive wastes, water is actually a minor component and behaves more as a solute than a
solvent. As such, the current knowledge of chemical species resulting from radiolysis in water is not
directly applicable to EM’s high-level radioactive waste systems. Therefore, an important research need is
to define relevant radiolytic reactions occurring in concentrated electrolytes. Although a specific species
might be considered transient, when all of the species in these systems are taken in total, their production
may be continuous over decades, which can drive unexpected reactions. As radiolytic species are
identified, their impact on other processes, such as reduction-oxidation reactions and other complexation
reactions, must be determined.

The ability to advance understanding of complex speciation in the presence of ionizing radiation will
require the close coupling of experimental and theoretical methods, as detailed in the Transformative
Research Capabilities section. The ability to determine bulk, trace, and transient constituents
experimentally in complex solutions in situ and in real time is critical. Spectroscopic tools are needed to
directly determine solution species and how they evolve during radiolysis and also as they relate to events
such as hydrolysis, nucleation, and solid phase growth. Molecular dynamics simulations of ions in water
alongside organic molecules and radiolysis products to create “realistic” solutions will enable a more
detailed understanding of how each constituent impacts the system’s chemistry. Such simulations can also
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be used to evaluate a virial expansion of ion interactions, leading to excess Gibbs energies and activity
coefficients. These theoretical techniques require significant advances in the descriptions of the
underlying physics of intermolecular interactions in complex fields caused by high ionic strength;
advances in these computational tools and exascale computers would enable the full realization of the
predictive capabilities of simulations. These advanced simulations will provide insight into solution
structure at equilibrium, potentially far from equilibrium, and include how the solution structure and
dynamics change during phase transformations.

To make progress in understanding the full range of chemical and physical processes that occur in wastes,
it is critical to understand the linkage between dissolved species and precipitates, and the relevant
equilibria linking these ends of solubility. Although specific research needs for interfacial processes are
addressed in the following PRD, Understanding and Controlling Chemical and Physical Processes at
Interfaces, the gaps in knowledge for interfacial processes are intimately tied to the equilibria and
speciation research needs described in this PRD. The chemical and physical phenomena leading to the
organization of species in solution that result in homogeneous nucleation, and ultimately solid phase
growth, are poorly understood, even in the simplest of systems.

Today, experimental tools exist to enable an understanding of the coordination chemistry of dissolved
species, and advances in microscopy and chemical imaging now allow direct observation of features on
sub-nanometer-sized materials. However, experimental observation of homogeneous nucleation in
solution remains a technical challenge. In this case, most current insights are derived from computational
capabilities. At the same time, recent advances in the spatial resolution of spectroscopic tools, such as
high-resolution ultrasound spectroscopy, neutron scattering, advanced light sources, and spatially
resolved mass spectrometry, show tremendous promise for observing homogeneous nucleation in real
time. As described in the Transformative Research Capabilities section, advances in characterization and
computational tools provide a compelling opportunity to further understand the complexity and
heterogeneity of high-level radioactive waste systems. Such growth in our fundamental knowledge of
chemical equilibria in these complex systems will enable confident speciation predictions. These
advances will also enable manipulating a system’s chemistry to control the speciation, ultimately leading
to improved processes for handling these wastes.

Understanding and Exploiting Chemical Reactivity in Complex Systems

While understanding the relevant chemical equilibria and their thermochemical parameters is important
for predicting and controlling speciation in waste streams and waste forms, defining the mechanisms and
rates of the various pathways is also very important. Chemical transformations can occur across multiple
length and timescales, and the definition of a “reaction pathway” for a process is an incredibly
challenging task. New frameworks are needed for defining mechanisms or reaction pathways to provide
models of the waste tank or waste form chemical environment.

For example, simulation tools are needed that couple mass balances, thermodynamic information, rates of
solute and colloid transport, gas evolution, and rate coefficients for an array of important reactions and
chemical compositions. When implemented in massively parallelized architectures, these tools can be
deployed at leadership-class computing facilities to predict the array of chemistries resulting from a
heterogeneous distribution of reacting materials in the presence of incomplete mixing. These models must
be developed and informed by knowledge of the chemistry and hydrodynamics in various waste systems.
As an example, such predictive models could quantitatively account for the accumulation of actinide
elements and fission products in tanks as waste streams are processed. They could be validated by
comparison to individual tanks, most of which differ in overall composition, and could be employed
within a feedback loop to create systematically improved approximations across length and timescales.
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Such a model could identify key physical or chemical information that is now inadequately described and
should be acquired at a high priority (Hobbs 2012).

