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Abstract

This paper provides a review of bacterial transport experiments conducted by a multi-
investigator, multi-institution, multi-disciplinary team of researchers under the auspices of the
U. S. Department of Energy (DOE). The experiments were conducted during the time period
1999-2001 at a field site near the town of Oyster, Virginia known as the South Oyster Site, and
included four major experimental campaigns aimed at understanding and quantifying bacterial
transport in the subsurface environment. Several key elements of the research are discussed
here: 1) quantification of bacterial transport in physically, chemically and biologically
heterogeneous aquifers, 2) evaluation of the efficacy of conventional colloid filtration theory, 3)
scale effects in bacterial transport, 4) development of new methods for microbial enumeration
and screening for low adhesion strains, 5) application of novel hydrogeophysical techniques for
aquifer characterization, and 6) experiences regarding management of a large field research
effort. Lessons learned are summarized in each of these areas. The body of literature resulting
from South Oyster Site research has been widely cited and continues to influence research into
the controls exerted by aquifer heterogeneity on reactive transport (including microbial
transport). It also served as a model (and provided valuable experience) for subsequent and

ongoing highly-instrumented field research efforts conducted by DOE-sponsored investigators.



Introduction

In 1998, the U. S. Department of Energy (DOE) established a field site near the small town of
Oyster, Virginia, USA (Figure 1) to perform research on the transport of bacteria in
groundwater. The research effort was focused on the concept of “bioaugmentation” —the
introduction of microorganisms into an aquifer system to enhance bioremediation — and was
part of a larger DOE research program called Natural and Accelerated Bloremediation Research
(NABIR). The research was the outgrowth of a longer history of DOE research in subsurface
microbiology and geochemistry under the Subsurface Science Program, and built upon
experience and knowledge gained under a preliminary project at a nearby site as reported by
DeFlaun et al. (1997; see also Mills et al., 1994; Weiss et al. 1995; Knapp et al. 1998). One of
the key hypotheses of the research plan centered on the impact of groundwater redox
conditions on bacterial adhesion to solid grain surfaces. Another key focus of the research was
to quantify the effects of physical, chemical, and biological heterogeneity on microbial
transport. Further information on the site selection process is provided below. Accordingly,
two experimental plots were selected, one with fully oxygenated groundwater and ferric iron
oxyhydroxides coating detrital grains (known as the Narrow Channel Focus Area or NC site) and
a second with low levels of dissolved O, and lower and more heterogeneous concentrations of
ferric iron oxyhydroxides (known as the South Oyster Focus Area or SOFA site). The overall
research site, containing the two experimental plots, was referred to as the South Oyster Site.
The two experimental plots, which were both located in shallow, saturated sections of Atlantic

Coastal Plain sediments, were highly characterized and instrumented with arrays of injection,
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extraction, and multi-level sampler (MLS) monitoring wells designed to sample continuously at
low flow rates to avoid the need for purging and the resulting transient disturbance of the
forced-gradient flow field (Scheibe et al., 2001; Mailloux et al, 2003b). The high level of
instrumentation is evident in a field site photograph provided as Figure 2. Several forced-
gradient tracer, bacterial injection, and nutrient augmentation push-pull experiments were
conducted over a period of approximately four years (1999-2003) by a multi-institutional team
of investigators with a wide range of disciplinary expertise. The co-Principal Investigators (co-
Pls) were Dr. T.C. Onstott of Princeton University and Dr. Mary DeFlaun, then of Envirogen, Inc.
(currently with Geosyntec Consultants, Inc.), with primary expertise in geochemistry and
microbiology, respectively. The team also included experts in geology, field and computational
hydrology, hydrogeophysics, as well as other geochemists and microbiologists. Site operations
and logistics were overseen by Tim Griffin (Golder Associates Inc.). Dr. Frank Wobber (DOE,
Office of Science, Biological and Environmental Research) was the federal program manager
leading the Bioaugmentation element of NABIR. Access to the field research site was
generously granted by The Nature Conservancy, Virginia Coast Reserve. The Nature
Conservancy also provided oversight of potential environmental impacts of the research, which
had the benefit of giving site investigators insight into practical requirements (and public
concerns) associated with bioaugmentation applications.

Figure 3 shows the physical configuration of the NC experimental plot; the configuration of
the SOFA plot is similar. Preliminary site characterization data were integrated into a suite of
numerical models that were used to perform “pre-modeling” for the purpose of designing well

configurations and injection strategies (Scheibe et al., 2001). The models were in part
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parameterized based on intact column experiments and outcrop studies conducted at a nearby
borrow pit (Fuller et al., 2000; Dong et al., 2002a, 2002c). Several major experimental
campaigns were conducted at the two flow cells, as summarized in Table 1. Balkwill et al.

(2001) provide an overview of site characteristics, experiments conducted, and results.



Table 1. Summary of major experimental campaigns conducted at the South Oyster Site.

Year Dates Flow Cell Emphasis

1999 Jul- NC Bromide tracer (delineate flow paths and travel

Aug 1999 times), develop and test groundwater sampling methods,
evaluate flow cell design

1999 Oct- NC Bromide and DA0O1 (adhesion-deficient strain)
Nov 1999 bacterial injection under oxic conditions

2000 Jul- SOFA Bromide, DA0O1, and OY-107 (iron-reducing bacteria)
Aug 2000 coinjection under hypoxic conditions

2001 Jul SOFA Bromide, DA001, and OY-107 injection into separate
2001 injection wells

2001 Aug SOFA Biostimulation experiment (push-pull tests)
2001

The focus of South Oyster Site activities was on bacterial transport processes, but also
provided opportunities for a broad range of research studies in related areas and the results of
research related to the site have been published in at least 60 peer-reviewed journal articles
(Table 2). This review provides an overview of “Lessons Learned” across this range of studies;

we refer the reader to previously published articles for further details on particular aspects.

Bacterial Transport Processes

Ginn et al. (2002) provides a comprehensive review and discussion of microbial transport
processes and includes selected results from the South Oyster Site as a case study. The process
that exerts the greatest influence on subsurface microbial transport is attachment to mineral
grain surfaces, which partitions bacteria between the mobile agueous phase and the immobile

attached phase. Microbial attachment is most often represented using Colloid Filtration Theory
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(CFT), which includes interception, diffusion, and sedimentation as physical processes resulting
in physical contact of a colloid with a mineral surface. In conventional CFT, colloids and grain
surfaces are assumed to have strong attractive charges that result in a primary energy
minimum that permanently traps colloids coming into contact with the grain surface. Under

CFT, the kinetic rate of attachment is posited as:

where Cis the aqueous concentration of microbes, @ is porosity, dg is an effective grain
diameter, Vis the magnitude of groundwater flow velocity, and 7 is the “collector efficiency”,
defined as the probability that a colloid approaching a grain surface will come into physical
contact with the surface. Logan et al. (1995) provide a useful summary and clarification of
theoretical analytical expressions for 7, and Nelson and Ginn (2001) give a summary of major
assumptions and implications of CFT as applied to bacterial transport in porous media.

