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Encapsulated cell transport along primary ground water flowpaths may be desirable, or
it may be desirable to have encapsulated cells remain stationary with contaminated
ground water flowing past the encapsulated cells.

A fundamental understanding of subsurface encapsulated cell transport
characteristics under field conditions is important to application of encapsulated cell
technology for in situ bioremediation. This study therefore focuses on transport

patterns of encapsulated cells and particle analogues in a subsurface field environment.

1.2. Purpose and Objectives
The purpose of this project was to aid in the development of encapsulated cell
biodegradation methods by investigating particle transport characteristics. The general
research objective was to compare transport characteristics of encapsulated cells,
possible encapsulated cell analogues, and conservative tracers under field conditions,
and. to describe potential limitations of using encapsulated cells for subsurface

bioremediation. Specific objectives included:

Conducting a review of pertinent scientific literature.
Preparing an experimental tracer test design.
Selecting an appropriate field site.

Conducting a detailed site investigation.

Evaluating hydraulic properties at the site.

ol o U SR

Conducting a series of tracer experiments using a conservative, dissolved tracer,
encapsulated cells, and a potential encapsulated cell analogue tracer under field
conditions.

7. Comparing conservative and particle tracer transport results from the tracer
experiments.

8. Describing potential limitations of using encapsulated cells for in situ
bioremediation based on observed transport patterns,

1.3. Project Overview and Dissertation Organization
The general research objective for this project was to cdrnpare subsurface

: transport patterns of selected conservative and particle tracers in a field environment.



The project consisted of a conducting a scientific literature review, developing an
experimental design, selecting a field site, conducting a site investigation and hydraulic
characterization, conducting a series of tracer tests, and analyzing and comparing tracer
test results. As with many field projects, individual project phases were influenced by
findings made during previous phases. This dissertation therefore presents a description
of project research activities in the approximate order in which they occurred.

The first step was to review the scientific literature pertaining to this project.
Chapter 2 includes a review of factors affecting in sifu bioremediation, cell
encapsulation, and encapsulated cell survival, Particle filtration literature is also
explored, followed by a brief review of common tracer test methods.

Chapter 3 presents a discussion of the general experimental design.
Encapsulated cells are the primary tracer of interest; reasons for selecting additional
tracers are described. The experimental setting (laboratory vs. field) is addressed; a
rationale for the experimental scale is also presented. Field-site selection criteria are
presented based on the tracers of interest and the desired experimental setting and scale.
These factors led to a general experimental design under which monitoring-well design
criteria were established.

The site selection process is presented in Chapter 4. A site was selected from
two potential candidates on the basis of available information and on the drilling and
installation of six exploratory monitoring wells. Chapter 4 describes the field site and its
geological setting.

The site investigation is described in Chapter 5. The chapter begins with a
general description of the field site and the geological setting. Site investigation tasks
included installing additional monitoring wells, analyzing sediment samples for grain-
size distribution, and periodically measuring water levels in the wells. A conceptual
aquifer model was built from the results of the site investigation.

Three multi-well aquifer tests were conducted at the site to estimate hydraulic
parameter values. Chapter 6 describes field methods used for the aquifer tests, followed
by an analysis of aquifer test results.
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Chapter 7 presents a detailed description of tracer test methods (this chapter
builds on the general experimental deéign outlined in Chapter 3). The description of
tracer test methods includes a description of the sampling system, the instrumentation
system, and the tracer injection procedure.

Tracer test results are provided in Chapters 8, 9, and 10. These chapters present
graphical comparisons of bromide, microspheres, and encapsulated cell tracer
concentration patterns and replicate test results. A discussion of tracer test results is
presented in Chapter 11

Conclusions formed on the basis of tracer test results are presented in Chapter

12. Recommendations for further study are also proposed in Chapter 12.









al., 1988; Yang et al., 1988). Both fixed-film and batch reactors have been developed
using bacteria immobilized in calcium alginate, agarose, and/or polyurethane foam
(Stinson et al., 1991; Crawford and Chresand, 1990; Young, 1989; O'Reilly, 1989;
Levinson, 1991; Tao, 1990).

Cell encapsulation offers several potential advantages for introducing organisms
into the subsurface. Immobilization may increase the cell loading capacity (Nilsson et
al., 1972; McGhee et al., 1984; Vournakis et al., 1989) and/or increase rates of
production of microbial products (Lawton et al., 1987; Berry et al., 1988; Pundle et al.,
1988) in bioreactors. A carrier material, such as agar (Jawson et al., 1989), peat
(Aarons et al., 1986; Berg et al., 1988), alginate (Bashan, 1986), alginate-clay (Fravel et
al., 1985), or fluid gels (Jawson et al., 1989) may represent a distinct advantage for
organisms being introduced into the environment (Fravel et al., 1985; Aarons et al,,
1986; Bashan, 1986; Berg et al., 1988; Jawson et al., 1989). These carriers can provide
cells with nutrients and moisture, and may allow a higher concentration of organisms to
be incorporated into the soil. Encapsulation materials can provide cells with increased
protection from predators. Many researchers have shown that predation is an important
biological factor affecting the survival of introduced organisms (van Elsas et al., 1986;
Vargas et al., 1986; Corman et al., 1987; Acea et al., 1988; Compeau et al., 1988).

A major limitation to methods of entrapping bacteria within spherical
immobilization matrices has been the difficulty of preparing beads (encapsulated cells)
consistently in diameters of less than about 0.5 mm. Small diameters are required for
transport under typical subsurface conditions. Stormo and Crawford (1992) developed
a method for immobilizing large quantities of bacteria in calcium alginate, agarose, or
polyurethane in diameters ranging from approximately 2 to 80 pm (Figure 2.3-1). Cell
encapsulation in beads of small diameter presents the potential for using encapsulated

cells under #n situ aquifer conditions.

2.4 Encapsulated Cell Survival
Recent experiments using encapsulated and unencapsulated Flavobacterium
ATCC 39723, a gram-negative aerobe capable of degrading a variety of chlorinated
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research has been conducted with homogeneous materials (Borchardt et al., 1961;
Maroudas, 1965; Heertjes et al., 1967; Herzig et al., 1970; Sakthivadivel, 1972;
Fitzpatrick and Spielman, 1973; and Darby and Lawler, 1990). Results from some of
this work may not directly apply to poorly sorted, heterogeneous field conditions.
Heterogeneous conditions are difficult to reproduce in laboratory settings. Smith et al.
(1985) found that columns prepared from mixed, repacked soil filtered Escherichia coli

more effectively than columns containing intact soils.

2.6 Tracer Tests

Tracer tests are a widely accepted tool in subsurface hydrology (Davis et al.,
1985). Examples of extensive tracer tests include those conducted at field sites on Cape
Cod, Massachusetts (Barber, 1987; Garabedian et al., 1987; LeBlanc et al., 1987; Smith
et al., 1987a, b), and at Borden, Ontario (Curtis et al., 1986; Freyburg, 1986; Mackey et
al., 1986; Roberts et al., 1986). Ground water tracers have included yeast, bacteria,
viruses, spores, ions (e.g., chloride, bromide, iodide, etc.), various dyes, gases, stable
isotopes, and radionuclides (Keswick et al., 1982; Davis et al., 1985). Many tracer tests
are designed for unique combinations of tracers, local hydrogeologic conditions,
injection methods, and desired sampling configurations.

General categories of tracer tests include radial flow and uniform flow tests
(Davis et al., 1985). The first category, singie-well techniques, include
injection/withdrawal or borehole dilution methods. Two-well techniques include
uniform flow or radial flow tests (Davis, et al., 1985).

Forced-gradient tracer tests, conducted in an induced gradient between two
wells (Bianchi-Mosquera and Mackay, 1994), have been used to investigate transport
processes with less time than required by natural-gradient tracer tests. Forced-gradient
tracer tests have been used for investigating transport parameters within subsurface
contaminant plumes (Mackay and Thorbjarnarson, 1990). Bianchi-Mosquera and
Mackay (1994) conducted replicate forced-gradient tracer experiments with sorptive

and conservative tracers.



2.7 Particle Tracers
Particle tracers have been used under laboratory conditions for filtration.

experiments (Maroudas et al., 1965; Herzig et al., 1970; Heertjes et al., 1967; Borchardt
et al., 1961; Fitzpatrick et al., 1973; Gruesbeck et al., 1982; and Darby et al., 1990).
Bacteria and other particles have been used as tracers under both laboratory and field
conditions (Harvey et al., 1989; Champ and Schroeter, 1988; Smith et al., 1985; and
Keswick et al., 1982).

Polystyrene microspheres have been used for emulating bacterial migration in
ground water (Harvey et al., 1989; and Harvey et al., 1993). Tracer experiments were
conducted with microspheres consisting of carboxylated latex, plain latex, and
polyacrolein (having carboxyl surface groups), ranging in diameter from 0.2 to 1.3 pm,
in a sandy freshwater aquifer. Multilevel monitoring was conducted at a distance of 6.9
m from the injection source.

Results suggested that carboxylated microsphere interaction with sediment led
to greater retardation than occurred with fluorochrome-labeled bacteria, because of
microparticle surface composition (Harvey et al., 1989). Retardation relative to
chloride was also noted for polyacrolein microspheres; the breakthrough of uncharged
latex particles occurred just slightly after chloride breakthroughs. Harvey et al. (1989)
also noted greater dispersion for carboxylated microspheres relative to bacteria. The
researchers suggested that the optimal size range for that site may be as much as several
micrometers, based on unpubllshed data using neutral latex rmcrospheres in the 1-, 3-,
and 6-pm size range.

The researchers CHarvey et al. 1989) also reported evidence suggesting that
transport of larger rmcroorgamsms through aquer sediments is more rapid than that of
smaller microorganisms. This phenomenon also appeared apparent i in some of the
microsphere data: the researchers noted an approximate 9-10 day retardation at 6.9 m
for 0.23-, 1.53-, and 0.93-].1111 carboxylated latex particles (relative to chloride), but only
a 2-day retardation for 1.35-|.tm diameter particles. Finally, the researchers noted a lack
of apparent relationship between microsphere attenuation (immobilization within aquifer

sediments) and retardation (slower transport).
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citations describing encapsulated cell transport in natural-aquifer conditions were found
in the scientific literature.
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sizes (McDowell-Boyer, 1986; Sherard, 1984a, 1984b; Harvey et al., 1989; Harvey et
al, 1993). However, it was hypothesized that a large portion of the encapsulated cells
would be small enough to be transported at least some distance.

A second unknown encapsulated cell characteristic was the potential interaction
between the encapsulation material (agarose) and aquifer sediments. No references
were found in the scientific literature regarding agarose interaction in a subsurface
environment.

A second particle tracer was chosen as a possible encapsulated cell transport
analogue and as a conservative particle tracer for an experimental control. Fluoresbrite
plain polystyrene latex microspheres (Polysciences, Inc.) have been evaluated as a
bacterial analogue (Harvey et al., 1989), and were chosen as the second particle tracer
because (1) they could be counted in large and small quantities under a microscope, (2)
the particles were available in discrete, identifiable sizes, (3) they did not appear to
adsorb to aquifer materials (Iiawey et al., 1989), and (4) the author knew of no other
commercially available particles with similar characteristics. Polystyrene microsphere
sizes were selected to represent smaller-sized encapsulated cells.

A third tracer was desired to represent average ground water flow. Ion tracers,
such as chloride and bromide, are commonly used for this purpose (Davis, et al., 1985).
Chloride and bromide are inexpensive and can be monitored relatively inexpensively
using selective ion probes. Chloride, bromide, and iodide have been shown to provide

reproducible results in tracer tests (Bianchi-Mosquera and Mackay, 1994).

Scale
Tracer experiments are a method for analyzing tracer migration and aquifer
transport characteristics. Aquifer transport characteristics depend, in part, on the scale
of measurement. Tracer tests may be conducted over distances of centimeters (small
scale), meters (intermediate scale), or tens or hundreds of meters (large scale). The
applicability of results from any tracer test depends on the degree to which the tracer

test scale is representative of the aquifer volume of interest.
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unconsolidated sediments would provide results applicable to other similar sites.
Fourth, sufficiently large aquifer grain sizes were required for particle and encapsulated
cell transport. Fifth, a shallow aquifer depth was desired for well construction and
sampling ease. Finally, constant areal aquifer thickness and confining hydraulic
conditions were desired for two reasons: to allow comparisons of tracer test results
from separate but nearby areas conducted under similar gradients, and to maintain

uniform flow (and therefore ground water velocities) under induced-gradient tests.

General Tracer Test Design

Numerous types of tracer tests have been conducted for a variety of tracers
under a variety of conditions (see Chapter 2). The tracer test design for this project was
developed for encapsulated cell, polystyrene microsphere, and ion tracers on an
intermediate tracer test scale, in a field setting. This section describes the general tracer
test design, and a rationale for the design.

Two general categories of tracer tests have been described in the scientific
literature: radial flow tests and uniform, natural gradient tests (Chapter 2). Radial-flow
tests, by virtue of a non-linear gradient, yield varying ground water flow velocities with
distance from the pumping/injection well. Natural gradient, uniform-flow tests generally
involve extended tracer-transport times and a large number of monitoring wells,

A forced-gradient, uniform flow tracer test configuration was selected for this
project. Forced-gradient tracer tests have been conducted at the Borden, Ontario, site
(Bianchi-Mosquera and Mackay, 1994). The configuration developed for this project
differs from the Borden tests since a hydraulic gradient was established by a water
recirculation system. The forced-gradient, recirculating-loop configuration is described
in the following paragraphs.