Materials exposed to extreme environments present another major challenge. Exposure to ionizing
radiation typically accrues damage such that these materials can evolve from well-ordered systems into
significantly more amorphous systems. This evolution of the material is governed by multiple processes
occurring at variable rates. In particular, for processes occurring at low flux rates and at low temperatures,
their timescales can be extremely slow, but are the critical processes for dictating the material’s final
evolution. Compounding this situation is the fact that numerous kinetic processes have similar rates; thus,
the rates that dominate are very sensitive to conditions: temperature, fluxes, irradiation sources, and
detailed structure of the material. This means that accelerated testing experiments must be done with care,
as even small changes in any condition might change the hierarchy of rates and thus the final state of the
material. An obvious example is the fact that ceramics that are easy to amorphize at one temperature are
impossible to amorphize at higher temperatures because of the relative rates of defect production versus
defect recombination (Brown and Williams 2001).

In such cases, it is critical to supplement experimental studies with integrated modeling to identify key
mechanisms. Further, these models must account for all relevant kinetic processes so that temporal
boundaries between different emergent behaviors can be identified as a function of conditions. These
methods must account for, and efficiently treat, the large number of competing reactions. This will enable
determination of effective nonlinear aggregate behavior over long times. Kinetic rates must be identified,
whether by experiments or modeling, and the latter must be validated, when possible, by experiments.

The properties of materials can be dominated by chemistry, and mastering this chemistry will enable
possible exploitation for improved control during materials synthesis and enhanced functionality. For
example, solutes may be added to increase strength, provide corrosion resistance, and enhance electronic
properties. The chemistry can be controlled during synthesis or changed via ion-beam implantation or
even by incorporation of radioisotopes that evolve with time. As these chemically diverse species interact
with irradiation-induced defects, they redistribute, precipitating new phases or changing the host
structure’s stability. Implantation leads to relatively instantaneous changes in local chemistry as a result
of copious radiation damage, providing further impetus to structural evolution. In the case of
radioisotopes, this chemistry evolves with time, leading to elements that are chemically distinct from the
original isotopes and that may be more or less stable in the surrounding matrix than the original nuclides.
This further complicates understanding these systems as the equilibrium state of the system is
continuously evolving.

Elucidating these processes requires integrated theoretical and experimental efforts, as described in the
Transformative Research Capabilities section. For example, understanding the processes that occur in
irradiated materials will need a multitude of characterization and computational methods. These include
experimental spectroscopic, calorimetric, and in situ microscopic studies of radiation damage, ion
irradiation, implantation, and/or annealing. Such direct observation must be combined with computational
modeling (across scales from atomistic to continuum) using phase-diagram information from Computer
Coupling of Phase Diagrams and Thermochemistry supplemented by ab initio data of possible metastable
and/or nonequilibrium phases that might occur. Furthermore, accelerated molecular dynamics and kinetic
Monte Carlo methods must be used to assess kinetic pathways and their impact on the material’s
evolution. A key need in this area is high-quality charge-transfer potentials that can accurately account for
the behavior of chemical species in a wide range of atomic environments, and in the presence of
electronic and atomic defects, to serve as the foundation of atomistic modeling efforts.

Thus, integrated experimental and theoretical approaches are absolutely vital to advancing the
understanding of these materials as they complement each other, filling gaps and providing validation that
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are impossible with one or the other alone. In addition, design studies are needed that extend the overlap
between experimental characterization and theoretical tools.

Technology Impacts

The need to quantify chemical equilibria and reactivity beyond the domains of our current understanding
is essential for expanding the operational parameters for high-level radioactive waste processing and
storage. This knowledge gap results in limited confidence for predicting chemical behavior in harsh
systems coupled with ionizing radiation, which forces very conservative and costly operational
parameters. The research directions described will also inspire development of advanced computational
models that will ultimately enable the prediction of tank composition and reactivity across multiple length
and timescales. These computational tools will support rational manipulation of waste processing streams
and waste forms that may enhance our ability to provide safer, timelier, and cost-effective designs for the
engineered systems. The anticipated advances in theory and simulation will have an impact that extends
well beyond the immediate need of EM to understand tank chemistry, weathering of storage materials, or
the fates of contaminants.