Many microorganisms have negatively charged membrane surfaces. The surfaces of quartz
grains that comprise many sandy aquifers are also negatively charged under ionic strength and
pH conditions typical of near-surface groundwaters creating unfavorable conditions for
attachment since similarly-charged surfaces exert repulsive forces, whereas iron oxides that
coat some sedimentary grains are dominantly positively charged creating favorable conditions
since opposite charges create attractive forces. Therefore, a mixture of favorable and

unfavorable conditions for microbial attachment may exist in many sandy aquifers like that at
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the South Oyster Site. At surfaces where an energy barrier to deposition exists, there often
exists a secondary energy minimum farther from the grain surface in which negatively-charged
colloids can become trapped, but from which they can also be more readily dislodged by
hydrodynamic or other forces. These factors lead to two common modifications of CFT required
for representing microbial attachment: 1) incorporation of a “collision efficiency” factor, ¢,
which represents the probability that collision between a microbe and a mineral surface will
result in attachment, and 2) incorporation of a detachment rate to represent dislodgement of
microbes from secondary minimum attachment sites. Neither of these terms is required in
traditional CFT applications (such as engineered sand bed filters) in which conditions are
uniformly favorable for attachment in a primary minimum. However, since there is a mixture of
favorable and unfavorable attachment conditions in natural systems, these additional terms are
needed to maintain the integrity of the CFT model while still matching observations. The

modified CFT attachment rate for microorganisms is then represented as:
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where K is the detachment rate coefficient and S is the concentration of attached-phase
bacteria. In this conceptualization, the collector efficiency 77 depends only on measurable
physical properties of the fluid, porous medium and microorganism and can be directly
predicted using CFT theory. aand Ky, however, depend jointly on electrochemical properties
of the cell membrane, extracellular structures and mineral surfaces as well as hydrodynamic

forces and are difficult to predict theoretically. Dong et al. (2002b) present a quantitative
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framework for predicting «, but the same author also points out limitations in the applicability
of the underlying theory (Dong, 2002). Because of these difficulties, « and Ky are typically
estimated from experimental observations by model fitting.

It has been commonly observed in many column and field studies that such estimates of «
vary systematically with spatial scale, with the largest values observed at short distances from
the injection point. However, no single consistent theory exists to explain this apparent scale
dependency. At the NC flow cell, Mailloux et al. (2003a) estimated a field-scale distribution of
apparent values of a from breakthrough observations at varying distances. The estimated
values clearly decreased with transport distance and the distribution inferred from column
experiments (short transport distances) was shown to correspond to the highest values
(shortest distances) observed in the field. Since microbial populations, even of a single species,
exhibit variability in surface membrane charge (e.g., Dong, 2002), this observation has been
attributed by most investigators (e.g., Bolster et al., 2000) to selective removal of “more sticky”
(large ) members of the population near the injection point followed by more efficient
transport of “less sticky” (small &) members at longer transport distances. Dong et al. (2006)
report on a novel side experiment conducted during the 2001 SOFA microbial injection
experiment to test this hypothesis. Groundwater samples containing bacteria extracted from
monitoring wells at different distances from the injection point were immediately injected into
repacked sediment columns set up at the field site to determine whether the bacteria that had
traveled longer distances exhibited significantly lower collision efficiencies in the columns.

Surprisingly, the populations extracted from wells with longer travel distances exhibited larger



values of a when transported through the columns, although model interpretation of the field
observations indicated the familiar decrease of « with transport distance. They explained this
apparent contradiction as resulting from a combination of microbial charge variability and
spatially correlated physical and chemical aquifer properties (discussed further below).
Another interesting apparent discrepancy between column-scale and field-scale
observations relates to the process of size exclusion. The typical size of bacteria (~1 um) is
large enough that they can be physically excluded from regions of the pore space where flow
velocities are smallest (i.e., very close to grain surfaces or in dead-end micropores). As a result,
the average velocities experienced by biocolloids can in some cases be larger than that of
molecular solutes such that bacterial breakthrough can significantly precede that of a
conservative solute tracer. This effect may be accentuated by charge exclusion (also called ion
exclusion) in which negatively-charged bacteria can be electrically repulsed away from
negatively-charged mineral surfaces, again limiting access to the lowest-velocity regions
immediately adjacent to the solid grains (no-slip flow boundary condition). In column
experiments conducted using intact sediment samples collected from the nearby borrow pit,
significantly higher bacterial velocities were observed relative to conservative tracers (ratios
ranging from 1.18 to 1.55 as reported by Dong et al. (2002c). Scheibe and Wood (2003)
developed a new particle tracking algorithm to simulate the exclusion process in the column
studies, based on truncation of the distribution of dispersive displacements in the random walk
algorithm. Size exclusion processes, however, were not evident in the results of the field

experiments, in which most bacterial breakthrough curves could be adequately modeled using
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the same average velocity as the tracer. The reason for this discrepancy between column and
field scale studies is unclear.

Another factor that appeared to play a role in bacterial transport at the South Oyster Site
was predation on bacterial cells by protozoan populations pre-existing in the aquifer system. A
“bloom” of protozoans (particularly flagellates) was observed in all of the multi-level samplers
during the 1999 NC injection experiment (Zhang et al. 2001). The increase in protozoan
populations lasted approximately 10 days and peaked 7-10 days after the peak of injected
bacteria. Because the timing of the peak corresponded closely to the injection, and since the
bacteria were injected using site groundwater with no nutrient amendments, the peak in
protozoan populations can be attributed to increased growth associated with predation on the
injected bacteria. Careful analysis of late-time observations of bacterial concentrations by
Zhang et al. (2001) strongly suggest that predation of injected bacteria by protozoans (rather
than increased attachment) led to the observed decrease in bacterial concentrations following

the end of the forced-gradient phase of the experiment.

Shortcomings of CFT for Quantifying Bacterial Transport Processes

CFT has been applied successfully to clean bed filtration of colloidal materials in engineered
filtration systems. Its adaptation to modeling of microbial transport in aquifers was pioneered
by Harvey and Garabedian (1991) as a very reasonable extension given the colloidal size of
microorganisms. Critical differences exist between microbes in natural aquifers and

nonbiological colloids in engineered filters that lead to now well-known limitations in the
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application of CFT to microbial transport. These have been widely discussed in the literature
and are well summarized by Ginn et al. (2002) and other reviews, so will not be described in
detail here. We will discuss, however, certain aspects of the South Oyster Site experiments and
models that provided critical evidence that informs these issues.

Because attachment of microorganisms in natural porous media often occurs under
unfavorable conditions (that is, the lack of a strong primary energy minimum and microbial
association with a weak secondary energy minimum), one key difference between classical CFT
and microbial applications is the process of detachment (which is not considered in classical
CFT). Because of the high-resolution methods of cell enumeration used (and in some cases
developed) by South Oyster Site investigators (e.g., Zhang et al., 1999; Fuller et al., 2000b;
Johnson et al., 2001), it was possible to observe injected cells in the experimental flow cells at
very low concentrations and relatively long transport distances. Zhang et al. (2001) performed
model interpretations of extended tailing (four months) of bacterial breakthrough at the NC
focus area to infer attachment and detachment rate coefficients. They then performed
comparative simulations with and without detachment and concluded that even the relatively
low rates of detachment commonly observed for microbes may significantly increase the extent
of transport under field conditions. Microbial processes may also come into play in the
detachment process, in that loosely attached cells could grow extracellular structures that
would enhance adhesion and lead to irreversible attachment. Alternatively, cells trapped in a
secondary minimum might translate along a grain surface under hydrodynamic forces to a
location (such as a flow stagnation zone or grain-to-grain contact) where they could become

more permanently trapped. Improvement between model predictions and field observations
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was achieved when a parameter describing the relative fraction of reversible and irreversible
attachment events (Zhang et al., 2001), as well as a time-dependent irreversibility process (e.g.,
Johnson et al. 1995), was included. The South Oyster Site project modeling team developed a
novel particle tracking model approach (Zhang et al., 2001; Scheibe and Wood, 2003; Li et al.,
2004) that facilitated implementation of these and other novel process representations in
numerical simulations.

