Across the United States and around the world, scientists are studying the migration of radioactive elements through
the ground under former nuclear weapons sites. At the Hanford Site in Washington State, uranium and other radionu-

clides are moving toward the Columbia River, a major waterway in the Pacific Northwest. (Photo by Scott Butner)
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Underground tanks were constructed to hold radioactive
and chemical wastes from nuclear weapons activities. At
the Hanford Site, 177 underground tanks were built, and
more than 60 of these have leaked or are suspected of
leaking waste to the surrounding soil.

Removing or immobilizing the waste in the subsurface
is complicated for three reasons. First, the radionuclide
and chemical contamination is present at low concentra-
tions. Second, the radionuclides are dispersed over a wide
volume in the subsurface. Finally, the pollutants are pres-
ent in extremely complex matrices. For example, subsur-
face areas often contain microenvironments and transition
zones that can significantly impact contaminant migra-
tion. Microenvironments are small areas that exert a dis-
proportionate amount of influence on the larger area. This
influence is the result of microbial, geochemical, and phys-
ical processes working together. Transition zones are larg-
er features where chemical, physical, or microbiologic
properties change dramatically over relatively short dis-
tances, usually less than a meter.

Because of these challenges, conventional excavation or
pump-and-treat technologies are costly and inefficient.
For example, six years of pump-and-treat work at one site
recovered 1.1 curies of strontium and cost $18 million. In
the same time frame, 12 Ci of strontium decayed natural-
ly. Innovative, effective, and affordable methods are need-
ed to remediate these contaminants.

To that end, national laboratories, universities, and oth-
ers are discovering how to remove, immobilize, or stabi-
lize subsurface contaminants. These discoveries begin
with fundamental science focused on understanding how
chemical, physical, and biological processes function in an
integrated manner to influence contaminant transport in
the subsurface. With this understanding, scientists can pre-
dict the fate and transport of radionuclides. “An important
aspect of the science is prediction, understanding where
and when remediation is needed to protect the environ-
ment and when natural attenuation will do the job and all
that is required is monitoring,” said Jim Fredrickson, an
expert in geomicrobiology at Pacific Northwest Nation-
al Laboratory (PNNL).

The Six Science “Secrets”

By integrating research done in the laboratory and the
field, interdisciplinary teams of scientists have gained new
insights into what happens to radionuclides in the sub-
surface. Here are six recent discoveries.

Uranium moves more slowly as it gets near the
river. How fast and how much uranium reaches the
nearby Columbia River is a major issue at the Hanford
Site, in southeastern Washington State. One area of keen
interest is the shoreline, where groundwater mixes with
river water. An accurate determination of the uranium that
arrives at the shoreline allows scientists and engineers to
design and implement technologies that capture or stabi-
lize the uranium before it enters the river, which supplies
water for agriculture and drinking water for downstream
communities as well as being a major route for migrating
salmon.
In a recent study, scientists wanted to know how the
chemistry of the shoreline influences uranium’s movement.
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studies rely on carefully collected real-world samples of
soil, groundwater, and river water.
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- To find out, they began with uranium-contaminated sed-
- iment. In the laboratory, they exposed the sediment to so-
- lutions with different pH, calcium, and carbonate levels.

They found uranium’s detachment from the sediment

- slowed when the groundwater was at neutral pH and had
- low levels of dissolved carbon dioxide or carbonate. Sim-
- ilar conditions exist along the shoreline. Inland, the con-
- ditions are different. The uranium detaches from the soil
. and migrates with the groundwater much more quickly.

Unusual state of uranium forms during simulation
of subsurface reactions. Work done by Eugene S. Il-

- ton at PNNL has shown that what was believed to be a rare
- form of uranium, known as uranium(V) or uranium with
. five electrons missing, can form during electron-swapping
- reactions with uranium(VI) at the surface of iron-based
- minerals.

More recently, Ilton collaborated with an internation-

- al team led by John Bargar at the SLAC National Accel-
. erator Laboratory and discovered that uranium(V) also
. formed on the surface of tiny particles of another form of
- uranium suspended in water. In this case, uranium(IV), in

. L - the form of uranium dioxide particles, lost electrons to
To control uranium’s fate and transport, scientists must un- - p >

derstand how fast uranium attaches to and releases from . 1orm uranium(V). This study shows that the transforma-

soil particles along riverbanks at contaminated sites. These - 101 of uranium from a relatively immobile state, urani-
- um(IV), to a relatively mobile state, uranium(VI), is not

. the single-step process previously thought.
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“Laboratory experiments indicate that under certain con-
ditions the intermediate state of uranium(V) is longer lived
than previously thought,” said Ilton. “This may have im-

plications in the environment and remedlatlon schemes that -

manipulate the state of the uranium.”

Diet matters for microbes turning radionuclides

into less mobile forms. Many diverse species of bac-
teria thrive in the subsurface beneath places such as the
Hanford Site. Under certain conditions, some of these mi-
crobes can, as a result of their metabolism, transform ura-
nium, technetium, and other mobile radionuclides into
less mobile forms. One such microorganism is Anaero-
myxobacter dehalogenans. It converts technetium and ura-

nium to solid, less mobile forms, but the distribution of :

such organisms in the Hanford subsurface and their in-
situ activities is not well understood.

