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Research Objective

In Stu bioremediation of contaminants can offer advantages in cost, speed, public acceptance,
and find cleanup leves achieved rdative to physicd removad methods. However, microbid
populations in the unsaturated zone are spatidly discontinuous and sparse, especialy in deep
vadose zones and in arid dimates with very low moisture and nutrient flux. In addition, thereis
alack of knowledge on 1) the ability of microbes to colonize “empty” regions of the vadose zone
in response to nutrient delivery and 2) how microbia colonization is controlled by hydrologic

and physical features. These issues raise questions about the feasibility of deep vadose zone
bioremediation and the accuracy of flow and trangport models for vadose zone bioremediation.

The god of thisresearch isto provide DOE with an increased understanding of the effect of
interacting hydrologic and microbiologica processes that control the feasibility of engineered
bioremediation of chlorinated compounds in heterogeneous, microbialy sparse deep vadose
zones. The specific objectives are

to conduct |aboratory research on vadose zone microbia colonization processes as a
function of hydrologic and physical features and use the information to develop an
improved vadose zone reactive trangport model

to evauate a gas-phase nutrient delivery gpproach for enhancing remova of carbon
tetrachloride from the vadose zone.

Research Progress and Implications

This report summarizes the progress achieved during the first 20 months of a 3-year project.
Feld sampling at the Hanford Site 216-Z-9 trench (contaminated with carbon tetrachloride and
transuranic radionuclides), origindly scheduled for the beginning of the project (fall/winter
1999), was delayed until late May and early June 2001. Twenty-four core samplesranging in
depth from 102 to 187 ft below ground surface are being collected. The field sampling isto
determine 1) what types of microbia metabolisms exist throughout the depth profile, 2) the
ability of indigenous microorganisms to grow using gaseous sources of nitrogen, phosphorus,
and carbon, and 3) the ability of indigenous microorganisms to degrade carbon tetrachloride.

In the interim, research has focused on unsaturated modd porous media systems. Research tasks
under way at Pacific Northwest Nationd Laboratory are addressing the ability of microbesto
colonize uninhabited porous media under static unsaturated conditions. At Oregon State
University, researchers are examining the dynamics of microbid metabolic and colonization
processes under flowing unsaturated conditions. Both efforts involve understanding how
microbia colonization is controlled by porous mediawater content and particle size.

Microbid motility—the ability of microorganisms to swim through weter or move over
surfaces—has been largely discounted as unimportant in microbia colonization of the subsur-
face. However, no specific studies of microbia moatility under vadose zone conditions are



reported in the literature. Our research shows that motile bacteria can colonize rapidly in satic
(no flow) unsaturated porous media. This adds to the existing base of scientific knowledge on
phenomena under unsaturated conditions and chalenges conventiona scientific wisdom.

Specificdly, in 1-mm-diameter sand, two species of Pseudomonas bacteria (one that degrades
carbon tetrachloride) migrated upward in columns a initia rates of 5 cnvh in porous media
columns at a caculated average water film thickness of 70 pum(equivaent to 20% volumetric
water content, VWC). Initid migration rates were 0.03 to 0.07 cm/h at a cdculated average
water film thickness of 18 um (equivaent to 5% vVWC). These rates were achieved by (pre-
vioudy wel-fed) cdlsin the absence of nutrientsin the column, aswell asby cdlsin the
presence of nutrientsin the column. Migration ceased after severd days in the absence of
nutrients in the column. Migration was not detected a a caculated average water film thickness
of 4 um (equivalent to 1.3% vWC) regardless of whether nutrients were absent or present in the
column, demongtrating that very low water contents prevent motility-driven colonization

(Figure 1). The dgnificance of these resultsis that nutrient delivery to coarse-grained regions

of the vadose zone could promote colonization by motile bacteria. If the motile bacteriawere
able to degrade contaminants, colonization of previoudy “empty” regions would dramatically
increase the rate and efficiency of biodegradation.

Figure 1. Effect of Volumetric Water Content
on Matility-Driven Migration of Ps. Sutzeri KC
in Static Unsaturated Columns. Bacteriawere
inoculated & -0.6 to 0.0 cm. Three of the four
treatments did not contain nutrients to support
growth; the treetment desgnated with triangles
contained nutrients.
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The ability of microbes to colonize unsaturated porous media in the presence of flow and soluble
nutrients was sudied in atwo-dimensiond chamber, 40 cm wide by 60 cm high by 1 cm thick,
indrumented to alow periodic visudization of water didtribution, nutrient ddivery, and micro-

bid activity. Water didribution isvisudized by light tranamisson, nutrient ddlivery by use of a
dye, and microbid activity by periodic addition of sdicylate, which causesthe geneticaly
engineered bacterium Pseudomonas fluorescens HK 44 to produce light in the presence of
oxygen. A charge-coupled device camerarecords data at high resolution (1 mmvpixel) and
quantifies, in Stu, the tempord and spatid interactions between water content, solute transport,
and microbial processes. Experiments were conducted with homogenous porous media and with
heterogeneous porous media congsting of awedge of coarse sand within amatrix of finer sand.