Another significant difference between microorganisms and inorganic colloids is that
microbes can exhibit active motility (swimming) and chemotaxis (attraction to chemical
gradients). Although the selected organisms used in South Oyster Site experiments were
thought to be non-motile, project investigators performed a theoretical study of chemotactic
motility by developing a novel particle-tracking approach applied to the Happel sphere-in-cell
model on which CFT theory is based (Nelson and Ginn, 2001). Preliminary results from their
simulations suggested that bacterial chemotaxis could significantly impact the value of the
collector efficiency (77) under certain conditions.

Prior to the South Oyster Site project, most investigations of microbial transport at the
column scale had fitted models based primarily on observations of column effluent
concentrations over time assuming microbial mass balance and no microbial growth. South
Oyster Site investigators addressed this issue by extracting attached cells from column
sediments at the end of the experiment in order to quantify the profile of attached microbial
concentrations along the columns (Fuller et al., 2000a). Although obtaining sufficient recovery
to close the mass balance on injected cells proved challenging, the data obtained provided an

alternative window into the bacterial attachment process that proved extremely valuable. For
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most column experiments, the effluent curves could be reasonably matched using a simple
linear kinetic attachment/detachment rate model (based on the modified CFT theory). The
profiles of attached bacteria predicted by this model, however, did not match those observed in
the column experiments. The predicted concentration profiles under the standard model were
log-linear in form, whereas the observed concentration profiles typically showed much higher
than expected concentrations of attached bacteria near the column inlet, and exponential
decay of concentrations along the profile. This observation was explored in detail by Li et al.
(2004), who concluded that apparent decreases in attachment rate coefficients with distance
(observed for inorganic and biological colloids) reflect processes that are fundamental to
filtration under unfavorable conditions. They observed that deviations in the attached profile
from the predicted log-linear profile were largest under strongly unfavorable conditions and
were eliminated under favorable attachment conditions. They also demonstrated that
variation in interaction potentials (surface charge) within the colloid populations provided a
viable mechanism to explain the apparent decrease in deposition rate with transport distance.
Subsequent investigators have posed other possible mechanisms that could also explain
these observations, such as enhanced straining near the column inlet (Bradford et al, 2006) or
grain surface charge heterogeneity (Johnson et al., 1996). The fact that multiple alternative
models with significantly different process conceptualizations could fit the column-scale
observations equally well underlines the potential danger of inferring validity of assumed
process models from their ability to be fitted to limited observations. Interestingly, this
situation has motivated a new line of ongoing research based on pore-scale simulation and

observation of colloidal transport (Li et al., 2006; Johnson et al., 2007; Torkzaban et al, 2008; Li
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et al., 2010a; Li et al., 2010b; Gao et al., 2010) that holds promise for elucidating the actual
mechanisms that are responsible for the observed phenomena. Combining observations of
bacterial break-through with profiles in adsorbed bacteria at the field scale, however, has yet to

be accomplished and will be critical to scaling up from the pore-scale to kilometer scale.

Impacts of Physical, Chemical and Microbial Heterogeneity

The term “microbial heterogeneity” is used in two distinct contexts within the South Oyster
Site project literature. In one context, it is used to describe spatial variations in microbial
number density within the aquifer materials. Brockman and Murray (1997a, 1997b) provided
some of the earliest information on techniques for characterizing subsurface microbial
heterogeneity. Their review articles, based in part on analysis and comparison of data from the
Oyster site and the White Bluffs site in eastern Washington, provide a discussion of potential
causes of variation in bacterial number density and of geostatistical approaches that can be
used to characterize it. Zhang et al. (1998) reported studies from the Oyster excavation and
found that microbial concentrations varied only by about 15-fold over sampling distances as
short as 5 cm and were not correlated to grain size, probably because of the relatively small
range of grain size variations at the site. The variations were correlated with natural organic
matter content, which varied in turn with depth from the surface. Musselwhite et al. (2003;
2007) also evaluated microbial heterogeneity in Oyster sediments, with a focus on the
metabolic activity of sulfate-reducing bacteria. They also found relatively small variations in

microbial properties and poor correlations with sediment properties. Although spatial
15



variability of initial cell counts may impact active bioremediation efforts (Pfiffner et al, 2001),
the low variability in microbial counts and activity observed at Oyster is unlikely to have had
significant impact on the transport of injected bacteria. The term “microbial heterogeneity” is
also used (e.g., Mailloux et al., 2003a) in reference to variations in cell properties within a
monoclonal culture. Greatest attention in this regard is given to variations in cell surface
charge, as measured by electrophoretic mobility (Dong, 2002), which is expected to directly
impact the o parameter in CFT-based models. Mailloux et al. (2003a) defined a distribution of
o values by model fitting to bacterial transport observations from the NC focus area, and
concluded that variations in microbial properties exerted greater control on the magnitude of
bacterial attachment than physical aquifer properties, although the specific paths followed by
the bacteria in the subsurface corresponded to zones of higher permeability. Although that
work downplayed the impact of physical heterogeneity on microbial attachment, transport
experiments conducted in intact sediment columns by Dong et al. (2002a) indicated that
bacterial adhesion was predominantly controlled by grain size variations. Hall et al. (2005)
conducted another series of short column experiments, this time using groundwater collected
from the oxic NC site and the hypoxic SOFA site, again in an attempt to elucidate physical and
chemical impacts on microbial transport. They concluded that the different geochemical
conditions existing at the two sites led to differing controls on transport. For SOFA site
groundwater, with low dissolved O, and organic carbon (DOC), attachment was predominantly
controlled by prevalence of metal oxide surfaces. For NC groundwater (relatively high O, and
DOC), however, the metal oxide surfaces appeared to be masked by sorbed DOC, thus leading

to predominant control of grain size on observed attachment rates.
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The apparent contradictions in the conclusions of these various studies, each aimed at
separating out the effects of physical, chemical, and microbiological heterogeneity, point to the
need to consider their joint effects under a range of possible conditions. Ensuing studies
demonstrated that it is likely the combined effects of spatially correlated physical, chemical and
microbial heterogeneity (rather than the individual effect of any one type of heterogeneity)
that controls key aspects of microbial transport behavior. The paradoxical experimental results
obtained by Dong et al. (2006), in which o values measured using bacteria extracted from wells
at different distances from the injection well were observed to increase with distance traveled
(not decrease as expected), were interpreted by those authors to reflect the effect of
correlated physical and chemical heterogeneity combined with variations in microbial cell
surface properties. At the South Oyster Site, the highest concentrations of iron oxide grain
coatings tend to occur in the finest-grained (lowest permeability) sediments. Bacteria are more
readily transported in the field through the coarser-grained clean quartz sand layers, and the
negative charge of the quartz surfaces favors transport of more negatively charged cells. When
injected subsequently into a homogenized sediment column, the cells with strong negative
charge are forced to interact with fine grains coated with positively charged iron oxides and
thus exhibit strong attachment. This interpretation was subsequently tested numerically by
Scheibe et al. (2007). They performed simulations of microbial transport based on South Oyster
Site field data under a variety of assumptions regarding the nature of physical (hydraulic
conductivity) and chemical (attachment rate coefficient) heterogeneity, and demonstrated that
the familiar apparent decrease in o with transport distance was predicted only when hydraulic