Consequently, scientists conducted a study in 2009 to
determine if the type of food provided to the microbe
changed the reaction rates. Some of the microbes were fed
hydrogen (H,). Others were fed acetate, a simple organic
compound that is the major component of vinegar. While

the microbe produced immobile uranium and technetium -
on either diet, the radionuclide transformation was far

faster with hydrogen. The acetate-fed microbes, however,
produced larger aggregates of particles that could ulti-
mately influence the migration of the particles in the sub-
surface.

Iron in the soil can help technetium stay put. The
minerals present in the sediment influence when tech-

study by scientists at PNNL and Argonne National Lab-
oratory. Soils with high levels of sheet-like minerals con-

sisting of iron, silicon, and oxygen, such as those found at -

the Oak Ridge site in Tennessee, allow the less mobile tech-
netium to combine with iron-containing clay particles. The
resulting iron-technetium complex in the clay is exceed-
ingly resistant to remobilization.

Fool’s gold may grasp and then slowly release ura-

nium. A form of pyrite, or fool’s gold, may initially

serve as a trap for uranium, sequestering the radionuclide
under certain conditions of naturally occurring subsurface
microbial activity (see item #6 following). However, this
type of pyrite, known as framboidal pyrite, may also serve
as a long-term source of uranium, slowly leaking it to the

Left: By using different scientific techniques, scientists can
provide new information about the behavior of technetium and
other radionuclides that migrate through the subsurface.

Below: By integrating the microscopic and the spectroscopic at
the Environmental Molecular Sciences Laboratory, scientists
obtained extremely detailed views of the framboidal (from the
French for “raspberry”) pyrites in the soil. The top image is of a
sphere-like structure, and the bottom image is an irregular
framboidal structure. Framboidal pyrites in certain sediments may
initially sequester subsurface uranium and then serve as a long-
term source under conditions of slow oxidation. Thus, microbially
altered, loose sediment may contribute to the persistence of
uranium in the groundwater at former uranium mill sites.

surrounding subsurface as the uranium changes and be-
comes more mobile.
More studies are planned to better understand the

© processes that occur in this sediment. Clearly not all
netium is turned into its less mobile form, according to a -

pyrites, framboidal or otherwise, contain hlgh levels of
uranium, so understanding what controls uranium uptake
in pyrite is a crucial next step.

Electricity can be used to see through the subsur-
face. Tracking biogeochemical reactions in the field is
hampered by the need for expensive, invasive monitoring

- wells. A new approach, called surface spectral-induced po-

larization (SSIP), allows monitoring without wells. Using
this method, scientists send variable frequency currents into
the ground and measure the results with electrodes em-
bedded in the ground surface. The electrical response de-

- pends on the predominant metabolic processes active in the

subsurface at the time.

«

Similar to how noninvasive medical imaging has
reduced the need for invasive, exploratory surgeries,
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With powerful computers, scientists can model how groundwater and its contaminants move through sand. For example,
scientists recently did a simulation showing how particles (shown here as trails of dots colored by speed) in the ground-
water move around large grains of sand (gray spheres). They found that the particles take complex paths and pass through
faster and slower regions. These types of models can further the understanding of contaminant transport in groundwater.
(Simulations were done by Cindy Rakowski and visualizations were created by John Serkowski, both of PNNL.)

Left: Kenneth Williams, of Berkeley Lab, and graduate stu-
dent Adrian Flores Orozco, of the University of Bonn, col-
lect surface spectral-induced polarization at the Rifle Inte-
grated Field Research Challenge Site. This work is helping
to detect and delineate regions of naturally elevated sub-
surface microbial activity that could aid in halting the
progress of radionuclides and other contaminants.

. geophysical monitoring techniques such as SSIP allow us
- to monitor large volumes of aquifer sediments without
- having to drill groundwater wells, which saves money and
- disturbs less land,” said Kenneth Williams, of Lawrence
- Berkeley National Laboratory.

Need for Continued Understanding

- The biological, chemical, and physical complexities of
- the subsurface, coupled with the sheer volume impacted,
. present scientific challenges to providing reliable, cost-ef-
- fective remediation approaches for the nation’s contami-
- nated sites. Research such as discussed herein will help ad-
- vance our understanding of the fundamental processes
- that control contaminant behavior in the environment in
© ways that help solve the DOE’s intractable problems in
| © environmental remediation and stewardship. [

- Kristin Manke is a communications specialist in the
. Chemical and Materials division of PNNL. Her com-
- munications career spans 20 years, including work on
© several books related to nuclear cleanup. Julie Wiley has
- been a technical editor and writer for 30 years and is
" currently a communications specialist for PNNL’s Bio-
- logical Sciences division. For additional information,
- contact Kristin Manke at kristin.manke@pnl.gov.
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