Development of new statistical mechanical models for high-ionic-strength electrolyte solutions will
benefit many fields immediately, such as corrosion science, battery technologies, and geochemistry. In
geochemistry, for example, this research would support advances in carbon sequestration in saline
aquifers, evaporite evolution, and even atmospheric chemistry via sea-salt aerosols.

Two defining qualities of these environments that concern EM are the complexity of reaction networks
and the potential for highly reactive radiation products. Both present theoretical and analytical challenges.
Development of reaction-path models, which couple chemical reaction and transport rates in an enormous
network, will only advance with a new generation of methods to sample and characterize these difficult
chemical environments (described in the Transformative Research Capabilities section).

These research directions also will impact many areas of materials science, such as advanced nuclear
waste forms, materials for nuclear energy systems (both fission and fusion), and materials for deep space
exploration. Through the research directions proposed here and in the subsequent PRD, Mastering
Hierarchical Structures to Tailor Waste Forms, new design principles will likely emerge. This work will
support greater understanding that could lead to the development of radiation-tolerant and resilient
sensors for nuclear applications, and understanding and predictive modeling critical to devices employed
in high radiation environments. This work will also accelerate the development of industrial fabrication
processes derived from accelerator-based electron and ion sources to modify or functionalize materials.

Clearly, progress in the research areas can create an opportunity to exploit unknown and unrealized
functionality related to time-dependent behaviors of EM tank wastes and waste form systems. However,
these emergent functionalities that will enable next-generation disruptive technologies first require
mastery of complex chemical behavior that is far from equilibrium under extreme conditions relevant to
high-level radioactive waste streams, the materials used to process the waste streams, and the waste forms
that will sequester them for tens of thousands of years or more.
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UNDERSTANDING AND CONTROLLING CHEMICAL AND
PHYSICAL PROCESSES AT INTERFACES

Abstract

As discussed in the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from
Equilibrium, DOE EM wastes are highly heterogeneous and dynamic; however, to fully understand these
systems another level of complexity must be examined, namely interfaces. Molecular processes at
interfaces with solids, liquids, and gases often drive mesoscale interactions and contaminant distributions
across the interfaces. Furthermore, particle-particle interactions can control macroscopic properties, such
as flocculation or precipitation and even transport in the environment. For example, risk-driving
radionuclides (such as plutonium, americium, curium, technetium, cesium, strontium, and iodine) have
poorly understood chemical and physical behavior at interfacial environments. Adding to the complexity
of these processes is the fact that many occur in the presence of concentrated electrolytes, highly ionizing
radiation, and/or within confined molecular environments. To predict how these systems will evolve, it is
essential to understand chemical reactivity and solvent structures at relevant interfaces under dynamic
and/or extreme environments; the behavior of solvents and other chemical species in nanoscale, confined
environments; and particle-particle reactivity. Once understood, these processes might be controlled to
yield interfaces tailored to enhance separation processes. This scientific foundation will also support new
innovations in the processing of high-level radioactive wastes, improved sequestration of contaminants in
waste forms, and improved environmental remediation of waste sites.

Scientific Challenges

Interfaces and associated physical and chemical processes have a huge impact on EM’s mission.
Adsorption of radioactive species on particles, association with colloids, and interactions with other
materials can dramatically impact the effective isolation of these highly hazardous materials from the bulk
of tank wastes. Interfaces with minerals and suspended matter in the subsurface can impact transport.
Further, interactions between particles can lead to agglomeration, impacting the flow of wastes in
separation processes and even clogging pipes and valves. A large number of scientific challenges must be
addressed to accelerate EM’s cleanup efforts and enable innovation and new technologies related to
remediation of both the high-level radioactive waste tanks and contaminated subsurface environments.
Understanding interfacial physical and chemical processes in complex systems will address significant
issues associated with tank waste processing and contaminants fate and transport in the subsurface
environment. This complexity is illustrated in Figure 6.
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Figure 6. New innovations to enable more timely and cost-effective cleanup alternatives will require
an understanding of many complex and heterogeneous interfacial processes in the presence
of ionizing radiation. The complexity of the systems relevant to EM, whether stratified
wastes in a high-level radioactive waste tank or contaminated soils in the subsurface
environment, is shown above. Molecular-level interactions will drive macroscale
observables, such as dissolution and precipitation, chemical fractionation, colloidal transport,
and slurry rheologies. Image permissions:. Top: Adapted with permission from Kersting
(2013). Copyright 2013, American Chemical Society. Middle: Image courtesy of Annie
Kersting, Lawrence Livermore National Laboratory. Bottom: Adapted with permission from
Powell, et al. (2011). Copyright 2011, American Chemical Society.