conductivity and attachment rate coefficient parameters were inversely correlated. Such
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correlation arises naturally from the joint dependence of collision efficiency and hydraulic
conductivity on grain size, and this effect would be enhanced by relatively higher
concentrations of iron oxides (preferred attachment sites) in fine-grained sediments and
variations in microbial cell surface charge. The negative correlation between iron oxide
concentrations and hydraulic conductivity at the field scale was inferred by statistical analysis of
South Oyster Site borehole and geophysical data by Chen et al. (2004). The existence of a
similar negative correlation at the column scale was demonstrated by Dong et al. (2002a).
Scheibe et al. (2006) used the results of Chen et al. (2004) to numerically simulate a
hypothetical bioremediation scenario and demonstrated that the joint effects of correlated
physical and chemical heterogeneity significantly impact the predicted efficiency of
bioremediation. Because reaction processes (including metal reduction and microbial
attachment) require close physical proximity of reactants, the coupling between physical flow,
solute transport and chemical reactions leads to emergent behaviors that are not evident from

independent consideration of physical, biological, and chemical properties and processes.

Site Characterization

The surficial unconfined aquifer underlying the Oyster Site is located in the Wachapreague
Formation (Mixon, 1985) and consists primarily of medium to coarse sands deposited in a
marine shoreface environment (Parsons et al., 2003). A pervasive fine-grained layer (clay-rich
silt) encountered at approximately 10 meters depth serves as the lower boundary of the

surficial aquifer; the depth to water table is approximately 2 meters.
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A wide variety of site characterization data was collected, including geophysical
observations (surface ground-penetrating radar, radar tomography, and seismic tomography);
hydrologic aquifer tests (pumping and slug tests, borehole flowmeter tests); borehole core logs
and analyses (visual and quantitative grain size distribution, facies type, permeability on sub-
core samples); air mini-permeameter and photographic and infrared imaging on analog
sediments from a nearby excavation face; long-term, continuous monitoring of water level and
quality; cone penetrometer observations (tip and sleeve stress, pore-water pressure); and
groundwater and soil chemistry analyses of selected samples. In addition, intact core samples
were collected from a nearby excavation and were used for laboratory tracer and bacterial
transport experiments to estimate bacterial transport parameters (Fuller et al. 2000a). These
characterization efforts resulted in a rich data set that provided a sound foundation for the
broad range of experimental research conducted at the site, and interpretation / integration of
the experimental results through numerical modeling.

The first role of site characterization was in support of detailed site selection. Traditional
surface GPR imaging was conducted along transects spanning the target area to develop a
conceptual model of large-scale site stratigraphy and to identify specific areas for more detailed
study (Hubbard et al., 2001). Cone penetrometer tests were used to confirm that required
geochemical conditions existed in the two flow cells (oxic — NC — and hypoxic — SOFA) and to
define the extent of the hypoxic zone at the SOFA flow cell.

Once the two focus area sites were identified, a suite of wells were emplaced using the
layout employed successfully in the preliminary experiments of DeFlaun et al. (1997). These

included eight wells that could potentially be used for pumping to control hydraulic gradients
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during experiments, a single injection well, and other wells outside the flow cell to monitor
background conditions and to monitor for potential escape of injectates from the flow cell.

The initial integration of these data into a quantitative field-scale transport model and use
of that model for experimental design is presented by Scheibe et al. (2001). Those simulations
were based primarily on electromagnetic borehole flowmeter measurements of hydraulic
conductivity in boreholes (which provide high vertical resolution), with horizontal correlation
lengths based on interpretations of cross-borehole ground-penetrating radar analyses given by
Hubbard et al. (1999; 2001). The design simulations were used to develop a layout for twenty-
four multi-level sampling wells (MLS) and define injection/extraction rates and concentrations,
and preliminary sampling schedules (to be adapted in the field based on real-time
measurements). The initial experiments based on the developed design were conducted
successfully. Scheibe et al. (2001) attribute this successful effort to the following attributes of
the design process: “1) integration of quantitative input from a linked set of numerical flow and
transport models with detailed characterization data and qualitative judgment of an
interdisciplinary research team, 2) iterative updating of predictive models and the resulting
experimental designs based on staged data collection, and 3) real-time field adjustment of
sampling schedules based on field-deployable analytical equipment.”

The use of a variety of high-resolution, multi-dimensional hydrogeophysical methods was a
critical element of South Oyster Site research. Hydrogeophysics, the application of geophysical
methods to near-surface hydrogeological problems, is a relatively new discipline, as reflected in
the formation of the Hydrogeophysics Technical Group within the American Geophysical Union

in 2003 and the publication of the first textbook on the field in 2005 (Rubin and Hubbard,
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2005). Many hydrogeophysical methodologies were developed and tested using datasets
acquired at the South Oyster Site. Examples include the use of geophysical data to estimate:
soil water content (Hubbard et al, 1997a), hydraulic conductivity (Hubbard and Rubin, 2000;
Hubbard et al., 2001; Chen et al., 2001), hydraulic conductivity spatial correlation parameters
(Hubbard et al., 2001), lithofacies (Chen and Rubin, 2003; Linde et al., 2008), mean flow velocity
and injectate plume spatial moments (Hubbard et al., 2001), and sediment geochemistry (Chen
et al., 2004).

Hydrogeophysical studies at the South Oyster Site permitted the development of
methodologies as well as insights about near surface systems. The datasets enabled
exploration of the value of multiple types of geophysical data for quantifying hydrological
parameters (Chen et al., 2001) and permitted comparison of different hydrogeophysical
integration approaches (Linde et al., 2006a). The studies illustrated the great control that
heterogeneity has on injectate distribution, even in ‘mildly heterogeneous’ environments such
as South Oyster. The studies also illustrated that integration of wellbore hydrological
measurements (particularly flowmeter data) and geophysical datasets (particularly tomographic
radar data) provided information about hydraulic conductivity variations at a reasonable scale
and resolution for understanding field-scale flow and transport processes. For example, Figure
4a illustrates the estimates of mean hydraulic conductivity values (along the flowcell centerline
shown in Figure 3b) obtained using a Bayesian approach, which involved integration of
crosshole tomographic radar velocity values with wellbore flowmeter hydraulic conductivity
information. Superimposed on the hydraulic conductivity profile is the trajectory of the

bromide tracer plume centroid over time, which was calculated from the breakthrough data
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following Hubbard et al. (2001). Figure 4b illustrates a comparison of the measured bromide
breakthrough at a single multi-level sampling well along that transect compared to
breakthrough realizations simulated using an aquifer heterogeneity conditioned to the
geophysical estimates (from Scheibe et al., 2001). The joint analysis of measured field data
with hydrogeophysical and numerical simulation approaches allowed us to gain a better
understanding of subsurface flow and transport processes in the presence of heterogeneity and
also allowed us to explore the value of combining multiple approaches to interrogate
subsurface systems. The geophysical studies at the South Oyster Site also served as a prelude to
subsequent studies, which also illustrated the great control of heterogeneity on bioremediation
efficacy (Hubbard et al., 2008) as well as the use of geophysical methods for quantifying
microbially-induced transformations in-situ, a field now known as biogeophysics (Atekwana et
al., 2009; Williams et al., 2009).