Homogeneous porous media experiments were funded largely by a previous Nationd Science
Foundation project, with EM SP funds used for find andyses and numericd moddling. EMSP
funds aso served to extend the homogeneous systems to heterogeneous layered systems, which
are more typica of Hanford sediments.

In a representative homogeneous experiment, microbia colonization spread from a4-cm
diameter inoculated region to more than 17 cm in width in 6 days (Figure 2). Colonization
advanced upward gpproximately 3 cm against a pore weter velocity of 60 cm/h. By Day 3, the
interior region of the colonized zone no longer responded to the application of sdicylate, indi-
cating that oxygen was depleted in thisregion. Microbid growth caused a 5-cm lowering of the
capillary fringe in the chamber and a locdized zone of desaturation in the vicinity of the most
heavily colonized region. The permegbility of the most heavily colonized area was reduced
enough to dter water flow sgnificantly.

Experiments with heterogeneous porous media employed a wedge of coarse sand to provide a
capillary barrier and introduce initid spatialy variable flow. Processes smilar to those noted in
the homogeneous experiments were observed (Figure 3). In addition, microbia growth caused
an increase in the water content perched upon the wedge.  Although the increase in water content
was insufficient for flow to break through the capillary barrier into the fine sand under the condi-
tions of the one-week experiment, we believe longer experiments or adightly higher applied

flux would produce this result.

These experiments demongtrate that microbia growth causes dynamic changes in flow paths and
hydraulic properties. They dso indicate that physica heterogeneity strongly controls microbid
activity and colonization in the unsaturated zone.

Results from these experiments are being used as input to parameterization and testing of atwo-
dimensond finite-difference numerical modd for predicting contaminant fate and transport in

the vadose zone. This modd accounts for water flow, transport of solutes and bacteria, microbial
growth and degradation kinetics, gas diffuson, and interphase exchange. The modd captures
new information on interactions between microbia dynamics and vadose zone processes that can
be applied in conjunction with experimenta studies to gain ingghts into, and greeter understand-
ing of, these processes and phenomena.

We as0 have collaborated with the U.S. Geologica Survey on its Toxic Substances Hydrology
Program in the andlysis of samples from the Amargosa Desert Research Site (ADRS) in Besttie,
Nevada, to determine if far-fidd migration of 1*C-CO, may be atributable to microbia activity.
Land disposa of low-leve mixed organic-radioactive waste occurred at both the ADRS and the
Hanford Site, and the ADRS serves as an analog for understanding processes occurring at
Hanford. The data showed that microbia populations and activity were very low away from the
buria trenches and the capillary fringe and would not be generating measurable 14C-CO,. The
results indicate that microorganisms in and immediatey adjacent to the buried waste are generat-
ing the *C-CO, and that physical transport processes controlled by the site geology are causing
far-fidd migration.
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Figure 2. Direct, Noninvasive Observation of Microbial Distribution and Activity (top) with
Simultaneous Monitoring of Water Content Distribution (bottom left) and Flow
Paths (bottom right) in Unsaturated Porous Media. Microbia growth resulted in
diversion of flow (bottom right)
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Figure 3. Evolution of Microbial Growth and Activity (top) and Effect of Microbial Growth on
Water Distribution (bottom) at Day 2 (left panels) and Day 6 (right panels). Note the
scale of the upper right panel is 3x broader than the scale of the upper left panel.

Planned Activities

Because of the long delay in obtaining samples from the Hanford Site, some project scope defini-
tions have been modified from those of our original proposal:

Samples from the Hanford 216-Z-9 trench site

* Complete analysis of field samples (remainder of FY 2001).

» Evaluate whether isolates from enrichments are useful for unsaturated chamber experiments
using gaseous phase nutrients (remainder of FY 2001).



Microbial colonization in static unsaturated columns

» Determine effects of starvation, porous media with smaller particle sizes, and natura porous
media with broad particle size distributions on motility and colonization (remainder of
project).

» Determine to what extent carbon tetrachloride degradation can be achieved at different
microbial cell densitiesin a bulk aerobic system (i.e., the unsaturated zone).

Unsaturated flow chambers
» Develop and use bacterial reporters engineered with constitutive and inducible fluorescent
proteins for simultaneous real-time characterization of population density and degradation

activity (remainder of FY 2001).

» Continue validation of numerical model for predicting contaminant fate and transport in the
vadose zone (remainder of project).

» Investigate the spatial and temporal dynamics of microbial processes using gaseous sources
of carbon, nitrogen, and phosphorus (remainder of project).
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