High-level radioactive waste streams are highly alkaline slurries of concentrated radioactive materials and
electrolytes. As such, the behavior of these waste streams is dominated by interfacial chemical and
physical processes that are strongly influenced by ionizing radiation, which often results in
counterintuitive observations. For example, finely divided solids that have been exposed to ionizing
radiation for decades are often significantly more insoluble than macrocrystalline surrogates that have not
been irradiated. Similarly, sonication of waste slurries can increase slurry particle sizes rather than break
up the aggregates and dilution of the waste slurry can cause precipitation rather than dispersing and
dissolving the solids. Unravelling such mysterious behavior presents a grand challenge due to the
multiscale complexity of the heterogeneous waste.

For the high-level radioactive waste tanks, characterization studies to date provide direct evidence on the
extreme variability of the materials in the different tanks; as a result, neither the speciation or reactivity of
the tank waste components are well characterized. Such variability imposes significant uncertainty on the
performance of the waste treatment systems. For example, boehmite, an aluminum mineral phase that
makes up a significant fraction of the tank sludge at the Hanford Site exhibits unexpectedly small primary
crystal sizes (Figure 7). These small crystals are mixed with microcrystals of many other minerals and the
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dissolution rate observed for boehmite in this complex environment is
much lower than expected. Understanding the cause of this inhibited
reactivity is critically needed because it will allow the design of an
approach to increase its dissolution rate. An increased dissolution rate
could also enable a marked increase in the rate of tank waste
processing. Controlling the dissolution and/or precipitation of other
contaminants such as chromium, bismuth, iron, and plutonium in the
tank wastes during processing are also problematic. Clearly, a
knowledge gap exists for understanding and controlling the interfacial
reactivity in these complex waste systems.

specific conditions and processes differ. For example, the influence of
mineral surfaces and colloids on contaminant behavior can lead to
unexpected macroscopic results. In some cases, these interfaces can Figure 7. Tank waste is often

Similar challenges exist for subsurface remediation, although the :E
200 nm j"

sequester contaminants, and in other cases, they can accelerate composed of crystals of varying sizes,
contaminant movement in the subsurface. In addition, natural systems which influences reactivity (Russel et
can be perturbed by seasonal processes, such as the cycling of al. 2009; Snow et al. 2009). Image
nutrients, or they can be disturbed by rare climactic events such as courtesy of Pacific Northwest
flooding. Effective remediation of subsurface systems requires an National Laboratory.

ability to predict changes in contaminant behavior from changes in

species and concentrations that arise during unexpected events or natural cycles that may occur repeatedly
over long timescales. Additional information on subsurface processes is outlined in the PRD, Predictive
Understanding of Subsurface System Behavior and Response to Perturbations.

Interfaces, including solid-solid, solid-liquid and liquid-liquid, are in essence defects or discontinuities
that have different chemical reactivities compared to the bulk material. Interfaces drive much of the
reactivity in natural and engineered systems; examples include biological membranes that are essential for
sustaining life, mineral-water interfaces that can control contaminant behavior in the environment, and
engineered interfaces that enable chemical separations. Such system heterogeneities are directly tied to
temperature and thermal properties that typically give rise to disorder and entropy, which can drive
interfacial dynamics in unexpected directions. Because of their complexity, interfacial systems have
typically been treated in idealized manners, both experimentally and computationally, such that averaged
structures or “frozen” states are represented. Such simplifications can miss many of the nuances of
structure and dynamics at a molecular level that can be magnified into unexpected macroscopic behavior.
New insights into interfacial processes are critically needed to enhance the rates of waste processing,
predict the behavior of contaminants in waste streams and/or the subsurface environment, and effectively
sequester contaminants in waste forms.