The availability of large numbers and a variety of types of data at the Oyster Site also
provided a unique opportunity to quantitatively evaluate the relative value of the
hydrogeophysical data as conditioning information constraining numerical predictions of solute
transport during tracer experiments. Such an analysis is presented in Scheibe and Chien (2003),
who compared simulated and observed tracer breakthrough curves at 140 sampling points in
the three-dimensional MLS sampling array at the NC flow cell. They performed six sets of
simulations with variable degrees of model complexity and informed by different types of
characterization data, including 211 direct hydraulic conductivity measurements using close
vertical spacing using borehole flowmeters and cross-sectional estimates of hydraulic

conductivity based on interpretation of cross-borehole ground-penetrating radar. Some of the
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simulations were deterministic in nature, while others generated suites of stochastic
realizations with an associated range of predicted breakthrough curves. The results
demonstrated that conditioning predictions to borehole flowmeter measurements alone (which
are local in scale and provide resolution only in the vertical dimension) did not significantly
improve model predictions, and appear to have led to biased and overly confident predictions.
On the other hand, addition of the geophysical data (which provides horizontal as well as
vertical resolution and has greater spatial extent of coverage) significantly improved both the
accuracy and precision (estimated degree of uncertainty) of the model predictions. The
importance of this result is reflected in the fact that subsequent works have referenced this
study as being the first clear demonstration of the quantitative value of hydrogeophysical
methods for flow and transport modeling (e.g., Rubin and Hubbard, 2005; Linde et al, 2006b;

Hubbard et al., 2008; Hubbard and Linde, 2010).

Microbiological methods

The South Oyster Site experiments provided an opportunity for development and testing of
a wide range of microbiological experimental methods. In this section we provide a brief
review of some interesting and novel methods used in South Oyster Site experiments.

Because the focus of the experiments was on bacterial transport for purposes of
bioaugmentation, there was motivation to maximize the degree of transport of injected
bacteria. A number of organisms were cultured from the site groundwater and screened for

key characteristics (specified largely by the landowner and local public) resulting in
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identification of a Comomonas species that met project requirements. An adhesion-deficient
sub-population of this strain was selected by repeated passage of the culture though mini-
columns constructed in 20-mL syringes packed with sterile sand. The columns were initially
drained of excess fluid and then rinsed after one hour; the cells that were collected in the
rinsate were then again cultured and reinjected into another sand column. The cells that
appeared in the column effluent were then again cultured and reinjected into a sediment
column. This process was repeated multiple times until a subpopulation with adhesion
deficiency was isolated. The enhanced transport of this subpopulation was then compared to
that of the wild-type culture in both repacked and intact cores of South Oyster Site sediment
(DeFlaun et al., 1999). This work demonstrated the effectiveness of developing an adhesion-
deficient strain through selective enhancement of a sub-population.

Quantifying the transport of bacteria by injection experiments required accurate and
precise means of enumerating bacteria in water samples collected at monitoring wells. A suite
of methods were developed and tested by comparison to one another during using a bacterial
injection experiment conducted in an intact core as reported in DeFlaun et al. (2001). The
methods considered were selected and developed to meet the following criteria: 1) ability to
distinguish from non-injected bacteria of the same strain (since these bacteria were isolated
from the experimental site), 2) no impact on viability or transport behavior of the strain, 3) low
detection limits, 4) a large quantification range (several orders of magnitude of concentration),
and 5) reasonable analytical cost and time. Methods employed at the South Oyster Site and
compared in this experiment included quantitative PCR, enumeration of BC-enriched bacteria

using combustion-IRMS (Holben and Ostrom, 2000; Lytle et al., 2001), and enumeration of
24



bacteria labeled with a vital fluorescent stain (Fuller et al., 2000b) using microplate
spectrofluorometry, flow cytometry, and a ferrographic method (Johnson et al., 2001). These
methods were compared with each other and with more traditional methods (plate counts and
direct microscopic enumeration). The developed methods compared favorably with one
another and with direct counts. Combustion IRMS and ferrographic enumeration had the
lowest quantification limits, with the capability of quantifying as few as 2 to 20 cells per
milliliter of groundwater. Because the intensity of the fluorescent stain (as tracked with a flow
cytometer) decreased systematically as cells divided, Mailloux and Fuller (2003) were able to

estimate in situ growth rates for two strains of injected bacteria.

Practical Elements of Managing a Large Field Investigation

The South Oyster Site research effort was a multi-investigator, multi-institution, multi-
disciplinary project that required a high degree of integration for success. Coordination of the
project was accomplished primarily through 1) regular (often weekly) conference calls, 2)
sharing of data and information through a project website and other electronic means, 3)
annual stocktaking and review meetings, and 4) broad participation in field experiments.

Early in the project, we found ourselves repeatedly discussing issues on conference calls
that had been previously discussed. Although in many cases a decision had previously been
made, the rationale for the decision (and sometimes the decision itself) had become unclear by
the next time it was discussed. It became obvious that a mechanism for documenting project

decisions and their rationale was sorely needed. A section of the project website (accessible by
25



password to project participants and approved guests) was developed for this purpose,
referred to as the “Experimental Design Process.” A main page was developed for each major
field campaign, and contained a table with each of the high-level elements of the subject
campaign (e.g., “Initial Site Characterization”, “Install Flow Cell”, “Cross-Borehole Tomography”,
“Install Multi-Level Samplers” and the like). For each high-level element, a design chart was
constructed that contained a record of the key considerations, participants in the decision
process, characterization needs, prerequisites for design and implementation, and
schedule/milestones. These pages, updated in real time during conference calls, served as the
collective “memory” of the project investigators and served to provide clear documentation of
planning decisions throughout the process. The project website was also used extensively for
sharing data, draft manuscripts, relevant literature, etc. A centralized point for data sharing
helped to ensure that all analyses were conducted using the latest data and that all
investigators had timely access to needed information. Selected portions of the website were
made accessible to the public and used to inform local residents, the landowner, and other
interested parties of project schedules and outcomes.

Stocktaking meetings were held on at least an annual basis, initated and led by the DOE
Program Manager, Dr. Frank Wobber and project investigators. Guest scientists (not directly
involved in the project) served as reviewers and provided comments and input to the project
team. In some cases, their participation also led to new collaborations as fresh ideas were
brought into the meetings. The stocktaking meetings project investigators to collaborate
effectively and remain aware of the entire breadth of site-related research. DOE and principal

investigators expected strong integration among the various participants; this was required for
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the success of both individuals and the project as a whole. One of the challenges of
communicating results of large multi-investigator projects is avoiding unreasonable overlap
between publications and maintaining proper authorship attribution, especially for PhD.
students and postdoctoral research associates. A spreadsheet of publications at various stages
of development (published, in press, in review, in preparation, planned) was developed and
maintained as a central resource. At each stocktaking meeting the spreadsheet was updated to
ensure that everyone was aware of others’ plans for publications and was provided
opportunities to participate as appropriate. The spreadsheet was frequently revisited during
conference calls between stocktaking meetings to track progress and update the listing.