The forced-gradient tracer tests for this project were designed to be conducted
along a linear transect of wells (Figure 3.5-1). A steady-state hydraulic gradient was
established by means of pumping water from one end of each transect to the other for

an extended period of time. Tracers were injected after steady-state flow conditions
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3.6. Monitoring Well Design

The monitoring well design for this project evolved during the site-selection
process. The final design was influenced by site conditions, available drilling and
installation equipment, and sampling requirements for ground water monitoring,

Several monitoring well criteria were identified to guide the design process.
Methods for installing monitoring wells had to allow for the description of aquifer
sediments. Wells needed to be installed with screens at discrete depths, with known
filter pack materials, and with annulus seals from the aquifer zone to ground surface.
Monitoring well volume and casing screens had to be large enough to allow adequate
well development in the casing vicinity, yet result in minimum disturbance to formation
sediments. Finally, the monitoring wells had to be designed for hydraulic aquifer
characterization (e.g., aquifer tests), and had to be of sufficient diameter to
accommodate available pressure transducers and electrical water level indicator probes.

Monitoring wells also needed to be used for sampling tracer concentrations in
ground water, Minimum sample requiremehts (for laboratory analysis) were estimated
at approximately 10-15 ml fluid. This_lvolum;e contained in a test tube would allow
insertion of a selective-ion probe, and would provide sufficient filtration fluid for
microscopic analysis. Flow rates for sample collection needed to be as small as possible
to reduce the impact on ﬁydraulic gradients in the vicinity of the sampling well (this also
applies to sampler;purging rates). A minimum flow rate in the monitoring wells during
sampling was desirable, however, to maintain particles (encapsulated cells and

microspheres) in suspension.
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Depositional Environment

Observations made of aquifer sediflnents during the installation of monitoring
wells and subsequent grain size analyses provide a basis for considering potential
depositional environments. Possible depositional environments resulting in the Plant
Science Farm site aquifef sediments are discussed in this section.

In general, unconsolidated sediments can be created by rock weathering, or can
be deposited by eolian, glacial, mass-wasting, or fluvial processes (Bloom, 1991).
Aquifer sediments did not appear to be created by rock weathering at the Plant Science
Farm site because the parent materials are not present in the immediate site vicinity.
Although eolian deposits (loess) are present in the general field site area, the aquifer
sediments are too large and too poorly sorted for eolian transport/deposition.
Pleistocene glaciation did not extend to the Moscow area (Breckenridge, 1989); aquifer
sediments were therefore not deposited by glacial processes. The degree of roundness
in the field site aquifer sediments indicates transport over larger distances than would
generally be expected with mass-wasting processes. Also, the quartzitic/granitic nature
of the aquifer sediments indicates transport from souf_ces other than the immediate field
site area.

Aquifer sediments appear to have been deposited in a fluvial environment.
University of Idaho researchers hypothesme (Bush, personal communication, 1994) that
these aquifer sediments represent reworked sedlments from nearby Moscow Mountain
and/or quartzite outcrops to the north and east of the field site, The range of sorting,
material sizes, and degree of roundness observed in field site aquifer sediments appears
consistent with a fluvial depositional processes.

In general, alluvial deposits may include transitory channel deposits, lag
deposits, channel fills, lateral accretion deposits, and splays (Vanoni, 1971). Alluvial
sediment deposit characteristics depend on the channel slope, discharge, sediment load,
and channel characteristics (Easterbrook, 1993).

Two general observations can be made regarding the depositional environment
for field site aquifEr sediments. First, the areal extent of aquifer sediments and the
apparent limited aquifer thickness indicate a wide, shallow depositional zone. Second,
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analysis, and (2) for analyzing tracer test results in the context of aquifer characteristics.
The conceptual model is based on observations and results from the field investigation,
and on consideration of depositional environments.

Aquifer sediments at the Plant Science Farm field site consists of silt, fine- to
coarse-grained quartzitic sand, and subangular to subround quartzitic gravel and cobbles
ranging in size to approximately 7 to 9 cm. Aquifer sediments were described as being
poorly to moderately well sorted, depending on the location. Similar aquifer sediments
were encountered in all of the field site wells. The noise and feel of the auger provided
an indication of relative difference in material sizes at different zones within the aquifer.
The aquifer sediments were interpreted as belonging to the sediments of Bovill within
the Latah Formation, and as having been deposited in a fluvial environment.

The thickness of aquifer sediments (in Cluster 1 wells) ranged from
approximately 1to 1.5 m. Overlying sediments frequently contained a transition zone
grading from fine-grained sediments downward to coarse-grained aquifer sediments.
This gradation suggests that aquifer sediments were not scoured following deposition.

Water rose within each borehole upon penetration of the aquifer zone, indicating
confined hydraulic conditions. A stiff, light-gray clay observed in all of the deeper wells
appears to be an underlying aquitard. A gray silt and clay zone above the aquifer
materials is considered to be an upper aquitard. Cuttings from the upper aquitard
generally appeared moist but not saturated during well construction. The upper aquitard
zone contains varying amounts of silt and/or fine sand, generally near the transition to
coarser aquifer sediments. The presence of some silt and fine sand in the upper aquitard
may allow some water movement into or out of this zone corresponding to changes in
aquifer head.

The areal extent of the aquifer zone is unknown. Sand and gravel deposits have
been observed at similar depths in other parts of the Plant Science Farm (Mosko, 1993).

A conceptual model of the field site aquifer was developed from knowledge of
the aquifer sediments and possible depositional environments. The conceptual model

forms the basis for evaluating aquifer and tracer test results.
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In summary, observations made during monitoring well installation are
insufficient for a complete description of the aquifer sediment depositional environment.
A conceptual aquifer model was developed from observations made during well
construction and from knowledge of local geology. This conceptual model provided a
context for designing hydraulic tests (Chapter 5) and tracer experiments (Chapter 7),
and for interpreting results from the hydraulic tests (Chapter 5) and tracer experiments
(Chapter 8). ' | | iy
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Pumping rates were selected on the basis of general observations made during
well development and several preliminary aquifer tests. An important criterion for
selecting the pumping rate was that the water levels at the pumping well not drop below
the top of the aquifer. The aquifer tests were designed to proceed until a sufficient
number of data were collected to estimate aquifer parameters. Each test ended
prematurely because of pump failure (see next section).

Drawdown was monitored in the wells closest to the pumping well. The
purpose in monitoring the closest wells (as opposed to more distant wells) was to gain
estimates of hydraulic parameters on an intermediate scale (meters) over the same areas
in which tracer tests were conducted.

6.3 Field Methods for Multiple Well Aquifer Tests

This section presents a detailed description of the multiple well aquifer test
methods and equipment used for this project. The aquifer test configuration was
developed within the design considerations outlined in the previous section.

A schematic of the aquifer test apparatus used in aquifer tests M1, M2, and M3
is shown in Figure 6.3-1. Pumping test equipment components consisted of a pump and
controller, a water level monitoring system, and water quality monitoring system.

The pumping tests were conducted with a Grundjfos Redi-flow 2 submersible
pump and controller. The controller controls the voltage driving the submersible pump.
This pump was selected because it fits into a S-cm-diameter well, is theoretically capable
of pumping at a steady rate over an extended period of time, and is capable of pumping
within the desired range of discharge rates.

Pumps for aquifer tests M1 through M2 were powered by a portable Honda
generator. Electrical cable was extended to the site following aquifer test M2; all
subsequent aquifer and tracer tests were powered by on-site electricity.

The pump was equipped with 61 m of 1.3-cm-diameter Teflon tubing. A 0.32-
cm-diameter copper tube was added to the pump discharge to create back pressure,
which helped ensure a constant flow rate. The discharge rate was measured at the
discharge point with a graduated 1-liter cylinder and a stopwatch. Back pressure in the
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Teflon tubing before reaching the YS/ meter. Conductivity values range from
approximately 104 to 280 uS.

Redox potential decreased with time during M1 and M3, and decreased slightly
during M2. High Eh values are usually associated with dissolved oxygen in water, such
as near a recharge zone (Fetter, 1994). Ground water flow systems have a tendency
toward oxygen depletion and reducing conditions (Freeze and Cherry, 1979), because of
hydrochemical and/or biochemical reactions that consume oxygen. The initial redox
potential observed in these aquifer tests may be influenced by oxygenation through an
open well, but the decreasing redox potential with extended pumping (in two of the
pumping tests) appears to indicate minimal localized recharge to the aquifer.

Minimal local recharge (indicated by decreasing redox potential during extended
pumping) is consistent with a confined aquifer conceptual model. Negative redox
potential values indicate a minimal amount of aquitard leakage (if any) in at least two of
the aquifer tests.

Redox potential data from aquifer test M2 appear inconsistent with redox
potential data collected during aquifer tests M1 and M3. Reasons for the discrepancy
could include aquitard leakage near the pumping well (MW-24) of aquifer test M2 or
residual oxygenation due to well installation or development. It is hypothesized that if
aquitard leakage were contributing to elevated redox values in the Cluster 1 area, the
effects of this leakage would have been more apparent in redox values observed during
aquifer tests M1 and M3 (given the proximity of aquifer test M1, M2, and M3 pumping
wells). Thus, it may be more likely that elevated redox values in aquifer test M2 were

due to well oxygenation or some other anomaly.

6.5 Aquifer Test Analysis Methods
The purpose of the aquifer tests was to estimate hydraulic parameter values

(transmissivity and storativity) over the areas in which tracer tests would be conducted
(Cluster 1 wells). Numerous methods and techniques are available for analyzing aquifer
test drawdown data that yield hydraulic parameter estimates. This section presents a





























































































7. Tracer Tests: Description and Methods

7.1 Introduction

This chapter presents a detailed description of tracer test methodology. The
chapter begins with an overview of the tracer experiments, followed by a brief
discussion of site applicability. A description of the recirculation loop and resulting
hydraulic gradients is then presented, followed by a description of the tracer injection
system. The sampling system, which was designed and constructed on the basis of the
general experimental design and specific site characteristics, is then presented, followed
by a description of water sample analysis techniques. The final section provides a brief
description of the rationale for replicate tests. Tracer test results are presented in

Chapters 8-12.

7.2 Tracer Test Overview

Four tracer experiments were conducted at the Plant Science Farm during the
course of this project. The purpose of the tracer tests was to compare conservative and
particle (polystyrene microspheres and encapsulated cells) tracer transport patterns in a
heterogeneous field environment. This section provides an overview of the tracer
experiments conducted for this project.

The general experimental design consisted of intermediate scale, forced-gradient,
recirculating-loop tracer tests (see Chapter 3). Monitoring wells for aquifer
characterization and tracer tests were designed, located, and installed according to the
experimental design. The tracer test design, consisting of a water recirculation system,
tracer injection system, and sampling system, was developed on the basis of the general
experimental design.

The four tracer tests were conducted in Transects B and C (see Figure 5.5-1).
Tracer tests T1 and T3 were conducted in Transects C and B, respectively, using
potassium bromide, polystyrene microspheres, and encapsulated cell tracers. Tracer

tests T2 and T4 were also conducted in Transects C and B, respectively, as replicates of

tracer tests T1 and T3. Potassium bromide was used as a tracer in the replicate tests.
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Several initial tracer tests were also conducted to develop and test injection and
sampling methods. Tracers for these tests included chloride, distilled water, and
bromide.

The first tracer tests were conducted in Transect C because this transect had
more sampling wells than the other transects and therefore posed the greatest
monitoring and instrumentation challenge. Transect B was chosen for the second tracer
- experiments, partly because of the proximity to the instrumentation trailer. Tracer tests
were not conducted in Transect A because of the onset of cold weather (which caused
freezing in the sampling lines).

Well MW-16 was used as the tracer injection well for Transect C; wells MW-17,
MW-18, MW-22, and MW-23 were used as monitoring wells (Table 7.2-1). MW-17
and MW-22 are screened in the upper portion of the aquifer, MW-18 and MW-23 are
screened in the lower portion. Well MW-19 was used as the injection well in Transect
B; MW-20 and MW-21 were used as the upper and lower monitoring wells,
respectively. Water samples were also taken from both pumping wells (MW-24 and
MW-25), and from the injection well in Transect B (MW-19) beginning at two hours
after injection. Distances between tracer injection and tracer monitoring wells are
provided in Tables 5.5-1 and 7.2-2.

Tracer Tracer Monitoring
Tracer Test | Injection Well Wells Sampling Method
T1 16 17, 18,22 23,24 continuous sampling |
T2 16 17, 18,22, 23,24 continuous sampling |
T3 19 19*, 20, 21,25 continuous sampling
T4 19 19%, 20, 21, 25 continuous sampling

* monitoring began 2 hours after last tracer was injected.

Table 7.2-1: Tracer test sampling details.



Transect B Transect C

Monitoring Distance from Monitoring Distance from
Well MW-19 (cm) Well MW-16 (cm)

MW-20 152 MW-17 160

MW-21 199 MW-18 205

MW-25 409 MW-22 357

MW-23 405

MW-24 622

Table 7.2-2: Distances (cm) between tracer injection wells and monitoring
wells in Transects B and C.

7.3 Site Applicability for Particle Tracer Tests
This section presents a discussion regarding the applicability of the Plant Science
Farm field site for particle tracer tests. Criteria for applicability include (1) a reasonable

J
chance for at least some particle transport, and (2) aquifer materials representative of ’
materials found at contaminated sites where encapsulated cells might be used. The site |
applicability discussion is based on the conceptual model (which evolved during the site l‘
characterization) and hydraulic testing results.