Chemical and Physical Processes at Interfaces

As described in the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from
Equilibrium, the fundamental basis for describing chemical speciation and reactivity in extreme chemical
systems represented by typical EM problems is severely lacking. The full description of critical interfacial
chemical and physical processes of relevant species found in bulk waste systems represents another major
knowledge gap. At these interfaces, molecular structure is perturbed compared to the bulk system, leading
to major changes in local molecular structure and reactivity. To adequately describe and predict chemical
reactivity and solvent structure at such interfaces, physical phenomena involving electric double layers,
hydrogen bonding, and other van der Waals forces must be considered.
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At the nanometer scale and smaller, the behavior of water and other polar constituents at interfaces is
different from that of bulk, unconstrained solvent molecules. As shown in Figure 8, at the interface of
quartz (SiO») and aqueous solutions of 0.01M RbCl, a very strong densification of water at the interface is
observed, relative to bulk water (Bellucci et al. 2015). The constrained solvent at the interface can lower
energy barriers for transition states and reduce entropy barriers for reaction pathways, leading to
unexpected reactions and macroscopic observations. In other cases, rare events can give rise to
unexpected energy transitions that can drive surprising chemical effects. For example, recent work shown
in Figure 9 elucidated the differences in solvent conformation and microsolvation of tributyl phosphate
and its radiolytic products dibutyl and monobutyl phosphate at the n-hexane—water interface compared to
the bulk solvent (Ghadar et al. 2015). Microsolvation is defined as the rare event where one solvent
molecule temporarily penetrates the co-solvent phases and is fully solvated therein. From this work,
tributyl, dibutyl, and monobutyl phosphates appear to exhibit a systematic increase in aqueous solubility
and selectively partition to the interfacial region at the infinite dilution limit. The relationship between
adopted configurations of the solute, orientation of the solvent, and the ability of the solute to enhance
microsolvation, specifically the ability of n-hexane to penetrate the aqueous phase, has been demonstrated
within a 20 A radius of tributyl phosphate. These dynamics at the liquid-liquid interface provide insights
into the nucleation and formation of interfacial solids as a result of radiolytic degradation of the tributyl
phosphate.
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Figure 8. Electron density profile at the interface of quartz and pure water. The interface (at 0 A)
between quartz (Si0O.) on the left and aqueous solutions (pure water in blue, 0.01M RbCl in
red) to the left from X-ray reflectometry conducted at the Advanced Photon Source at
Argonne National Laboratory. Peaks locate structural positions of silicon and oxygen in
quartz, and oxygen and rubidium in water at the interface, showing very strong densification
of the interfacial water, relative to bulk water farther to the right. Insert from resonant
anomalous X-ray scattering, shows that Rb* occurs in two structural sites, one within the
dense interfacial water layer, and another farther from the surface (inner- vs. outer-sphere
sorption). Reprinted with permission from Bellucci et al. (2015). Copyright 2015, American
Chemical Society.
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Figure 9. The organization of water molecules (small blue dots), n-hexane molecules (green alkane
chains), and tributyl phosphate molecules (reddish-brown molecules) as a function of
position across the liquid-liquid interface involving n-hexane and water. Note the energy
minimum for the molecular structure shown at the liquid-liquid interface. Interestingly, this
work also suggests transfer of small quantities of n-hexane into the aqueous phase with the
tributyl phosphate molecule (although an energy barrier exists, as shown), and little water
mixing into the n-hexane phase. Reprinted with permission from Ghadar et al. (2015).
Copyright 2015, AIP Publishing LLC.

While some insight on interfacial phenomena has been gained over the past decade, the extremes in
electrolyte concentration, pH, and high radiation fields lend a new dimension of complexity to this
critically important topic. For example, much of our understanding of solvent radiolysis is derived from
basic research conducted in bulk water. However, with limited water available, the quantity of solvent-
derived radiolysis products and the overall reactivity of the system are expected to be quite different. New
insight into the chemical and physical processes that occur at interfaces is critically needed to unlock new,
highly efficient separation processes, devise effective environmental remediation strategies, and develop
improved technologies for long-term waste storage.