In addition to conference calls and stocktaking meetings, regular participation by the broad
project team in field activities served an essential role in developing collaborative relationships
and ensuring effective integration. In many large projects, scientists with different focal points
(e.g, laboratory researchers, numerical modelers) tend not to participate actively in field
activities. The temptation to let collaboration take the form of “tossing data over the fence”
between researchers with varying focus and different disciplinary backgrounds, without active
participation in one anothers’ efforts, can be strong. At the South Oyster Site, all project
participants agreed to participate in field activities, which led to a much higher level of project
integration than would have otherwise occurred. Although it may sound clichéd, spending time
in the field together (often under less than comfortable conditions with biting insects, adverse
weather, and midnight shifts) did in fact help to develop a sense of camaraderie among the
project team. It also provided extended times in which ideas and information could be shared,

and deeper understanding of aspects of the project outside one’s own area of interest could be
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developed. Most importantly, it provided a very real avenue for iterative feedback between
experimental, theoretical, and numerical elements of the project.

It is interesting to note that the initial project proposal did not include a numerical modeling
element; this was incorporated subsequently as a result of specific reviewer comments.
However, despite this initial oversight (and perhaps skepticism about the value of numerical
modeling in such a project), the numerical modeling effort eventually became widely accepted
as a central integrating element of the research. Numerical modeling (and the associated data
analyses) provided a platform for integration of diverse data types, was used to guide
experimentation including development of detailed sampling plans (pre-modeling), and
supported interpretation of experimental results (post-modeling). By working side by side in
the field, experimentalists were able to observe firsthand the usefulness and limitations of
numerical models, and modelers gained a strong appreciation for the experimental processes
underlying the data that they need to develop and execute simulations. Finally, field
experimentation provided an excellent opportunity for high quality student experiences. Many
students (both undergraduates and graduate students, and in one case a high school student)
participated actively in the field research activities. Their energy and enthusiasm was
infectious, and without a doubt the experiences gained by students were among the most
memorable of their academic careers.

In order to maximize awareness and impact of South Oyster Site research activities, strong
efforts were made to engage the broader scientific community. In addition to inviting external
scientists to stocktaking meetings, project investigators also convened special sessions at a

number of conferences and developed a high-level summary of project activities and results for
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publication in EOS, the weekly newspaper sent to the membership of the American Geophysical

Union (Balkwill et al., 2001).

Conclusions

A significant body of research was performed by a multidisciplinary research team focused
on the South Oyster Site. The development of a highly instrumented and characterized
research field site catalyzed an impactful research program with broad scope. Some of the
many important “lessons learned” have been discussed above and are summarized here.

Impacts of Heterogeneity: Much effort was invested in trying to identify the independent

effects of physical, chemical, and biological heterogeneity. In the end, it became clear that no
single aspect of heterogeneity was individually dominant, but rather it is the combined (joint)
nature of multiple types of heterogeneity that controls microbial transport. Because of the
dependence of both hydraulic conductivity and attachment rate on grain size, a natural inverse
relationship emerges between the two that can in part explain the apparent scale dependence
of attachment rate with transport distance. The concentration, spatial distribution, and
chemical state of iron oxide grain coatings strongly influences microbial transport at field and
laboratory scales, and is also often correlated with grain size (and thus hydraulic conductivity).
Significant variations in cell surface properties (surface charge) were observed within a single
microbial population and were shown to play a role in the apparent scale-dependence of

attachment rate.
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Microbiological Methods: An adhesion-deficient sub-population of a single microbial strain

was isolated by selective culturing. This is important for bioaugmentation in that it increases
the distance over which microorganisms can be successfully transported from an injection
point. New and previously existing microbial tracking methods were successfully implemented
and provided an accurate basis for measurement of quite low concentrations of injected
bacteria.

Microbial Transport Processes: Column studies performed in support of the field research

were among the first to quantify the distribution of attached microbes along the column length
following transport experiments. This additional information (supplementing aqueous
breakthrough data) provided significant new insights into the nature of microbial attachment
processes and clearly demonstrated shortcomings of CFT. This has motivated a substantial
body of research aimed at identifying mechanisms responsible for the observed exponential
concentration profiles. New numerical models were developed to incorporate chemotaxis into
the filtration theory framework and to simulate size exclusion, multi-rate attachment, time-
dependent attachment irreversibility, and other mechanisms of interest.

Hydrogeophysical Characterization: The South Oyster Site was a critical venue for the

application and testing of a suite of new hydrogeophysical applications and methods for
analysis, interpretation, and integration with numerical models. A comparison of model
predictions with extensive field breakthrough observations provided the basis for evaluation of
the worth of various types of field data in conditioning a tracer transport model, and clearly

demonstrated the efficacy of non-invasive hydrogeophysical measurements for improving
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predictions, even when compared with more extensive borehole-based hydrologic
characterization than is available at typical field sites.

Integrated Field Research: The success of the South Oyster Site research effort led to

continued investment by the Department of Energy in field research focused on highly
characterized field sites. Today, several former South Oyster Site investigators are involved in
ongoing research at DOE-sponsored field research sites known as Integrated Field Research
Challenge (IFRC) sites. These sites are located in Rifle CO (e.g.,Williams et al. 2009; Fang et al.
2009; Chen et al. 2009), Oak Ridge TN (e.g., Wu et al. 2006a, 2006b) and Hanford WA (e.g., Gee
et al. 2007; McKinley et al. 2007). Although these sites focus on aspects of subsurface
biogeochemistry other than bacterial transport, the value placed by DOE programs on multi-
disciplinary, multi-institution, collaborative field research is in part a legacy of the success of
research at the South Oyster Site. As was done at the South Oyster Site, these current projects
incorporate multi-disciplinary teams of scientists with strong focus on advanced field-scale
characterization methods, combination of laboratory and field studies to identify key processes,
and integration of diverse data types within a numerical modeling framework.

We have provided a brief summary of selected aspects of research conducted at the South
Oyster bacterial transport site. Since this effort involved a large number of researchers with
diverse backgrounds and interests, a large number of papers were published that addressed
research hypotheses related to the primary aspects discussed here. Therefore, we conclude
this paper with Table 2, which contains a listing of known papers based in whole or in part on
South Oyster site research and a very brief summary of the key conclusions of each. The reader

is encouraged to browse this table and read papers of interest to gain further information
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regarding the South Oyster site project and its diverse contributions to a number of scientific

disciplines. The number of known citations to each paper is provided in the table; a statistical

summary of publication statistics is given in Figure 5. The significant impact of research

conducted at the Oyster Site is indicated by these 60 papers, cited a total of 1478 times to date

(an average of 25 citations per paper), and having an equivalent “H-index” of 23. The most

cited paper in the group (83 citations) is an invited review of microbial transport processes

(Ginn et al. 2002).

Table 2. List of known publications related to the South Oyster site bacterial transport

research. Numbers in parentheses following the citations are the current (January 2011)

number of citations to each work as listed in ISI Web of Science (except where noted* from

Google Scholar).

Citation

Key Conclusions and/or Contributions

Balkwill et al. 2001
(NA)

A high-level summary of South Oyster Site research aimed at increasing
awareness of the project within the scientific community. Published in EOS,
the weekly newspaper of the American Geophysical Union.

Basagaoglu et al. 2002
()

Presents and evaluates the formulation of tracer transport in heterogeneous
media by temporal moments based on networks of parallel and series unit
models representing batch systems, homogeneous columns, or mass-transfer-
connected compartments.

Brockman and Murray,
1997a (37)

Review of studies and current understanding of microbiological
heterogeneity in the subsurface. Includes data and analysis from early
studies performed in excavations near the Oyster Site that guided subsequent
studies (see Zhang et al. 1997; 1998).