The conceptual model (Section 5.10.4) describes a heterogeneous confined or
semi-confined aquifer containing silt, sand, gravel, and cobbles deposited in a transitory
channel environment. Particle transport in such a heterogeneous environment depends |
on pore dimensions as indicated by aquifer sediment grain sizes and on the degree of |
interconnection between pore spaces. Heterogeneity in aquifer materials often leads to
zones of larger interconnected pore spaces which in turn leads to preferential ground |‘
water flow. Some researchers have observed enhanced transport rates of small particles
over dissolved tracers (Harvey et al., 1989; Harvey, 1993; Champ and Schroeter, 1989),
possibly because of preferential ground water flow.

The degree of transport along well transects thus depends, in part, on the

particles might be expected to migrate in preferential ground water flowpaths along

|
continuity and orientation of preferential ground water flowpaths. For instance, larger ]
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coarser channel deposits (see Figure 5.10.4-1), but not through finer-grained materials.
Finer sediment zones may result in particle filtration.

The distribution of aquifer sediment grain sizes is an indication of particle
transport potential. Sherard observed a relationship between the grain size distribution
of a medium and the particle sizes that would migrate through the material (see Chapter
2). Sherard et al. (1984b) found that particle filtration would occur if D,,45/Dp;s < 9,
where D, ;s indicates the 85% retained medium size and Dp,; represents the 15%
retained particle size. Figure 7.3-1 presents the 85% retained grain size data from
samples collected at various depths during the installation of Cluster 1 wells. Figure
7.3-1 also shows the size thresholds for 2, 5, and 15-um particles above which, on the
basis of Sherard's relationship, particles should be filtered. On the basis of this
relationship and grain-size data, 2-pm particles should be expected to migrate through
aquifer materials at the site at depths between approximately 2.5 and 4.5 meters below
ground surface. Encapsulated cells and microspheres with 5- and 15-um diameters
might be expected to pass through aquifer zones only between 3.5 and 4.5 meters.

The second criterion for site applicability was whether the Plant Science Farm
site represents possible contahﬁnated sites. Many contaminated sites are located over
aquifers consisting of unconsolidated heterogeneous alluvial deposits. Although every
site has unique characteristics, results from these tracer tests should be useful in
considering particle transport at other sedimentary sites.

7.4 Recirculation Loop
A water recirculation loop was used to establish an hydraulic gradient along
monitoring well transects B and C (see Figure 5.5-1). The recirculation loop is shown
in Figure 7.4-1. Water was pumped from MW-25 to MW-5 in transect B, and from
MW-24 to MW-5 in Transect C.
A pumping rate of approximately 2 liters/min was selected empirically. It was
found that water levels in the wells remained above the top of the aquifer with this rate.
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Figure 7.3-1: 85% retained grain size vs. depth below ground surface (see text
for an explanation of “threshold" lines).

Three pump systems were used for pumping water through the transect
circulation loop: the Grundfos Redi-Flow pump, a multi-cartridge Cole-Parmer
Masterflex peristaltic pump, and a 1/2 HP Berkeley Jet Pump (model 25). The
Grundjfos produced a steady flow in the desired range, but could not be used for
extended periods of time (Chapter 6). Flow in the peristaltic pump would decrease over
time due to tubing wear. A Berkeley Jet pump, with plumbing modifications, was
capable of pumping at a relatively steady rate for longer periods of time.

The Berkeley Jet pump is designed for a flow rate in excess of the desired two
liters/minute; pump flow cannot be reduced by reducing the pump speed. The pump
was therefore plumbed to circulate water (under pressure) within the pumping well, and
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only the desired flow was ported to the transect circulation loop (Figure 7.4-1). Mixing
volumes in the pumping well were consequently increased by the additional pumping
well loop volume (approximately 1.3 liters).

Circulation-loop water flowed through 1-cm vinyl tubing from the pump to the
water injection well, The injection well casing height was increased with a 122-cm
extension to allow for increased head at the water injection well. Back-pressure in the
circulation-loop tubing was required for constant flow; this was achieved with calibrated
lengths of 0.32-cm copper tubing installed at the pump-recirculation loop valve.

Water in the circulation loop was also routed through a ¥S7 Water Quality meter
(model 3500) flow cell. Conductivity, pH, temperature, and redox potential readings
were periodically taken throughout the tracer tests. Furthermore, 15-ml samples from
the circulation loop were metered through a Cole Parmer Digistaltic pump and
collected every 20 minutes using a Buchler Alpha 200 Fractomefer (this sampling
system is described in further detail below).

The purpose of the recirculation loop was to establish a uniform, steady-state
hydraulic gradient within a transect. Average estimated gradients are shown in Table
7.4-1 for tracer tests T1, T2, T3, and T4. The estimates are based on water level
readings taken in the pumping and injection wells at intervals of approximately every 10
minutes during the tracer tests. The standard deviation is a measure of gradient
variability during the tracer test.

7.5 Tracer Injection System :

Tracer test results are sensitive to injection methods, especially when injection
wells are in close proximity to monitoring wells. This section describes the system used
for injecting conservative and particle tracers for tracer tests T1, T2, T3, and T4.

Tracers may be injected continuously or as slugs over a short period of time.
Continuous tracer injection was not desirable for this project because of high tracer

costs. A system was therefore designed for injecting a tracer slug.
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Tracer Test | Average Standard
Gradient Deviation

T1 ~0.147 0.002

T2 0.152 0.003

T3 0.137 0.003

T4 0.141 0.003

Table 7.4-1: Gradient between MW-5 and MW-24 in tracer tests T1 and T2;
gradient between MW-5 and MW-25 in tracer tests T3 and T4.

The ideal slug-injection system allows instantaneous tracer mixing in the
injection well with minimal hydraulic interference in the flow field surrounding the
injection well. Any lingering tracer in the injection well above the screened area will
slowly migrate toward the screened area, temporarily creating a continuous tracer
source. Experimentation with several methods led to a circulation/injection system for
the tracer injection well.

The tracer injection system is shown in Figure 7.5-1, A 1.27-cm LD. PVC pipe
was inserted in the 1.9-cm PVC well casing, with a pressure transducer installed in the
bottom. This insert reduced the well casing storage (to 120 ml per meter of length).
Attached to the outside of the insert were three 0. 13-cm TFE tubes, which were
extended to the bottom, middle, and top of the screened well casing area (tracer
injection wells had 152-cm screen lengths, compared to 30-cm screen lengths in the
sampling wells). A circulation loop was created by pumping water from the top of the
screened interval and injecting water at the bottom of the screened interval at a rate of
approximately 66 ml/min. A Cole-Parmer Masterflex peristaltic pump was used for
pumping; a 0.5-m length of #13 Pharmed tubing was placed in a # 17 pump head and
connected to the upper and lower well tubing. Tracer was injected directly into the
remaining 0.13-cm TFE tubing (which extended to the middle of the screened casing
interval) with hand-held syringes.

i
l
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This circulation/injection system allowed constant mixing of water and tracer in
the well casing, reducing the risk of a lingering tracer source (in the well casing) after
the slug injection. The recirculation/injection system also minimized the flow field
disturbance caused by injection, since less carrier fluid was required for adequate

Tracers were injected after a steady-state hydraulic gradient was approximated
in the recirculation loop (as evidenced by minimal changes in water levels in the water-
pumping and water-injection well). Tracer injections lasted for varying lengths of time
due to the varying amounts of tracer being injected during each tracer test. In general,
it took approximately 60 seconds to inject 100 ml of KBr solution, and correspondingly
less time for 10-ml syringes with microspheres or encapsulated cells. These times
represent slug injection relative to the tracer test time scale.

It was possible to note the arrival of these tracers in the tracer-injection
circulation loop by the color of the microsphere and encapsulated cell solutions.
Significant coloration was noted approximately 80 seconds after injection; color would
fade quickly thereafter. These observations confirmed that the tracer was being
introduced in slug form with rapid mixing in the injection well.

Immediately following injection, the injection tubing (tube B, Figure 7.5-1) was
connected to the 3-way valve in the pressured side of the injection circulation loop at
"A" and flushed. Sixty minutes after the last tracer injection in tracer tests T3 and T4
the injection tubing was connected to the outdoor Buchler fraction collector (via the

- - e

Digistaltic pump) for periodic sample collection (Figure 5.6-1).

Samples from the circulation loop were collected by opening the 3-way valve at
"A," flushing the valve briefly, and collecting approximately 15 ml in a glass tube. Each
sample was capped and labeled immediately following collection and stored in an on-site
refrigerator at approximately 5°C. Injection loop samples were taken immediately prior :
to injection, at 5 minutes and 20 minutes after each individual injection, and at intervals |
of every 20 minutes for at least three hours following the last injection.
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7.6 Tracer Description

This section presents additional details regarding ground water tracers used in
this project. Injectate concentrations, injection times, and estimates of initial aquifer
concentrations are reported in this section.

Bromide, polystyrene microspheres, and encapsulated Flavobacterium cells
were used in tracer tests T1 and T3; bromide was used in tracer tests T2 and T4. Table
7.6-1 provides tracer injection times for each test. Tracers were injected at 20-minute
intervals to avoid any interference between tracers. The times given in Table 7.6-1 are
based on the beginning of the first tracer injection. Tracer test concentration data
(Chapter 8 results) were later normalized to the bromide injection time.

T1 T2 T3 T4
Date 9/15/93 9/17/93 10/2/93 10/7/93
Bromide =0 t=0 t=0 t=0
Injection
. Polystyrene =20 none t=40 none
Microsphere injected injected
Injection )
Encapsulated =40 none =60 none
Cell Injection injected injected

Table 7.6-1: Injection times (in minutes from when the tracer tests began) for
tracer tests T1, T2, T3, and T4,

Potassium bromide was used as a conservative tracer to represent average
ground water flow velocities. Background bromide concentrations at the site were very
low; bromide was considered biologically stable and was assumed to not precipitate,
absorb, or desorb (Davis et al., 1985). A 100-ml solution consisting of 10 g potassium
bromide (KBr) and ground water collected from the circulation-loop pumping well was
mixed just prior to each tracer test. The solution was poured into two 60-ml syringes
and attached to a two-syringe manifold. KBr injection for each tracer test lasted
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approximately one minute. The KBr injection was conducted at
¢ = 0 minutes for each test, where 7 represents the time that the first injection began.
Injection well concentrations were sampled at 5-minute intervals beginning at 5
minutes after injection, and every 20 minutes thereafter for a period of 2 hours. An
initial concentration was estimated on the basis of the injected potassium bromide mass
and the fluid volume in the injection well. These estimated initial concentrations are
given in Table 7.6-2. The actual concentration in MW-19 for T3 was somewhat less
than indicated because of the accidental loss of approximately 10% of the injectate
during injection. Measured bromide concentrations following injection are shown in
Figure 7.6-1 (the first point on each curve is the estimated concentration from Table
7.62).

Approximate Initial
Injection Well Concentrations
MW-16 (T1 and T2) 16,100 ppm
MW-19 (T3 and T4) 14,800 ppm

Table 7.6-2: Estimated initial injection well bromide concentrations during
tracer tests T1,-T2, T3, and T4.

Fluorescent, monodispersed polystyrene (2.5% solids latex) microspheres
(Polysciences, Inc.) were injected in Tracer Tests T1 and T3. Microsphere sizes are
given in Table 7.6-3. Estimated numbers of particles per milliliter are also given in
Table 7.6-3; particle counts may be calculated with the following equation

12
(Polysciences, Inc.): microspheres/ml = M where
rxzxf

W = grams of polymer per ml in latex (0.025 g for a 2.5% latex).
f=Diameter in pm of latex particles.
r = Density of polymer in grams per ml (1.05 for polystyrene).
The estimated initial injection well sphere concentrations, calculated on the basis of the
injection well fluid volumes, are also provided in Table 7.6-3.
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Figure 7.6-1: Bromide-concentrations in injection wells.

Tracer | Size | Std Dev | Approx | Approx# Approx Estimated
Test (pm) (um) | Volume | Spheres/ml* Total Injection Well
(ml) Spheres | Concentration
T1 1.962 0.05 5 6.02 x 10° 3.01x 10" 9.5 x 10’
T1 5.475 1 0.42 2 2.77 x 10° 5.54 x 10° 1.75 x 10°
T1 15.8 2.84 2 1.15x 10’ 2.31x 10’ 73 x 10°
T3 1.962 0.05 5 6.02 x 10° 3.01 x 10" 8.5x 10
T3 5.475 0.42 2 2.77x10° 5.54 x 10° 1.56 x 10°
T3 15.8 2.84 2 1.15x 10’ 2.31x 10’ 6.5 x 10°
* See equation in text

Table 7.6-3: Injected microsphere sizes and approximate concentrations.



7-14

The polystyrene microspheres were removed from refrigerated storage
immediately prior to each tracer test, vigorously shaken for approximately one minute,
and decanted into a 10-ml syringe. Polystyrene microspheres were injected in the same
manner as described for bromide.

The final tracer consisted of encapsulated Flavobacterium ATCC 39723, a
gram-negative aerobe that degrades a variety of chlorinated phenols such as
pentachlorophenol (PCP). Flavobacterium cells were grown in mineral salts using Na-
glutamate as the carbon and energy source. Pentachlorophenol (PCP) was added (50
mg/liter) to induce the catabolic enzymes responsible for degradation of chlorinated
phenols. Cell suspensions were passed through a low-pressure nozzle into an aqueous
phase where matrix polymerization or gelation yielded beads of 2- to' 80-pm diameter.
A distribution of bead sizes is given in Figure 2.3-1. This method for the encapsulation
of bacteria into microspheres of alginate, agarose, or polyurethane is further described
in Stormo (1993).