Colloidal Behavior in the Environment and Rheological Behavior of Waste Stream
Slurries

For many waste streams, including EM’s high-level radioactive wastes, the levels of colloids can be quite
high. The presence of these suspended particulates can lead to complex and unpredictable behaviors that
can make the handling and processing of these waste streams exceptionally difficult. For example, the
interactions of colloidal particles with solvent and with each other give rise to sometimes unexpected flow
characteristics, and colloidal transport in subsurface groundwater systems has been implicated in
surprising rates of contaminant migration from underground sources around the world (for example,
Kersting et al. 1999; Novikov et al. 2006).
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For Newtonian fluids, a linear relationship exists between shear stress and shear rate, with the coefficient
of viscosity defining the dependence between these two variables. In simple colloidal systems (for
example, monodisperse, charged spherical solids suspended in a dilute electrolyte), this coefficient of
viscosity is a measure of the interactions between components of the slurry, which is reasonably described
by the combination of attractive van der Waals forces and repulsive electrostatic forces. These
interactions are described using Deryaguin-Landau-Verwey-Overbeek (DLVO) theory (Bostrom et al.
2001). For non-Newtonian fluids, the relation between shear stress and shear rate is not linear and can
even be time dependent.

For complex slurries such as high-level radioactive waste, significant non-Newtonian behavior arises
from the impact of concentrated electrolytes, which collapses the electrical double layer around the
charged particle. This leads to the increased significance of van der Waals and other non-DLVO forces,
which are largely undefined for the extreme conditions of typical EM waste streams. Basic research is
needed to define the interfacial molecular reactions and their coupling to other forces across spatial scale.
This improved understanding will provide the basis for controlling the rheology of the high-level
radioactive wastes during processing, which will reduce operational liability associated with unwanted
precipitation in process lines. It may also provide a foundation for developing technologies such as pipe
coatings and waste stream additives that will inhibit coagulation and precipitation within the process
lines.

Research Directions

Understanding and controlling interfacial chemical and physical processes are central to addressing EM
mission needs. These interfacial processes can cause key radionuclides to be sequestered and impact
availability in separation processes or even enhance transport in the subsurface. Interactions between
particles can cause difficulties in fluid flow and lead to clogging of processing equipment. Building from
the research directions focused on speciation and reactivity in complex, heterogeneous media outlined in
the PRD, Elucidating and Exploiting Complex Speciation and Reactivity Far from Equilibrium, this PRD
specifically focuses on the reactivity of the relevant species at interfaces. The research directions
described here focus on the molecular level to the approximately micron scale and relatively short time
domains (for example, typically minutes or less). The challenges associated with integrating these
directions into larger spatial scales and longer temporal domains are addressed in the PRD, Predictive
Understanding of Subsurface System Behavior and Response to Perturbations.

Understanding Interfacial Chemical Reactivity and Solvent Structure under
Extreme Conditions

Considerable progress has been made in understanding liquid-solid interfacial processes; however, under
extreme conditions encountered in EM wastes, such as concentrated electrolytes, high pH, and ionizing
radiation, interfaces will evolve and interact with species in solutions in unexpected ways. For example,
we know that solid phase structures, and therefore their chemical and physical characteristics, can be
altered due to radiation-induced damage. But the ionizing radiation can also change the chemistry of the
species expected in the system. As chemically diverse species in solution interact with irradiation-induced
defects in the materials, new and unexpected phases can precipitate, which change the stability of the host
structure. In addition, radioisotopes can be incorporated into the material and subsequently undergo
radioactive decay. Radioactive decay transmutes the original element and isotope into different elements
and isotopes, leading to an evolution of the material over time. These decay products may be less stable in
the surrounding matrix than the original nuclides. This further complicates understanding these dynamic
systems that are far from equilibrium.
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Understanding the myriad chemical and physical processes and resulting structural and reactivity changes
at the interfaces is a major knowledge gap. To address this gap, a full assessment of the complex,
multicomponent, multiphase materials in waste systems is required. This would include, for example,
understanding the aggregate thermodynamic behavior of multiphase composite materials, including the
role of interfaces in stabilizing metastable phases. Physical forces are also important for understanding
structure and reactivity at surfaces. For example, van der Waals forces are very important at interfaces.
Although van der Waals interactions are weak, their influence at interfaces can dominate the overall
behavior of the system. Van der Waals forces play a large role in solvent structure for polar s