Brockman and Murray,
1997b (NA)

Chapter in edited volume on microbiology of the terrestrial subsurface.
Review article discusses the importance of microbiological heterogeneity,
associated scales of heterogeneity, and geostatistical methods for quantifying
heterogeneity

Burger and Belitz 1997
(23)

Describes a method for collecting and analyzing undisturbed cores parallel
and perpendicular to primary bedding structures. 64 samples from four
different lithofacies identified at an outcrop near the Oyster Site were
analyzed and showed permeability anisotropy of 1.33 to 1.57 (parallel-
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oriented higher).

Chen et al. 2001 (42)

Describes a stochasatic methodology for inferring hydraulic conductivity
from cross-borehole geophysical observations as applied at the Oyster Site

Chen et al. 2004 (15)

Geostatistical characterization of geochemical properties (iron oxide
concentration) based on geophysical data

Cushman and Ginn
2000 (42)

Demonstrates equivalence between an advection-dispersion model with
fractional (non-integer) derivatives (fractional ADE’s or FADE models) and
the more general convolution-Fickian non-local advection-dispersion
equation.

DeFlaun et al. 1997
(57)

Describes preliminary microbial transport experiments conducted at a nearby
location prior to development of the South Qyster Site

DeFlaun et al. 1999
(51)

Demonstrated successful development of an adhesion-deficient bacterium by
repeated culturing to subselect for a sub-population of an Oyster Site native
strain

DeFlaun et al. 2001
(12)

Compares results from several techniques used to measure bacterial
concentrations in groundwater at the Oyster Site

Dong et al. 1999 (6)

Describes detailed characterization methods used for post-experimental
characterization of bacterial transport in sediment cores. See also Dong et al.
2002a.

Dong et al. 2002a (36)

Detailed analysis of intact sediment columns to evaluate the relative impact
of physical and chemical heterogeneity on microbial transport

Dong et al. 2002b (49)

Theoretical development of an approach to predict collision efficiency
(alpha) based on sediment and bacterial cell surface properties

Dong et al. 2002¢ (20)

Comparative study of transport of two different bacteria (DA0O1 and
OYS2A) by simultaneous injection into the same columns. Demonstrates
significant differences in transport behavior that are controlled by microbial
cell properties (all other factors being the same).

Dong 2002 (21)

Describes development and application of a method to measure the
distribution of electrophoretic mobility of a population of particles
(microbes). For strain DA0O1, it is shown that the predicted collision
efficiency values associated with the measured distribution varies over
orders of magnitude, indicating that microbial cell surface charge
heterogeneity is significant in terms of experimental distributions of alpha.
Also demonstrates the inability of DLVO theory alone to explain the
observed variability in alpha and suggests other contributing factors.

Dong et al. 2006 (3)

Describes and analyzes results of column experiments conducted in the field
using bacterial suspensions collected from wells at varying distance from th
injection well. See also Scheibe et al. 2007.

Finneran et al. 2003
(711)

Describes a novel strain of Rhodoferax bacteria that is capable of
dissimilatory iron reduction, isolated from Oyster Site sediments

Fuller et al. 2000a (24)

Presents results of bacterial transport column experiments conducted using
intact cores collected from a nearby excavation. Included analysis of
attached concentration as a function of distance along the cores (by
destructive post-experimental sampling). Cores were collected to be
representative of identified geologic facies; bacterial transport was most
influenced by mean grain size and total metal hydroxide content.

Fuller et al. 2000b (47)

Describes a new vital fluorescent staining method used to distinguish
injected bacteria from native bacteria of the same strain. See also DeFlaun et
al. 2001.

33




Fuller et al. 2001 (15)

Evaluates staining of microbial cells with a fluorescent compound combined
with multiple cell detection methods as a means of monitoring bacterial
transport during field experiments.

Ginn 2000a (7)

Theoretical development of exposure-time formulation of equations
governing residence-time distributions of material in particular states with
mass transfer between states. Illustrated by two-site attachment/detachment
problem.

Ginn 2000b (7)

Comment on published work by others discusses the implications of that
work in terms of the process of size exclusion.

Ginn 2001 (26)

Development of a streamtube ensemble method to upscale transport with
multicomponent nonlinear reactions in steady nonuniform flow.

Ginn et al. 2002 (83)

Invited review of microbial transport processes and modeling. Includes a
description of Oyster Site research as a case study.

Ginn 2002 (13)

Theoretical development of a model of exclusion based on travel time
distributions.

Hall et al. 2005 (11)

Analysis of relative importance of physical vs. chemical properties of aquifer
material on bacterial transport. Based on multiple sediment column
experiments conducted on-site using Oyster Site groundwater.

Holben and Ostrom,
2000 (12)

Describes method for tracking bacteria based on stable isotope enrichment.
See also DeFlaun et al. 2001.

Hubbard et al. 1997a
(71%)

Use of Oyster crosshole radar data to estimate water content along 2D
transect followed by validation using neutron probe data. Awarded one of
the ‘“Most Influential Articles’ published by Leading Edge of Exploration in
2008.

Hubbard et al. 1997b
(52)

Presents a stochastic technique for estimation of water content and
permeability in the vadose zone, using combination of ground-penetrating
radar measurements and petrophysical relationships. The approach is tested
using some numerical case studies.

Hubbard et al. 1999

Analysis of spatial correlation structure of Oyster Site aquifer properties

(38) (hydraulic conductivity) based on hydrogeophysical analysis
Hubbard et al. 2000 Review of hydrogeophysical parameter estimation methods with examples
(34) from the Oyster Site

Hubbard et al., 2001
(75)

Multi-scale characterization of Oyster subsurface geometry and hydraulic
properties using geophysical data and comparison of obtained estimates with
tracer test data.

Hubbard and Linde, in
press.

Describes key components and choices associated with hydrogeophysical
methodologies and presents several field-scale case studies, including one
based on Oyster

Johnson et al. 2001
(27)

Describes application of ferromagnetic separation to microbial tracking at
the Oyster Site. See also Zhang et al. 1999 and DeFlaun et al. 2001.

Johnson et al. 2001b
(10)

Uses combined results of two bacterial monitoring methods (vital fluorescent
staining and ferrographic capture) to distinguish injected and indigenous
bacteria of the same strain in groundwater samples. Arrival of injected
bacteria at sampling points was accompanied by a large increase in non-
stained (indigenous) bacteria. Their potential origin and mechanism are
discussed.

Johnson and Mclntosh
2003 (2)

Further examines the question of whether injected cells cause enhanced
detachment of previously attached bacteria. (see also Johnson et al., 2001b)

Li et al., 2004 (75)

Study of scale dependence of attachment rates and relationship to
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unfavorable attachment conditions. Uses numerical model and concepts
developed under the Oyster project.

Linde et al. 2006a (3)

Discussion of benefits and limitations of various hydrogeophysical
estimation approaches, with examples of different approaches to Oyster
datasets.

Linde et al. 2006b (17)

Presents a new method for estimating hydraulic conductivity fields by
inversion of tracer test data combined with zonation developed from cross-
borehole ground-penetrating radar measurements. The method also provides
information on the petrophysical relationship between radar velocity and
hydraulic conductivity. Applies and tests the methodology numerically using
a synthetic hydraulic conductivity field.

Linde et al. 2008 (7)

Presents a study of simultaneous (joint) inversion of cross-borehole radar
and seismic observations. Application to a synthetic dataset demonstrates
that joint inversion provides better estimates of lithologic boundaries than
individual inversions alone. The inversion scheme is also applied to data
from the Oyster Site and provide improved correlation of estimated hydraulic
conductivity values with those measured using borehole flowmeter methods.