Appm:dmétely 10 ml of solution (deionized water) containing encapsulated cells
was injected in tracer tests T1 and T3. The 10 ml solution contained an estimated 10’
to 10° beads (Stormo, unpublished data). Approximately 36% of the beads by volume
were 10-pm or less in diameter (see Figure 2.3-1). On the basis of previous work,
approximately 99% of the encapsulated cell microbeads (by number) were 10-um in
diameter or less; 94% by number were 5-pm in diameter or less (Stormo, personal
communication).

Prior to injection, the encapsulated cells were stained with a 0.01% solution of
acridine-orange dye. The encapsulated cells were then centrifuged at approximately
5000 x g, and excess fluid was carefully decanted. The encapsulated cells were rinsed
five times by adding deionized water and repeating the centrifuging and decanting
process, i

Encapsulated cells were injected in tracer tests T1 and T3 as described above. A
10-ml volume of beads was injected by syringe at 7= 40 minutes in tracer test T1 and at
1 = 60 minutes in test T3.
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7.7 Sampling System

The ground water sampling system used during the tracer tests is described in
this section. Components of the ground water sampling system include well samplers,
the sample collection system, and a data collection system. Also described is a flow-
through bromide probe system used for monitoring bromide in selected wells.

The purpose of the sampling system was to allow collection of approximately
15-20 ml of ground water for analyzing tracer concentrations with minimal disturbance
to the flow field. Sampling frequency needed to be sufficient for adequately defining
tracer concentration curves. Samples needed to be collected from a minimum of five
wells over a period of at least 32 hours.

Ground water sampling frequently includes purging three or more well volumes
prior to sampling. Removal of three or more well volumes prior to sampling every 10-
20 minutes would affect the local hydraulic gradient, because of the relatively low
transmissivity of the field site aquifer. A continuous sampling system was developed (1)
to reduce the need for well purging, and (2) to automate the sampling process (because
of multiple wells and frequent sampling requirements).

The sampling system developed for this project thus consisted of low-flow
borehole samplers and an automated sample pumping and collection system. This
system is outlined in Figure 7.7-1.

Ground water samplers consisted of 0.13-cm diameter TFE tubing (Cole
Parmer) attached to the outside of a 1.6-cm PVC pipe (Figure 7.7-2). The purpose of

[——

the 1.6-cm PVC pipe was to reduce the volume of water in the monitoring well casing.
The volume of water held in each monitoring well with sampler in place was
approximately 120 ml per meter of casing length.

Samplers were placed in the 1.9-cm monitoring wells. Each sampler was placed
such that the 0.13-cm tubing was located approximately 15 cm from the bottom of the
1.9-cm diameter well screen (centered over the well screen interval), and on the
upgradient side of the well. A 3.5 N/em® (5 p.s.i.) or 13.8 N/cm? (20
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p.s.i.) transducer for monitoring water levels (see Section 5.4) was threaded through the
inner PVC pipe (and sealed to the end of the pipe) before placing the sampler into the
well.

The TFE sampler tubing was routed from the well samplers to a Cole Parmer |
Masterflex Digistaltic pump (#7527-00). The pump, modified to accept a multiple-
cartridge head, pumped fluid from all sampling wells and from the recirculation loop.
The TFE sampler tubing was connected to 46-cm lengths of Pharmed #13 Masterflex
tubing (0.08-cm diameter), which were routed through the pump cartridges and
advanced periodically to minimize flow rate changes due to tubing wear. Occlusion
screws in the pump cartridges allowed adjustment of flow rates in individual sampling
lines. Finally, 0.11-cm TFE tubing carried sampling fluid from the digistaltic pump to
fraction collectors.

Tubing sizes were selected by the following criteria. First, a sample flow rate of
1 mllmm or less was desired to minimize withdrawal effects on local hydraulic gradients.
Second, it was desirable to keep fluid volumes in the sampling
system at & minimum, to reduce sample mixing and to minimize sample travel times (to
the collection system). Tubing diameters had to be large enough, however, to
minimize the chance of clogging (limited particle clogging in sampling lines was
experienced in the previous column experiments) and to avoid excessive tubing
pressures. The 0.13-cm diameter tubing was therefore selected where the fluid
pressures were negative (vacuum) and where friction losses would influence the depth
from which samples could be removed; the 0.11-cm diameter tubing was selected for
longer travel distances under positive pressure; the Pharmed tubing was selected where
wear characteristics were important (e.g., in the pump cartridges). Finally, tubing
lengths from all samplers within a transect were identical (see Table 7.7-1) so that fluid
travel times from various samplers would be the same.

Water levels in sampling wells were monitored with the transducer attached to
the bottom of the sampler. The Solinst water level indicator probe would not fit into
1.9-cm-diameter wells containing samplers (for hand measurements). A wire probe

extension was fashioned that would extend into the annulus between the well casing and
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the sampling apparatus in these wells. Water levels using the probe extension were
taken in wells with transducers to provide calibration data.

Flow rates in the continuous samplers ranged from approximately 0.75 to 1.0
ml/min. Experimentation with this flow rate indicated negligible, if any, effect on local
hydraulic gradients.

Travel Total
Transect| Tubing |Diameter| Length |Volume|Discharge| Time Travel
Material | (cm) (cm) (ml) | (ml/min) (min) |Time (min)
TFE 0.13 447 6.1 0.75 8.2
B Pharmed 0.08 46 0.2 0.75 0.3 17.2
TFE 0.11 726 6.5 0.75 8.7
TFE 0.13 411 5.6 0.75 7.5
C Pharmed 0.08 30 0.1 0.75 0.2 10.6
TFE 0.11 244 2.2 0.75 9

Table 7.7-1: Sampler tubing details.

A flow-through monitoring system was built to monitor bromide and electrical
conductivity in one sampling line per test. The purpose of the flow-through probe was
to (1) monitor bromide concentrations during individual tracer tests, (2) maintain data
quality control (for comparison with subsequent laboratory analysis), and (3) evaluate
sampling frequency (e.g., a 20-minute averaged sample would provide insufficient
resolution if a bromide peak lasted less than 20 minutes). The flow-through probes
were installed in sampling lines from MW-18 (tracer tests T1 and T2) and MW-21
(tracer test T3 and T4). These wells were the closest wells to the tracer injection well
screened in the lower portion of the aquifer.

The flow-through bromide-monitoring system was constructed as shown in
Figure 7.7-3 and was housed in the instrumentation trailer. A special glass housing was
fabricated that would allow the fluid sample to come in contact with a Cole-Parmer
single junction bromide electrode (#G-27502-05). It was found that diurnal
temperature swings caused significant errors in bromide readings when the electrode
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was in use over a period of many hours. The probe and outer glass housing were
therefore submerged in a water bath, which in turn was placed in a constant temperature
oven, a thermometer was kept in the water bath for periodic temperature measurements.
The oven was kept at approximately 35°C. The probe was positioned in the water bath
at an angle so as to prevent the buildup of air bubbles at the bromide probe tip. The
probe was calibrated by running known standards (made with ground water taken from
the active pumping well before a tracer test began) through the bromide probe system at
the same flow rate as the sampling system, i.e., approximately 0.75 ml/min.

Linear-log calibration curves are generally used for determining sample
concentrations from the bromide electrode. A non-log-linear relationship (with
assistance from the University of Idaho Mathematics Help Desk) was developed for this
analysis to allow better calibration at low concentrations. Calibration curves were
calculated using the expression f =In(h )+ {p *In(a—(x—x"'))}, where

J=in{in(y)},

y is the concentration in parts per billion,

x is the mV reading from bromide probe, and

x'is the maximum x value.
The parameters a, b, and p are curve-fitting parameters. Individual x values were
occasionally‘ weighted by measurement confidence for better curve fits. This curve-
fitting process provided better curve fits than commonly used regression fits due to non-
linearity at low concentrations.

- Aflow-through conductivity cell was installed in conjunction with the bromide
cell, and was also housed in the constant-temperature oven. The conductivity probe
proved too insensitive for measunng bromide eoncentratlons

Fluid samples ﬁ'om monitoring wells were collected continuously with two Isco
fraction collectors, located in the mstmmentatlon trzuler The collectors were modified
such that each collector could collect fluid samples from two wells. Samples were
collected in 16 x 150 mm disposable glass tubes. Each fraction collector would collect
approximately 70 tubes from each sample line before tube replacement was necessary.
Sample tubes advanced every 20 minutes; after 20 minutes the sample tube contained



approximately 15 ml (at a flow rate of 0.75 ml/min), depending on pump head
adjustment, tubing wear, outside temperature, etc. Sample tubes were removed from
the samplers approximately every 10 hours, capped, labeled, and refrigerated on-site at
approximately 5°C. Sample tubes were labeled with the tracer test number, the sampler
(or well) number, and the tube number in indelible ink. Following each tracer test,
sample tubes were transported to a University of Idaho laboratory and were refrigerated
at 5°C.

Sediment samples from the bottom of each well were obtained following the last
tracer test. The reason for sampling bottom sediments was to determine if tracer
particles were settling to the bottom of the well casings (i.e., to determine if sampling
velocities were too low to keep particles in suspension).

Two Campbell Scientific 21X data recorders (housed in the instrumentation
trailer) were used to record data during the course of the tracer tests (Figure 7.7-4).
The first data logger recorded pressure transducer readings from monitoring wells MW-
5, MW-16, MW-18, MW-19, MW-20, MW-21, and MW-23 during tracer tests T1 and
T2, and from monitoring wells MW-5, MW-6, MW-12, MW-14, MW-19, MW-20,
MW-21, and MW-25 during tests T3 and T4. The second data logger recorded flow-
through bromide probe data in tracer tests T1 through T4. Data files from the data
logger were downloaded to computer, converted to ASCII files, and analyzed with ]
spreadsheet software. i

i

7.8 Laboratoi'y Analysis

Laboratory analysis of bromide concentrations was conducted with the same
Cole-Parmer bromide electrode (#G-27502-05) used for the flow-through bromide
monitoring. Millivolt readings were given by a Fisher Accumet Mini pH meter (model
955). Samples and standards were prepared by warming them to room temperature
before analysis (for consistency between analyses). The bromide probe was allowed to
equilibrate in each sample for 6 minutes; a Corning magnetic stirrer was used to stir
samples during this time. Temperature was monitored before and
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after analysis, Calibration readings were taken using the same standards that had been
prepared for flow-through calibrations (see previous section). Whenever possible, all
samples from one observation well (and one tracer test) were analyzed at the same time.

Error sources for the selective ion electrode measurements include interference
from other ions, temperature variation, and calibration. Selective ion electrodes were
considered suitable for rapid estimation of ion constituents.

Polystyrene microsphere analysis was conducted by filtering water samples
through porous filters and examining the filters under a microscope. Water samples
with expected high concentrations were diluted with deionized water. Dilution was
required to obtain a density that could be counted reliably. Water samples were shaken
by hand prior to dilution or filtration. Hand-shaking with an up-and-down motion
caused spheres to stay in suspension; vortexing or swirling the sample left spheres
attached to tube. Nuclepore filters (0.2 or 1.0 pm) were used for filtration. The filter
was placed on a microscope slide with a drop of immersion oil above and below the
filter and covered with a cover slip.

The amount of fluid sample used for filtration depended on the expected
microsphere concentration. Fluid volumes collected in the fraction collectors averaged
approximately 15 ml. Fluid volumes removed for filtration ranged from one ml to
approximately 10 ml. The filtration volume was diluted to as much as 1:1000,
depending on the expected microsphere concentration.

Microsphere slides were counted using a Carl Zeiss microscope system equipped
with an HBO-100 high-pressure mercury illuminator, a 10x ocular lens, and 4x, 10x,
40x, and 100x (oil) objectives. Individual bead sizes were counted at either 40, 100, or
400 magnifications, depending on the bead size and the quantity of beads. If possible, &
full scan was made at 100 power. If the number of beads was too large, a minimum of
20 random fields were counted, from which an average and a standard deviation were
calculated.

Only a small number of the total samples were analyzed for the presence of
microspheres because of the analysis cost. Initial samples were selected on the basis of
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expected tracer arrival; additional samples were selected, where possible, near times of
observed higher concentrations.

Duplicate slides (approximately 10% of the counted slides) were prepared to
evaluate error inherent to slide preparation. Duplicate counts of the same slide were
conducted by different technicians to evaluate inherent counting error. Blank slides
were also prepared following slides with high sphere concentrations as a check on
apparatus cleansing. Duplicate slide counts are discussed in Chapter 9.

Slides prepared for polystyrene microspheres were also used for encapsulated
cell counts. Random fields were scanned at 1000 magnifications because of the relative
faintness of the encapsulated cells as compared to the microspheres. Significant
probleﬁls were encountered in attempting to count encapsulated cells with this method.
First, the polystyrene microspheres were much brighter than the encapsulated cells,
making it difficult to count encapsulated cells in the vicinity of the microspheres.
Second, the acridine-orange stain appeared to disappear fairly quickly when exposed to
the ultraviolet light. Finally, the shelf-life of the acridine-orange stain appeared to be
limited; very few encapsulated cells could be seen in duplicate slides prepared several
months after the initial slide preparation. Encapsulated cell counts from microscope
analysis are not reported because it was apparent that the method was leading to
unacceptable results.

A polymerase chain reaction (PCR) technique was used for determining the
presence of Flavobacterium deoxynucleotides (DNA), as an alternative to microscopic
detection (this analysis was conducted by Dr. D. Knaebel, University of Idaho). The
polymerase chain reaction techniques is a process that produces thousands or millions of
copies of a certain DNA fragment. The polymerase chain reaction technique begins
with separating DNA strands and annealing synthetic oligonucleotide “primers” (short,
single-stranded DNA fragments) to specific sites of the separated Flavobacterium DNA
strands. When DNA polymerases in the presence of deoxynucleotide triphosphates
recognize the single-stranded DNA, they will synthesize the other strand of DNA.
When repeated, this process can lead to an exponential increase in the number of copies
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in the target DNA section. This technique can be used for other analyses to determine
the presence (qualitatively) of a certain organism.

The primers for PCR were based upon a portion of the pcpA4 gene found on the
chromosome of the Flavobacterium (Xun and Orser, 1991) In addition to detecting the
wild type gene, PCR analysis was done in the presence of a plasmid (pKS412) construct
that contained an internal ~101 base pairs (bp) deletion in pcpA4 (Stormo, 1993).

7.9 Data Analysis

This section presents a discussion of tracer test analysis methods. Analysis
methods for this project were selected on the basis of the purpose and objectives
outlined in Chapter 1, the type of data expected, and the quantity of data expected.

Tracer test analysis methods are available for evaluating a variety of
hydrogeological and tracer transport characteristics. Uniform flow tests (such as those
conducted for this project) can be used to estimate parameters such as dispersion and
average ground water velocities (Davis et al, 1985). Data collected from extensive
ground water monitoring networks have been used to evaluate aquifer anisotropy and
hydraulic conductivity (Kenoyer, 1988; Hess et al., 1987; Garabedian et al., 1987),
advection and dispersion (Freyberg, 1986; Mackey et al., 1986), spatial variability in
hydraulic conductivity (Sudicky, 1986), and solute properties (Curtis et al., 1986;
Roberts et al., 1986).

Both qualitative and quantitative analysis methods have been used in tracer tests.
For example, Freyberg (1986) and Garabedian (1987) used spatial moments methods to
evaluate advection and dispersion of nonreactive tracers on the basis of data from an
extensive monitoring network. Analyses in which microspheres tracers were used
(Harvey et al., 1989; Harvey, 1993; Champ and Schroeter, 1988) have consisted of
qualitative comparisons of particle and conservative tracer concentrations.

Tracer test results from the experiments conducted for this project were
evaluated on a qualitative basis, i.e., visual comparison of tracer concentration curves.
Qualitative methods were chosen because the study objectives focused on an initial
qualitative comparison of three tracers (bromide, polystyrene microspheres, and
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7.10 Replicate Tracer Tests

encapsulated cells). The monitoring system was tailored to a comparison of tracer
transport on two-dimensional basis. The monitoring system was not designed to collect
extensive three-dimensional data such as might be used for investigating spatial aquifer
properties, largely because of limited funds.

Mass balance calculations are frequently used for insight into tracer retardation
processes. The recirculating-loop system as constructed for this project makes the mass
balance calculation problematic, since tracer eventually begins to recirculate with in the
loop. This is a desirable quality from a bioremediation perspective, since contact
between contaminant and introduced microbes is enhanced, but it renders mass balance
calculations less meaningful.

Tracer tests T2 and T4 were conducted with bromide tracer as replicates of
tracer tests T1 and T3, respectively. The purpose of conducting replicate tracer tests
was to evaluate sampling reliability and to monitor possible aquifer changes due to the
tracer tests. Small-diameter sampling lines are susceptible to reductions in flow due to
sample-tubing wear, film deposits, etc., which may lead to subtle changes in sampling
system efficacy. Particle tracers could conceivably clog micro-flowpaths near the
injection well, in the aquifer, and/or in the sampling system. Replicate tracer tests using

a conservative tracer (e.g., bromide) were conducted after the bead injections as a check .
on bead-clogging in aquifer flowpaths or in the sampling system. ’
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8. Bromide Transport Results

8.1 Introduction

This chapter begins the presentation of tracer test results. Bromide transport
results from tracer tests T1 through T4 are presented in this chapter. Polystyrene
microsphere transport data are presented and compared to bromide concentration data
in Chapter 9. Encapsulated cell transport data are provided in Chapter 10. A discussion
about bromide, polystyrene microsphere, and encapsulated cell transport results is
presented in Chapter 11.

The bromide transport results are provided in the form of tracer concentration
data and breakthrough curves. Tracer concentration data are reported for monitoring
well samples and flow-through bromide probe readings. Bromide concentration data for
tracer tests T1 and T3 are presented first, followed by bromide concentration data from
replicate tests T2 and T4.

Data analysis consists primarily of visual comparisons between bromide tracer
concentrations collected in different wells in different tracer tests. Such comparisons
are consistent with the study objectives and with the type and quantity of data collected
during these tracer tests.

The results of this project, as in many scientific endeavors, are limited by the
experimental design and methods. The tracer tests were conducted on the basis of the
goals and objectives outlined in Chapter 1, the experimental design formed in Chapter 3,
and the specific methods described in Chapter 7. J

8.2 Bromide Concentrations .

Bromide concentrations for tracer tests T1 and T3 are shown in Figure 8.2-1 l

and 8.2-2. Concentrations are given for ground water samples collected from |

monitoring wells and from the flow-through bromide probe readings. Maximum |
bromide concentrations are listed in Table 8.2-1.

Several observations can be made from these bromide concentration graphs. ]I

First, the highest bromide concentrations in tracer test T1 (Transect C) were seen in ;

5

[

|
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Figure 8.2-1: Bromide concentrations in Transect C during tracer test T1.




8-3

Concentration (ppm)

MW-19 MW-20 MW-21 MW-25
0 100 200 300 400 500 600 700
Distance from Tracer Injection Well (cm)
80
70
60
—-a-T3, MW-19
50 —o—T3, MW-20
& ——T3, MW-21
40 [
J % —a—T3, MW-25
30 +1+—Ar
—T3, MW-21
(flow cell)
20 \
10 -
e e L,

L

1000
Time (minutes)

2000

T |

3000

Figure 8.2-2: Bromide concentrations in Transect B during Tracer Test T3.




— Well T1 T2 Well T3 T4
MW-17 22 19 MW-19* 9 1
[ MW-18 13 11 MW-20 4 2
T MW-22 1 3 MW-21 44 55
MW-23 3 7 MW-25 10 6
[ MW-24 2 11

Table 8.2-1: Maximum bromide concentrations (ppm) for tracer tests T1, T2,
T3, and T4. (MW-19 concentration refers to peak concentrations after
1000 minutes of circulation).

MW-17 and MW-18. Higher tracer concentrations were observed in MW-17 than in
MW-18 (MW-17 was completed higher in the aquifer than MW-18). The dip in
bromide levels in wells MW-17 and MW-18 at approximately 550 minutes was caused
by a glass tube jamming the fraction collector. The highest bromide concentration
during tracer test T3 was observed in MW-21 (Figure 8.2-2). Concentrations in MW-
21 were greater than in MW-20, despite MW-20 being closer to the tracer injection well
than MW-21; MW-21 was completed in the lower portion of the aquifer, MW-20 was
completed in the upper pc-mion of the aquifer.

Second, the flow-through bromide probe measurements were generally similar
to laboratory bromide measurements. The bromide flow-through cell installed in the
sampling line of well MW-18 recorded bromide concentrations similar to those recorded
from collected samples. The data anomalies seen from approximately 800 to 1100
minutes in the flow cell data were due to sample line freezing. The bromide
concentrations in the flow cell connected to MW-21 closely correspond with laboratory
bromide measurements from the same well up until approximately 400 minutes. The
reason for the difference may be bromide probe calibration error, measurement error, or
analysis error.

Discrepancies between flow-through cell readings and laboratory measurements,
such as those seen between MW-21 bromide concentrations and the bromide probe
measurements, may have been caused by using the bromide probe for extended
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measurements without calibration. Frequent calibration was not feasible during the
extended tracer tests.

Third, peak bromide concentrations in some wells (e.g., MW-21 during T3)
were significantly asymmetrical. Asymmetrical bromide peaks were especially apparent
in Transect B wells (e.g., MW-21).

Finally, bromide concentration increases in MW-19 were observed from about
1000 to 1600 minutes after injection (some data were lost during this time period due to
sample-line freezing). This concentration increase probably reflects tracer recirculation
in the well transect.

8.3 Bromide Breakthrough Curves

Tracer breakthrough curves are a means of comparing tracer arrival times at
different wells. Breakthough curves are given in the form of C/C,.., where C represents
the bromide concentration at any given time in a well and C,.,, represents the maximum
concentration observed in the same well. The tracer breakthrough time is defined as the
time span beginning when tracer was first observed in any given well through the time at
which the tracer concentration reaches a maximum value. Breakthrough data are given
as composite plots for each tracer test.

A bromide peak was considered to be significant if the concentration exceeded

3 x 54, where 5; represents the standard deviation of averaged background samples.
Breakthrough curves are based on C/C,.. data from which the background
concentration (3 x s5;) has been subtracted. Estimated maximum background
concentrations (based on 3 x s4 ) are provided in Table 8.3-1.

The average background bromide concentration is higher in tracer tests T2 and
T4 than in tracer tests T1 and T3. Initial bromide concentrations are higher in T2 and
T4 because of the recirculating bromide remaining from tracer tests T1 and T3.

Breakthrough curves (based on C/Cp.: data) for tracer tests T1 and T3 are
shown in Figures 8.3-1 and 8.3-2. Several observations can be made about bromide
arrival from these figures.
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"= T1 T2 T3 T4

— Average background Br’ 0.2 25 0.6 1.1
concentration

sy background Br 0.45 1.76 0.56 0.85
concentration

[ Estimated maximum

background concentration 135 5.28 1.58 2.74
(3 x54)
n 9 10 6 9

sq represents the sample standard deviation of the averaged background samples, and n represents the

number of background samples in each test.

Table 8.3-1: Estimated maximum background bromide concentration

First, Figure 8.3-3 shows tracer arrival in MW-17 and MW-18 (tracer test T1)
soon after tracer injection. Second, the bromide concentration in MW-24 (the transect
pumping well) increased soon after concentrations began rising in MW-17 and MW-18,
and again when the bromide concentration increased in MW-23. The bromide
concentration in MW-22 did not reach a level corisidered to be significantly above
background.

Next, Figure 8.3-4 shows that bromide concentrations increased in MW-25
(tracer test T3, Transect B) before MW-20, despite MW-20 being significantly closer to
the tracer injection well (MW-20 was completed in a higher aquifer zone than MW-21),

Average linear ground velocities were calculated from the bromide breakthrough
curves. The average linear ground water velocity at any given monitoring well was
calculated on the basis of the distance between the tracer injection well and the time that
it took for the bromide to reach its maximum concentration. Average velocities are
shown in Table 8.3-2.

The average linear velocity indicated in Table 8.3-2 for MW-24 is significantly
larger than the other velocities calculated for Transect C wells. Because MW-24 is the
pumping well in Transect C, tracer will be transported to MW-24 along the most
conductive flowpath between the injection well and the pumping well. Increased
gradients near the pumping wells (MW-24 and MW-25) may also have led to increased
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Tracer Test, Coiax Distance from | Average tracer
Monitoring Well| Breakthrough | Injection Well velocity
Time (min) (cm) (cm/min)
T1, MW-17 460 160 0.35
T1, MW-18 440 205 0.47
T1, MW-23 1900 405 0.21
T1, MW-24* | 220 622 2.83
T3, MW-20 470 152 0.32
T3, MW-21 150 199 1.33
T3, MW-25 300 410 1.37

* Average tracer velocity for this well was estimated on the basis of the initial concentration increase at
approximately 220 minutes (see Figure 8.3-1).

Table 8.3-2: Average bromide velocities in tracer tests T1 and T3.

average velocities, but do not account for tracer arrival in pumping wells before arriving
in upgradient monitoring wells.

Monitoring wells downgradient of the tracer injection well and upgradient of the
pumping well may or may not lie on the most conductive flowpath. The differences in
average tracer velocities between monitoring wells and the pumping well in Transect C
suggest that the most conductive flowpath between the tracer injection well and the
pumping well does not lie in a straight line along the transect. Similar average tracer
velocities between MW-21 and the pumping well in Transect B (MW-25) suggests that
both of these wells intercept the most conductive flowpath between the tracer injection
well and the transect pumping well.

8.4 Replicate Bromide Tracer Test Results
Replicate tracer tests were conducted in Transects B and C with bromide as a
tracer. Tracer tests T2 and T4 were conducted as replicates of tests T1 and T3,
respectively. Replicate tracer tests were conducted to evaluate injection and sampling
consistency, and to identify possible pore-clogging effects of particle tracers.
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Comparisons of bromide concentrations for MW-17, MW-18, and MW-24 in
tracer tests T1 and T2 are provided in Figures 8.4-1 through 8.4-3. Comparisons of
bromide concentrations are not provided for MW-22 and MW-23 since concentrations
in these wells were very low.

Bromide concentrations in MW-17 in tracer tests T1 and T2 (Figure 8.4-1) were
similar although the concentration in T1 increases somewhat faster than in T2. Bromide
concentration curves for MW-18 during T1 and T2 (Figure 8.4-2) differed in magnitude
and form. The bromide concentrations in MW-24 during T1 and T2 (Figure 8.4-3)
began to rise at approximately the same time, but reached a different peak concentration
(the background concentration in T2 was higher due to residual bromide remaining after
T1).

Comparisons of bromide concentrations for wells MW-20, MW-21, and MW-25
in tracer tests T3 and T4 are provided in Figures 8.4-4 through 8.4-6. Bromide
concentrations in MW-20 (Figure 8.4-4) remained relatively low in both tests;
concentrations in T4 did not appear to rise significantly above background levels.
Bromide concentrations in MW-21 during T3 and T4 (Figure 8.4-5) increased at
approximately the same time, but reached different peak concentrations. Finally,
bromide concentrations in MW-25 during T3 and T4 (Figure 8.4-6) showed similar
responses.