Lytle et al. 2001 (5)

Describes a novel method of bacterial tracking based on lipid analysis of C-
13 labeled bacteria. See also DeFlaun et al. 2001.

Mailloux et al. 2003a
(14)

Based on Narrow Channel injection experiment. Analyzes relative
importance of various types of heterogeneity and proposes method for
transferring column observations to field-scale models based on observed
distributions of collision efficiency parameter.

Mailloux et al. 2003b
2)

Describes field methods and equipment developed for the bacterial transport
experiments at the Oyster Site

Mailloux and Fuller
2003 (10)

Presents method and results of determining micriobial growth rates in the
aquifer based on analysis of intensity of vital fluorescent stain (see Fuller et
al. 2000b)

Murphy and Ginn,
2000 (68)

Review paper discussing state of the art and issues in modeling microbial
processes in porous media.

Musselwhite et al 2003
(12)

Examines the spatial variability of and interrelationships among
microbiological, sedimentological, and geochemical properties of vadose
zone sediments at an excavation near the Oyster site.

Musselwhite et al 2007
(4)

Examines the distribution and metabolic activity of sulfate-reducing bacteria
in Qyster sediments using a radioimaging technique (cm-scale resolution).
Sediment porosity and pore size were observed to be the primary
sedimentological factor related to sulfate-reducing activity.

Nelson and Ginn, 2001
(13)

Particle tracking analysis of the potential effect of chemotaxis (microbial
swimming in response to a chemical gradient) on attachment in the CFT
framework

Parsons et al. 2004 (2)

Sedimentological characterization of facies stratigraphy in near-surface
sediments of the Oyster Site area.

Scheibe et al. 2001

Describes the premodeling process used to support design of the microbial

(21) transport experiments at the Oyster Site
Scheibe and Chien, A numerical study of the impact of different types and amounts of data
2003 (16) (hydrological, geophysical) on predictions of solute transport with

comparisons to Oyster Site observations. Clearly demonstrates the value of
hydrogeophysical data in conditioning geostatistical aquifer models.

Scheibe and Wood,

Describes a particle tracking model that incorporates microbial exclusion
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2003 (20)

through truncation of the distribution of dispersive displacements.

Scheibe et al. 2006 (9)

A numerical experiment evaluating the impact of joint physical and chemical
heterogeneity in a hypothetical uranium bioremediation problem. Uses
extensive data from the Oyster Site to support the model property
distributions used.

Scheibe et al. 2007
(10)

Provides numerical support for the hypothesis that apparent scale
dependence of collision efficiency is caused by inverse correlation between
hydraulic conductivity and bacterial attachment rate.

Seeboonruang and
Ginn 2006a (7)

Theoretical development and testing of a modeling approach based on
accounting of solute flux exposure to reactive surfaces over time. Combines
non-reactive tracer simulations with stochastic realizations of reactive site
density fields to determine characteristic nature of multiscale reactive
heterogeneity. This paper focuses on forward simulation approach; the
companion paper (Seeboonruang and Ginn 2006b) describes an inverse
model application.

Seeboonruang and
Ginn 2006b (1)

Presents a novel inverse method for characterizing heterogeneous aquifer
reactivity using a Lagrangian framework. Represents reactive heterogeneity
in terms of flux distributions over cumulative exposure time of a solute to
reactive surface area (see companion paper Seeboonruang and Ginn 2006a)

Tobin et al. 1999 (12)

Presents a protocol that enables visualization of intact microorganisms in
petrographic thin sections without disruption of the rock texture or the
detachment of microorganisms from host mineral surfaces.

Wildung et al. 2004
(31)

Examimes the rate of reduction of technetium (pertechnetate ion) in sediment
samples from the suboxic region of the Oyster site. The dominant electron
donor was observed to be reduced iron (Fe(ll)), and the rate and observed
extent of reduction varied dramatically between sediment samples. Results
suggest that stimulation of enhanced microbial reduction of Fe(l1l) could led
to reductive immobilization of technetium.

Zhang et al. 1997 (8)

Presents results of studies characterizing variations in microbial abundance,
activity, and community profiles at centimeter and meter scales at an
exposure near the Oyster Site. Results indicate that sediment water content
and nutrient availability (associated with land use) can have a dominant
effect on the spatial distribution of microbial properties in the shallow
subsurface.

Zhang et al. 1998 (16)

Describes study of spatial variability of microbial population density at an
excavation near the Oyster Site

Zhang et al. 1999 (13)

Describes a novel and highly sensitive method for tracking injected bacteria
based on attachment of a ferromagnetic bead to each cell allowing magnetic
separation following sample collection (see also Johnson et al. 2001)

Zhang et al. 2001 (43)

Describes and analyzes late time breakthrough of low concentrations of
bacteria following the end of an injection experiment at the Oyster Site.
Also presents data on protozoan population effects and potential impacts on
bacterial transport.
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Figure 1. Location map of the South Oyster Site (from Scheibe and Chien, 2003)
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Figure 2
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Figure 2. Photograph of the multi-level sampling stations and other instrumentation at the
Narrow Channel flow cell during an injection experiment. (Note: Time stamp on the
photograph is incorrect; photograph was taken in summer 1999). Photograph by Mary

DeFlaun.

53



Figure 3
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Figure 3a. Local flow model domain for the NC focus area, indicating the locations of hydraulic
control and monitoring wells as well as the extent of the transport model domain (see

Figure 3b). From Scheibe and Chien (2003)
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Figure 3b. Expanded view of the local transport model domain, showing locations of injection
well (B2) and multi-level sampling wells (51-S24) as well as two monitoring wells (M1 and
M3) that fall within the local transport domain. Refer to Figure 3a for the location of the

local transport model domain within the local flow model domain. Solid line down center of
flow cell indicates location of tomography cross-section shown in Figure 4. Modified from

Scheibe and Chien (2003).

56



MLS

a) B2 2§10 S14 S S24

4.5

B2 Depth (m)
Below MSL

6.0
0 1 2 3 4 5 6 7
Tracer Injection Distance (m)
Zone and Port

Locations
0.001 K, enile 0.010
b) 10 | I I I
Tomography

Oal Simulated ———— |

Observed ——

Bromide C/CO

0.0

0 50 100 150 200
Time (hours)

ESD11-002
Figure 4. (a) Estimates of hydraulic conductivity mean values along flow cell centerline
obtained through integration of crosshole radar tomographic velocity and wellbore
flowmeter data. Superimposed on top of the hydraulic conductivity estimates is the
trajectory of the bromide tracer plume centroid over time, calculated using the
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breakthrough data (modified from Hubbard et al., 2001). (b) Comparison of measured
bromide breakthrough at MLS S10 with simulated realizations of breakthrough based on a
numerical aquifer model conditioned to the tomographic estimates of hydraulic
conductivity such as those shown in (a) (modified from Scheibe et al., 2001). The location of

the geophysical traverse and MLS well are highlighted in Figure 3b.
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Figure 5. Statistical summary of citation statistics for papers listed in Table 2. Top: Total

citations to papers published in each year. Note: 1997 spike reflects papers related to the
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preliminary study reported in DeFlaun et al. 1997. Bottom: Box plots of citation statistics
for papers published in each year. Dark line is the median number of citations per paper,
and the outer ends of the boxes represent the 25" and 75" percentiles of the distribution

for that year.
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