Tracer arrival times should have been identical for the same wells if injection and
transport conditions remained constant between replicate tests. In general, bromide
concentrations in tracer tests T3 and T4 were more similar than concentrations in tracer
tests T1 and T2. These differences in tests T1 and T2 were apparent in both flow-
through probe concentrations and laboratory-measured data. The differences between
bromide concentrations in replicate tests could have resulted from bromide probe
calibration error, injection and/or sampling inconsistencies, diﬂ'erénces in hydraulic
gradient between tests, or clogging of aquifer sediments with particle tracers. Possible

reasons for differences in replicate tests are addressed in Chapter 11.
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Figure 8.4-1: Bromide concentrations in MW-17 during Tracer Tests T1 and T2.
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9. Polystyrene Microsphere Transport Results

9.1 Introduction
This chapter presents polystyrene microsphere transport data from tracer tests
T1 and T3. The chapter includes (1) a presentation of concentration data, (2) a
comparison of hﬁcroéphere transport patterns with those of bromide (bromide
concentration data are presented in Chapter 8), (3) a comparison of average tracer
velocities (on the basis of maximum concentration peaks), and (4) an examination of

duplicate microsphere analyses.

9.2 Polystyrene Microsphere Transport Results

This section presents polystyrene microsphere concentration data for tracer tests
T1 and T3. Concentration data for 2-pm-diameter spheres are presented first, with
comparisons of 2-pum microsphere and bromide arrival times. Concentration results are
then presented for 5- and 15-um-diameter sphéres, with comparisons between 2- and 5-
um spheres. Finally, the maximum concentrations observed at each monitoring well are
compared with the initial microsphere injection concentrations.

Concentrations for 2-um polystyrene microspheres during tracer tests T1 are
shown in Figure 9.2-1. The highest concentrations in tracer test T1 occurred in MW-
17, with over 500 spheres per ml. The second highest concentrations (over 200 spheres
per ml) were observed in MW-18. Both concentration peaks were noted at
approximately the same time. Very few, if any, 2-um polystyrene microspheres were
confirmed in ground water samples collectef.:l from wells MW-22, MW-23, or MW-24.

Concentrations for 2-um-diameter microspheres during tracer test T3 are shown
in Figure 9.2-2. The highest sphere concentrations were observed in MW-21. Sphere
concentrations in MW-20 were lower than in MW-21, and occurred approximately 20
minutes later. Microspheres were also observed in MW-25 at approximately 80

minutes after injection.
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Figure 9.2-1: 2-um polystyrene microsphere concentration in tracer test T1.
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Comparisons of 2-pum microsphere and bromide concentrations are shown in
Figures 9.2-3 and 9.2-4. Several observations can be made from the comparisons.
First, it appears that bromide and 2-pm microsphere concentrations begin to increase at
approximately the same time in all wells except MW-20. Microsphere concentrations in
MW-20 (during tracer test T3) appear to increase earlier than the bromide
concentrations. Second, the 2-pm spheres reached peak concentrations earlier than
bromide at each monitoring well.  Third, the 2-um concentration peaks were shorter in
duration than the bromide concentration peaks.

Concentrations of 5-um-diameter polystyrene microspheres in water samples
collected during tracer tests T1 and T3 are shown in Figures 9.2-5 and 9.2-6. Five-um
spheres were observed in MW-17 and MW-18 during T1 (Figure 9.2-5). No 5-um
spheres were observed in MW-22, MW-23, or MW-24. Figure 9.2-6 shows that 5-pm
spheres were observed in MW-20 and MW-21 during tracer test T3. Four S-um b;éds
(approximately 0.7 spheres/ml) were observed in MW-25 at approximately 3370
minutes. The long delay period in this latter observation may indicate a data error (e.g.,
contaminated sample). |

Figures 9.2-7 and 9.2-8 provide a comparison of 2-um and 5-pum microsphere
peak concentrations in MW-17 and MW-18 during tracer test T1. The 5-pum
microsphere concentration peak appears to have occurred before the 2-um sphere peak
in both wells. Figures 9.2-9 and 9.2-10 show 2-um and 5-pm microsphere
concentrations in MW-20 and MW-21 during tracer test T3. Five-um microsphere peak
concentrations occurred at approximately the same time as the 2-pum peak
concentrations. In both tracer tests T1 and T3 the 2-um and 5-pm-diameter
microspheres appear to arrive at approximately the same time. The 5-pum sphere
concentrations were significantly lower than the 2-pum concentrations in both tests.

The observed maximum concentrations for bromide, 2-pum microspheres, and 5-
pum microspheres were significantly different. Concentrations for bromide, 2-pum
microspheres, and 5-um microspheres are therefore compared in the form of Cper/Co ,

where Cpa. is the maximum observed monitoring well concentration and C, is the

ET
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Figure 9.2-3: Bromide and 2-pum microsphere concentrations in tracer test T1.
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Figure 9.2-5: 5-um polystyrene microsphere concentrations in tracer test T1.
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concentration in the injection well immediately following tracer injection. This
comparison takes into account the different initial tracer concentrations.

C.,m/Co- ratios for bromide and polystyrene microsphere concentrations in tracer
tests T1 and T3 are pfesented in Figui'es 9.2-11 and 9.2-12. Several observation can be
made from these figures. First, C,../Cy ratios for polystyrene microspheres are less
than for bromide. Second, Cp./Cp ratios for 5-pm microspheres in tracer test T1 are
similar to those of the 2-um spheres, but the ratios of 5-um spheres in tracer test T3 are
less than for 2-pum microspheres. Third, polysﬁrme microsphere C,../Cp ratios
decrease with distance more than the bromide ratios. Finally, Figure 9.2-12 indicates
that the maximum number of 5-pum spheres was higher in MW-20 than in MW-21,
which is different than for bromide and 2-pm spheres (the nufnber of 5-um spheres in
MW-21 water samples was very low, and may not necessarily be representative).

. No 15-pum polystyrene microspheres were observed in ground water samples.
collected from the monitoring wells. However, bottom sediments from the casings of
each monitoring well were sampleﬂ one week after tracer test T4. Sediment samples
were taken by vacuum and do not necessarily represent a specific volume of sediment or
water. Samples taken from MW-22 and MW-25 were inadvertently compromised and
were therefore not analyzed. |

Results from analyzing the bottom sediments are-shown in Figure 9.2-13.
Spheres 15-pm in diameter were observed in the bottom sediments of the two injection
wells (MW-16 and MW-19) and in monitoring well MW-21. Also, 2- and 5-pm-

diameter spheres were observed in the bottom sediments of most wells.

9.3 Comparison of Polystyrene Microsphere Tracer Velocities
This section provides a comparison of average bromide and polystyrene
nﬁcrosphére tracer velocities. The tracer velocities are estimated on the basis of the
arrival times for concentration peaks. The purpose of this comparison is to quantify
differences between the arrival times of various concentration peaks, which in turn can

be used for evaluating tracer and aquifer characteristics.
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Average tracer velocities are given in Table 9.3-1 for bromide and polystyrene

microspheres. These average velocities were estimated on the basis of tracer arrival

times and distances between the injection and monitoring wells. Data were limited to

the four wells in which significant 2-um sphere concentrations were observed.

Tracer Test,|Distance from| Bromide Cpa| 2-um Sphere | Average | Average 2-
Monitoring |Injection Well | Breakthrough | Breakthrough| Bromide | pm Sphere
Well (cm) Time (min) | Time (min) | Velocity Velocity
(cm/min) | (cm/min)
T1, MW-17 160 460 79 0.35 2.03
T1, MW-18 205 440 79 0.47 2.59
T3, MW-20 152 470 133 0.32 1.33
T3, MW-21 199 150 73 1.33 2.73

Table 9.3-1: Average bromide and 2-um polystyrene microsphere velocities in
tracer tests T1 and T3.

The average tracer velocities were compared to theoretical values on the basis of

transmissivity values presented in Chapter 6. Average ground water velocities are

estimated on the basis of Darcy’s law. Darcy’s law states that

where

dh

TA dh

0=-k4Z - 22

dl

O = the volumetric flux;

K = the hydraulic conductivity,

b dl

A = a cross-sectional aquifer area;

% = the hydraulic gradient;

T = the aquifer transmissivity; and
b = the aquifer thickness.

The specific discharge, v, is given by the equation
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and the average linear ground water velocity (¥ ), also referred to as the seepage
velocity, is given by the equation
T dh

V=

o
nA wmbd
where

n, = the effective aquifer porosity.

Estimated theoretical average ground water velocities for the field site aquifer
are presented in Table 9.3-2. It was assumed that transmissivity ranges from
approximately 1.0 to 5.6 cm’/min (Tables 6.7-1 through 6.7-3), and that the aquifer is
152 cm thick. It also was assumed that the porosity for unconsolidated mixed sand and
gravel ranges from approximately 20 to 35%; it was assumed that the effective porosity
of the field site aquifer is approximately 30%. The hydraulic gradient estimates for
tracer tests T1 and T2 are listed in Table 7.4-1.

Assumed

Assumed Estimated
Tracer Test Trans- Aquifer Porosity Gradient average
missivity - Thickness velocity
(cm2/min) (cm) (em/min)
Tl 1.0 150 0.30 0.147 .0033
T1 5.6 150 0.30 0.147 .0183
T3 1.0 150 0.30 0.137 .0030
T3 5.6 150 0.30 0.137 .0170

Table 9.3-2: Average linear velocities assuming a homogeneous aquifer
thickness of 150 cm.

The average estimated linear ground water velocities in Table 9.3-2 are much
lower than the observed tracer velocities indicated in Table 9.3-1. This may be the
result of incorrect estimates of transmissivity, porosity, or aquifer thickness. However,

the magnitude of the difference, and the particle transport patterns, suggests that some
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flow is occurring in preferential flowpaths. The velocities indicated in Figure 9.3-2
represent an average of velocities in a highly heterogeneous environment; i.e., some
“aquifer zones would be expected to have higher velocities than others.

An attempt was therefore made to estimate the apparent thickness of the
preferential flowpaths on the basis of the estimated transmissivity values, an estimated
porosity value, the measured gradients during tracer tests T1 and T2, and the estimated
tracer velocities in Table 9.3-1. In estimating an apparent flowpath thickness it is
assumed that there is a significant difference between the hydraulic conductivity of the

‘materials in the preferential flowpath and the surrounding aquifer materials.

Solving for b in the equation for average linear velocity yields the equation

T dh
b= e
ne Vo dl

where b, is the estimated preferential pathway thickness based on linear tracer

- velocities.

Preferential flowpath thicknesses, estimated on the basis of average bromide and
polystyrene microsphere velocities, are shown in Tables 9.3-3 and 9.3-4, respectively.
Estimated apparent flowpath thicknesses are very small: estimated thicknesses range
from approximately 0.3% to 5.2% of the assumed 152-cm aquifer thickness.
Polystyrene microsphere velocities yield much smaller apparent flowpath thickness
values (less than 2% of the assumed 152-cm aquifer thickness) than those based on
bromide velocities.

Implicit in the estimates of apparent flowpath thickness is the assumption that
the flowpath maintains constant dimensions over the measured area. Constant flowpath

dimensions are unlikely, given the heterogeneous nature of the aquifer sediments.

9.4 Duplicate Microsphere Counts
Water samples were analyzed for microspheres by preparing slides and counting
microspheres under a microscope (Chapter 7). This section presents data derived from
duplicate counts of the same slide and duplicate counts of duplicate slides. Duplicate

microsphere counts provide an indication of data reproducibility.



Tracer Test,| Average Assumed Estimated
Monitoring | Bromide Trans- | Aqufier | Average flowpath
Well Velocity missivity Porosity Gradient | thickness
Numbers | (cm/min) | (cm®min) (cm)
T1, MW-17 0.35 1.00 0.3 0.147 1.4
T1, MW-18 0.47 1.00 0.3 0.152 1.1
T3, MW-20 0.32 1.00 0.3 0.137 1.4
T3, MW-21 1}33 1.00 0.3 0.141 0.4
T1, MW-17 0.35 5.60 0.3 0.147 7.9
T1, MW-18 0.47 5.60 0.3 0.152 6.1
T3, MW-20 0.32 5.60 0.3 0.137 7.9
T3, MW-21 1.33 5.60 0.3 0.141 2.0
Table 9.3-3: Estimated aquifer thicknesses based on the average bromide
velocity.
Tracer Test,| Average Assumed Estimated
Monitoring | Bromide Trans- Aqufier Average Aquifer
Well Velocity missivity Porosity Gradient | Thickness
Numbers (cm/min) | Estimates* (cm)
(cm*/min)
T1, MW-17 2.03 ~1.00 0.3 0.147 0.2
T1, MW-18 2.59 1.00 0.3 0.152 0.2
T3, MW-20 1.14 1.00 0.3 0.137 0.4
T3, MW-21 273 1.00 0.3 - 0.141 0.2
T1, MW-17 2.03 5.60 0.3 0.147 14
T1, MW-18 2.59 5.60 0.3 0.152 1.1
T3, MW-20 1.14 5.60 0.3 0.137 2.2
T3, MW-21 273 5.60 0.3 - 0.141 1.0

* from Tables 6.6-2 - 6.6-4.

Table 9.3-4: Estimated aquifer thicknesses based on the average polystyrene
microsphere velocity.
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Microsphere-counting reliability is limited by several factors. First, water from

the ground water samples contained some non-microsphere particles fluorescing at the

same wavelengths as the fluorescent marker contained in the microspheres; these non-

microsphere particles were sometimes difficult to differentiate from the microspheres.
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Second, some variability arose from differentiating larger beads from clusters of smaller
beads (larger beads were verified at higher magnifications if few large beads were
present). Third, variability in reliability could occur when conducting a full scan of a
slide because of (1) counting error due to high numbers of spheres, or (2) potential
overlap when conducting multiple passes across the filter with the microscope. Fourth,
significant variability was noted between some random fields (random fields were used
when the bead count was too high to count the entire filter). Variability between fields
was attributed in part to preferential flow through the filter due to the grid shape of the
underlying filter support. Finally, microsphere-counting reliability was limited by
variability in filter and slide preparation.

- Figure 9.4-1 shows variability between two operators counting 2-pum spheres on
the same slide. Samples are indicated by the tracer test, the well number, and the
sample number. For instance, T3-21-40 indicates test T3, monitoring well MW-21, and
sample #40. Figures 9.4-2 through 9.4-4 show variability in 2-um, 5-pm, and 15-pm
sphere counts made from different slides and counted by two technicians. On the basis
of these graphs it is apparent that slide preparation results in greater variability than
counting spheres from the same slide. The variability range f;:nr sphere counts appears to
fall within an order of magnitude.

Significant variability is also noted in the Standard Test Method of Enumeration
of Aquatic Bacteria by Epifluorescence Microscopy Counting (ASTM D 4455-85). The
standard deviation (bacteria per ml) was 45% and 17% of the mean count, respectively,
for two samples sent to six independent labs for counting (repeatability, multiple
operators). The first of these samples contained in the range of 10* beads per ml and
the second sample contained in the range of 10° beads per ml.

In summary, duplicate microsphere counts indicate that there is a greater
variability in preparing samples than in counting slides. Some errors were observed in
duplicate analyses by different operators, but duplicate counts were consistently within
one order of magnitude in variation. Significant variability is also noted in a similar
ASTM method. From this analysis it is concluded that microscopic analysis of

microsphere concentrations provided legitimate results,
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10. Encapsulated Cell Transport Results

0.1 Introduction
This chapter presents results from analyzing ground water samples for

encapsulated cell concentrations. A description of the encapsulated cells and analysis
technigques used in this study is provided in Chapter 7.

0.2 Encapsulated Cell Concentrations

Several difficulties were experienced in attempting to quantify encapsulated
Flavobacterium cell concentrations using fluorescent microscopy. First, the acridine-
orange color held in the genetic material of the Flavobacterium cells appeared to fade
after exposure to ultraviolet light. Second, the presence of similarly colored particles
made it difficult to identify with certainty encapsulated Flavobacterium cells . Thus,
particles that appeared to be encapsulated cells were observed (by microscope) in
samples taken from the injection wells (MW-16 and MW-19), but few if any
encapsulated cells were observed in monitoring well samples. It was unclear if the lack
of observed encapsulated-cells was a result of the detection technique or whether the
encapsulated cells had not been transported in the aquifer. Abundant numbers of
encapsulated cells appeared to be present in the injection well samples, but quantifying
the number or sizes proved elusive for the reasons outlined above.

Because of these difficulties a PCR technique was then used to determine the
presence of Flavobacterium cells. PCR is a qualitative technique for detecting the
presence of specific DNA markers. The PCR analysis was conducted by Knaebel et al.
(in progress); a description of methodology and results is provided in Appendix I.

A limited number of samples were analyzed because of the technique
complexity. Ground water samples (including two negative controls and two
duplicates) were taken from the injection wells immediately following encapsulated-cell
injection, and from MW-21 in tracer test T3. MW-21 was chosen because this well
experienced the highest concentrations of bromide and polystyrene microspheres during
the tracer tests. Ground water samples taken from MW-21 at 73, 153, 233, 333, 473,
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653, 693, 713, 733, 753, 773, 793, 813, 833, 853, 873, 893, 913, 933, 953, and 973
minutes following tracer injection were analyzed with the PCR technique (sample times
represent the midpoint of a 20-minute sampling interval). Samples from MW-16 and
MW-19 (tracer injection wells) were analyzed as positive controls.

PCR analysis results indicated a very strong presence of Flavobacterium cells in
samples taken from the injection wells. The presence of Flavobacterium was also
detected in the sample taken at 473 and at 793 minutes in MW-21 (Figure 10.2-1). This
is a substantially longer arrival time than those for bromide and microspheres. The
Flavobacterium signal in both of these samples appeared to be weak with respect to the
injection wells.

The size of the encapsulated cells that were detected in MW-21 samples could
not be determined with PCR analysis. The Flavobacterium signal may have been
caused by encapsulated cell microbeads, or possibly by individual cells that had become
separated from the encapsulation material.

These preliminary PCR results suggest that encapsulated-cell transport rates
were highly retarded. Retarded Flavobacterium transport rates were indicated by a lack
of Flavobacterium signal in the samples containing large amounts of bromide and/or
polystyrene microspheres, and by a weak signal in the wells in which Flavobacterium
was detected. Encapsulated cell retardation is indicated by longer arrival times for

encapsulated cells than for microspheres.
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11. Discussion of Tracer Test Results

11.1 Introduction
This chapter provides a discussion of tracer test results. A discussion of

observed tracer transport patterns is followed by a discussion of replicate tracer tests in
which bromide was used. This is followed by a discussion of polystyrene microsphere
transport results, focusing on the role of aquifer heterogeneity in the observed bromide
and polystyrene microsphere transport patterns. This in turn leads to a general
discussion about the possible role of particle tracers in a heterogeneous environment.
Encapsulated cell transport patterns are addressed next, followed by a discussion about
insights from polystyrene microsphere transport that might be applied to the use of in

situ encapsulated cell applications.

11.2 Bromide Transport Patterns

The bromide transport patterns observed in this study are not those that might
be expected under the ideal conditions in a homogeneous, isotropic aquifer. First,
bromide concentrations in tracer test T3 were greater in MW-21 than in MW-20, even
though MW-21 is further from the tracer injection well than MW-20 (Chapter 8).
Second, bromide arrival occurred in MW-24 before MW-22 and MW-23, even though
the latter wells are closer to the tracer injection well than MW-24. Similarly, bromide
arrival occurred in MW-25 before MW-20; MW-25 is further from the tracer injection
well than MW-20. Finally, estimated tracer velocities (Tables 9.3-3 and 9.3-4) indicate
effective aquifer thicknesses that are significantly less than those indicated in the drilling
logs.

Apparent anomalies in tracer concentrations, concentration peak arrival times,
and apparent tracer velocities might be caused by (1) sampling error, (2) measurement
error, and/or (3) aquifer heterogeneity. These reasons are explored below.

First, possible sampling errors during the tracer tests could include insufficient
purge volumes and/or unrepresentative sample collection, or improper sample handling

and/or storage. Ground water samples were collected continuously, and at the same
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rate in each well. A lag period may have existed in which tracer concentrations in the
aquifer formation changed at a faster rate than in the monitoring well, because of the
borehole and casing volume, but this lag period probably was consistent between wells
and over time, Improper handling and/or storage probably did not lead to the
concentration anomalies described above, because samples from different tests and
different wells were handled in a consistent manner.

Second, measurement error could have occurred during field (low-through
bromide probe) or laboratory measurements. Selective ion electrodes are generally
considered suitable only for rapid estimation, but duplicate and replicate bromide
measurements during laboratory analysis indicated consistent peak identification. Flow-
through bromide probe measurements also indicated consistent peak identification with
corresponding laboratory measurements.

The third possible explanation for unexpected differences in concentration peaks
at different wells is the influence of aquifer heterogeneity. This appeared to be the most
likely explanation, for the following reasons. First, significant heterogeneity in aquifer
materials was observed during the installation of monitoring wells. Preferential ground
water flow, occurring in zones with greater hydraulic conductivity than in surrounding
areas, might be expected in a heterogeneous environment. Preferential ground water
flow could account for the differences in bromide concentration peaks, bromide arrival
times, bromide transport velocities, and asymmetrical bromide concentration peaks.

Bromide tracer transport results revealed the importance of preferential
flowpaths in the movement of potential contaminants. Hydraulic testing results (on the
basis of the multi-well aquifer tests) yielded a relatively small range of hydraulic
conductivity estimates, in part because the multi-well aquifer tests result in the
measurement of average aquifer characteristics . The bromide tracer test results

revealed greater aquifer heterogeneity than indicated by hydraulic testing.

11.3 Replicate Bromide Tracer Test Results
Replicate tracer tests in Transects B and C using bromide tracer led to similar

bromide concentrations in some wells, but not in others. Reasons for the differences
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may include (1) bromide probe calibration error, (2) differences in injection and/or
sampling methods, (3) differences in hydraulic gradient between tracer tests, (4) effects
of elevated background concentrations (bromide concentrations remaining from the
previous test), and (5) particle clogging in the aquifer.

First, bromide probe calibration error may be partially responsible for the
differences. The electrode was found to be sensitive to temperature, concentrations,
and immersion time (for tube samples), especially if concentrations remained fairly low
(e.g., MW-20, tracer tests T3 and T4).

Second, extensive effort was made to ensure sampling and injection consistency
between tracer tests. One observed difference was an approximate 10% (qualitative
observation) loss in bromide injectate during injection in tracer test T3. T3 bromide
concentrations were lower than T4 concentrations in well MW-21, but were higher in
MW-20 and MW-25. The differences in T3 and T4 are not consistent with the
inadvertent tracer loss during T3 injection.

Third, hydraulic gradient was kept as uniform as possible, but some differences
were noted in the average hydraulic gradient (Table 7.4-1). Minor perturbations in the
hydraulic gradient also may have caused slight differences in tracer arrival.

Fourth, elevated background concentrations were observed in the well transects
at the beginning of the replicate tests (representing recirculating bromide from the
previous test). Elevated background concentrations may represent a source of
measurement error when measuring low concentrations in the replicate tests.

Finally, particle clogging in some flowpaths as a result of particle injections may
have led to differences in bromide transport patterns between replicate tracer tests.
Polystyrene microsphere and encapsulated cell transport results indicated that significant
quantities of particles remained in aquifer materials. A rough approximation of the
aquifer volume required to filter all of the particles injected in one tracer test follows. A
total fluid volume of approximately 9 ml microspheres and 10 ml encapsulated cells
were injected in each tracer test. Ifit is assumed that the particle volume is
approximately half of the injected fluid amount (it was probably less than half), then the
volume of aquifer required to hold that volume of particles (assuming a 30% aquifer
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porosity) would be approximately 16 cm®. It does not seem that enough particles were
injected to lead to significant clogging.

In summary, the reasons for differences between the two replicate bromide
tracer tests are unclear. It is believed that at least some of the difference lies in the
bromide probe measurements and/or calibration. Additional replicate bromide tests
conducted in series (with no particle injections between bromide tests), and the use of
alternative analysis methods, might lead to further confidence in bromide sampling and

analysis protocols.

11.4 Polystyrene Microsphere Transport Patterns

Several important polystyrene microsphere transport patterns were observed.
First, the initial arr;xval of polystyrene microspheres occurred at approximately the same
time as bromide in wells in which significant particle concentrations were observed, with
the exception of MW-20, in which bromide arrival occurred later. Second, polystyrene
microsphere concentration peaks consistently occurred before those of bromide in all
wells in which significant concentrations of polystyrene microspheres were observed.
Third, polystyrene microsphere concentration peaks were of shorter duration than the
bromide peaks. Fourth, th.e 2-pum microspheres reached lower peak concentrations than
bromide with respect to the original injection concentrations. Finally, the 5-um
microsphere concentration peaks appear to have occurred before the 2-pum sphere peaks
in tracer test T1, but not in tracer test T3.

The observed differences in bromide and polystyrene microsphere peak
concentration times may have been caused by (1) sampling and/or measurement error,
(2) bromide concentration value errors, (3) bromide retardation, (4) polystyrene
microspheres concentration peak value errors, or (5) flow in preferential ground water
pathways. These possible factors are explored in the following paragraphs.

First, the differences in 2-um-diameter microsphere and bromide concentration
peak timing are consistent for both tracer tests in which particles were injected and
among different observation wells in each test. There was no evidence for a consistent

measurement error that might have led to these results.
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Second, measurement error may have resulted in inaccurate bromide
concentration peaks. Possible errors in bromide concentration values were addressed in
Chapter 8. It appears unlikely that the timing of the bromide concentration peak is
significantly different than that reported, although the actual magnitude of the peak may
have been influenced by measurement error.

Third, the retardation of bromide tracer may have led to differences in
concentration peak timing. While some bromide retardation may have occurred,
bromide is generally considered not to be lost from a flow system by precipitation,
absorption, or adsorption, and it is considered to be biologically stable (Schmotzer et
al., 1973). Bromide is one of the most commonly used ion tracers for the determination
of ground water flowpaths, ground water residence times, and the measurement of other
aquifer properties (Davis et al., 1985). Anions are generally not affected by the aquifer
medium (Davis et al., 1985), although clay minerals have an increasing capacity of
holding anions as pH decreases. During aquifer tests the pH remained between 6.4 and
7.1 (Chapter 6). The amount of bromide retardation, if any, during the tracer tests is
uncertain, but it seems unlikely that bromide retardation would have led to the bromide
and polystyrene microsphere concentration peak differences observed in tracer tests T1
and T3.

Fourth, the differences in bromide and polystyrene microsphere concentration
peak values may be an indication of inaccurate polystyrene microsphere peak
concentration values. While significant variability was observed in the analysis of
polystyrene microspheres (Section 9.4), the relative particle concentrations were
consistent. In other words, there was agreement among technicians counting duplicate
slides that samples contained either many spheres or few spheres, even though the actual
count varied by as much as an order of magnitude. For that reason there is reasonable
confidence that the polystyrene microsphere concentration peaks occurred for the times
reported, although the actual magnitude of the peak may vary from the value reported.

Finally, the presence of preferential ground water flowpaths may led to the
observed differences between bromide and polystyrene microsphere concentration peak

times. The influence of preferential ground water flowpaths on microsphere transport is
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consistent with the conceptual aquifer model and the interpretation of bromide transport
results.

Differences in particle transport characteristics with respect to conservative
tracers have been noted by other researchers. Earlier downgradient arrival of particle
concentration peaks with respect to a conservative tracer are reported for Escherichia
coli and particle tracers (Champ and Schroeter, 1988), yeasts (Wood and Ehrlich,
1978), and iron oxide colloids (Puls and Powell, 1992). Harvey et al. (1989, pp. 55)
report that “unattenuated bacteria may be transported more quickly than a conservative
tracer, simply on the basis of size.” Harvey (1993) suggests that bacteria can move
more rapidly than conservative tracers in an aquifer dominated by preferential
flowpaths. Harvey et al. (1993), building on work by Bitton and Harvey (1992),
suggest that microbial migration along preferred flowpaths or exclusion of particles
from a portion of the total porosity on the basis of size may be responsible for the rapid
migration of microorganisms with respect to conservative tracers.

Tracer test results indicate that the polystyrene microsphere peaks occur before
bromide peaks, and that microspheres reach lower relative concentration peaks with
respect to bromide. But despite differences in concentration peak timing, the initial
arrival of the bromide and polystyrene microsphere tracers was at approximately the
same time. Similar patterns may be present in transport comparison data of DAPI-
stained bacteria and bromide in Harvey et al. (1989, Figure 3)) and bromide and
Escherichia coli in Champ and Schroeter (1988, Figures 1, 2, and 3).

Similar arrival times for conservative ion and particle tracers suggests that the
transport of particles may be just as rapid as some of the conservative solute tracer.
However, the particle tracers are excluded by size from some (or most) of the ground
water flowpaths. A portion of the conservative tracer also moves through zones of
smaller interconnected pore spaces and is thereby subjected to longer, more tortuous
flow paths. Transport of conservative tracer through more tortuous flowpaths may lead
to greater dispersion, resulting in concentration peaks of longer duration. Therefore the

aggregate conservative tracer concentration peak might be expected to occur after that
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of the particle tracer, because the bromide concentration represents the aggregate flow
through a greater volume of the total aquifer materials.

This concept is illustrated in Figure 11.4-1. Part (2) represents a hypothetical
aquifer with four distinct preferential flowpaths (unlikely in an actual aquifer), The
flowpaths represent varying degrees of hydraulic conductivity and tortuosity, with
flowpath “A” being the most conductive. Part (b) of Figure 11.4-1 represents
theoretical conservative tracer concentrations at the end of each flowpath.

It might be assumed that particles are only able to pass through flowpath “A”,
because flowpath “A” contains larger interconnected pore spaces than the other
flowpaths (hence the greater hydraulic conductivity). Particles arriving through
flowpath “A” probably migrate at approximately the same rate as the bromide tracer.
However, the particle concentration peak would be observed before the aggregate
bromide concentration peak, but at a lower peak concentration (because particles
entering lower conductivity flowpaths are filtered)(Figure 11.4-1(c)). This hypothetical
representation of particle and bromide migration in a highly heterogeneous environment
may explain the different apparent transport rates and concentration peaks of 2-pum
spheres and bromide in tracer tests T1 and T3.

The hypothetical representation of 2-pum spheres and bromide may also explain
the different observed transport rates of 2- and 5-pm-diameter microspheres in tracer
test T1. The 5-pum spheres arrive at approximately the same time as the 2-pm spheres,
but the 5-pm sphere concentration peak occurs earlier. This would imply that available
flowpaths are more limited for 5-pum spheres than for 2-um spheres in the vicinity of
Transect C.

The peak arrival of 5-pum-diameter microspheres in wells MW-20 and MW-21
occurred at or slightly after the arrival of 2-pum spheres. The 5-um concentrations were
very low, which limits confidence in the concentration peak timing. However, an arﬁval
of the 5-um peak at or after the 2-um peak might indicate temporary filtration and
subsequent release of 5-um particles, or might indicate a small percentage of
preferential pathways that are able to transmit uniformly both 2-pum and 5-pum spheres.
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Figure 11.4-1: Hypothetical flowpath model (see text for explanation).
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Fewer 5-um-diameter spheres than 2-um spheres were observed in monitoring
well samples, and no 15-pm-diameter spheres were observed. Several 15-pum spheres
were, however, observed in sediments removed from the bottom of MW-21, which
indicates that some transport of 15-um spheres occurred. Transport of particles as large
as 15-um or larger would have been expected in homogeneous materials on the basis of
media and grain-size relationships described in Chapter 2 (see Figure 2.5-1).

Lower concentrations of larger diameter spheres may be attributed to (1)
particle filtration, (2) particle sorption, (3) particle settling, and/or (4) insufficient
injection concentration. First, polystyrene microsphere filtration may have occurred in
places where the spheres were too large to pass through aquifer materials. Second,
adsorption may have occurred because of interaction between the spheres and
surrounding materials, although plain latex microspheres are thought to have relatively
neutral surface characteristics. Third, sphere settling may have occurred in areas with
insufficient ground water velocities to keep the spheres in suspension. Some settling
was observed in well casing sediments.

Finally, the injection concentrations of the larger spheres may have been too

-3 =5

low. Injection concentrations for 5-um spheres were approximately two orders of g
magnitude less than the 2-um injection concentrations; the 15-um injection
concentrations were approximately two orders of magnitude less than the 5-pum
injection concentration. Injecting similar concentrations for each sphere size was
prohibitively expensive. Peak concentrations for 5-pum spheres ranged from
approximately 0.3 (MW-21, tracer test 3) to 14 (MW-18, tracer test 1) beads/ml;
observing 15-pum spheres was therefore unlikely because the injection concentration was
2 orders of magnitude less than that of the 5-um spheres.
Polystyrene microsphere C,.../C, I ratios decreased with disténce (from the tracer
injection well) more than bromide C,,./C, ratios. This difference may also be the result
of particle filtration, sorption, and/ or éettling. Invasive sampling and/or coring may

have allowed a better description of particle fate in the aquifer sediments.
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1.5 The Role of Particle Tracers in a Heterogenous Environment

This section provides a discussion of observed bromide and particle tracer
patterns in the context of general transport parameters. The purpose of the section is to
consider the role of particle tracers in evaluating transport patterns in a heterogeneous
environment.

The movement of conservative ground water tracer in a homogeneous, isotropic
aquifer has been described in terms of advection and dispersion by Bear (1972) and
Freeze and Cherry (1979). The next several paragraphs provide a brief review of
transport theory as a base for considering the role of particle tracers in heterogeneous
aquifers.

Advective transport, or convection, is the process of contaminants being carried
along with flowing ground water (Fetter, 1993). The amount contaminant being moved
by advection depends on the contaminant’s concentration and the quantity of flowing
ground water.

Dispersion is primarily caused by the mechanical mixing of ground water flowing
through tortuous aquifer pore spaces. Three factors affect the dispersion of a
contaminant in moving ground water (Bear, 1972; Fetter, 1994): (1) pore space sizes, G
(2) flow path length (water moves along flowpaths of varying lengths in the same flow N
environment), and (3) friction in individual pores (water moves faster in the center of
pores than along the edges).

Two-dimensional solute transport by advection and dispersion in a
homogeneous medium with a uniform flow field (with the direction of flow parallel to

the x-axis) can be described by the following equation (Fetter, 1993):

2°C, p,0C_, o€ _aC

D
“ox 2y* " ox ot

where
Dy = the longitudinal hydrodynamic dispersion (L%/T)
Dy = the transverse hydrodynamic dispersion (L*/T)
v, = average ground water velocity along the x-axis

C = solute concentration
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The hydrodynamic dispersion coefficient, D, in the advection-dispersion
equation is defined by the following formulas (Fetter, i993):
Dy = apv; + D*
Dr= arv,+ D*
where
D, = hydrodynamic dispersion coefficient parallel to the principal direction of flow
(longitudinal) (L¥T)
Dr= hydrodynamic dispersion coefficient perpendicular to the principal direction of
flow (transverse) (L%/T)
v; = average linear flow velocity (L/T)
ar = longitudinal dynamic dispersivity (L)
ar = transverse dynamic dispersivity (L)
D* = effective diffusion coefficient (L/T) = » D,
where
o = flowpath tortuosity factor

D;=molecular diffusion

The hydrodynamic dispersion represents the processes of mechanical dispersion
in moving ground water (¢ v; ) and molecular diffusion. The hydrodynamic dispersion
coefficient is generally dominated by mechanical dispersion in a flowing ground water
environment. Longitudinal or transverse dispersivity values, defined as media
properties, are often estimated on the basis of the transport patterns of a conservative,
dissolved solute tracer. As such, the dispersivity values represent averaged estimates;
tracer concentrations at any one point in the aquifer represent tracer moving in a variety
of ﬂowpaths.

Dispersivity values have been shown to depend on the scale of measurement
(Pickens and Grisak, 1981; Gelhar, 1986). The differences between small scale
measurements and field scale measurements depend on the range of flow conditions

encountered. For instance, a field scale environment generally will have a greater range
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of hydraulic conductivities and ground water flowpaths than a micro-scale flow domain
consisting of only a few pore lengths. The greater range of flow conditions are thought
to contribute to greater dispersion at field scale lengths (Fetter, 1993).

Aquifer transport parameter values may depend not only on the measurement
scale but also upon the flowpath domain in which tracers are migrating. Significant
differences in transport patterns were observed in this project between assumed
conservative solute and polystyrene microsphere tracers. Particle tracer migration
appeared to be defined by flowpaths capable of transmitting the particles. The larger the
particles, the fewer the flowpaths that appeared able to transmit them.

The flowpaths capable of transmitting particles are a subset of those capable of
transmitting a conservative dissolved solute. This subset of flowpaths also appeared to
control the initial arrival of the dissolved tracer (bromide) at the Plant Science Farm site,
since the bromide and polystyrene microsphere tracers appeared to arrive at
approximately the same time. The subset of flowpaths capable of transmitting particles
could also be expected to have significant influence on the initial spread of a
contaminant. ‘

On the basis of the experiments conducted for this project, the use of both
conservative solute and particle tracers may represent a method for evaluating transport
charactenistics in the subset of flowpaths that influence the initial spreading of a
contaminant plume. Estimates of dispersivity values could be made for an aquifer as a
whole, or for aquifer portions capable of transmitting particles of varying diameters.

A numerical model could be used to evaluate averaged transport parameters at
the site. A calibration process using deterministic or stochastic numerical models is
frequently used to estimate transport parameters in the advection-dispersion equation
(Fetter, 1993). The models allow the estimation of advection-dispersion parameters
through an iterative calibration process. Iterative calibration using transport models is
often necessary because of the number of variables and the frequent lack of discrete
parameter measurements (e.g., it is generally not possible to obtain discrete D; and Dy

measurements).
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A numerical model also could be used to evaluate transport characteristics for
different flowpath groups, on the basis of observed particle and dissolved tracer
transport characteristics. Such a numerical model, focusing on transport characteristics
of a heterogeneous environment with multiple ground water flowpaths, was outside the

scope of this project, but should be considered for future work.

11.6 Encapsulated Cell Transport

On the basis of polystyrene microsphere transport patterns it would be expected
that encapsulated cells in the low end of the size range shown in Figure 2.3-1 (e.g., less
than approximately 10-pum in diameter) would also have been tfansported in the Plant
Science Farm aquifer. However, very low concentrations of encapsulated cells were
observed in monitoring well samples. Encapsulated cell transport, as observed with the
PCR analysis, was retarded with respect to bromide and polystyrene microsphere
tracers.

Low apparent encapsulated-Flavobacterium transport rates could be caused by
several factors. These include (1) filtration, (2) analysis error and/or method limitations,
(3) loss of small size fractions during encapsulated cell staining, (4) interaction between
encapsulated cells and aquifer sediments, and/or (5) insufficient injection quantities.

First, it may be possible that encapsulated cells were filtered in aquifer materials.
The larger encapsulated cells (which were as large as Bdlpm in diameter; see Figure
2.3-1) likely would be filtered. However, polystyrene microspheres as large as 15-um
were transported to MW-21 (observed in casing sediments), and thus it would be
expected that at least some transport of the smaller encapsulated cells would have
occurred (casing sediments were not analyzed for encapsulated cells).

Second, analysis error and/or limitations may have resulted in apparent low
encapsulated cell transport rates. Microscopy was not an adequate screening technique
for analyzing multiple samples. |

Injection well samples and internal controls provided confidence in the PCR
method, but only a limited number of ground water samples were analyzed using the
PCR technique because of the technique complexity. Short spikes in the encapsulated
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cell concentrations may have existed in samples not analyzed. However, this seems
unlikely since samples taken a short time after injection were negative; retarded
transport would probably lead to concentration peaks of longer duration, which would
have been detected in the ground water samples analyzed with PCR.

The PCR technique was also only used for ground water samples obtained from
monitoring well MW-21 (tracer test T3) and the associated injection well. Transect C
well samples may have exhibited different transport patterns. Samples from Transect C
wells were not analyzed with PCR because of the complexity and cost (in time) of the
PCR technique.

Third, it may have been possible that significant numbers of smaller encapsulated
cells were inadvertently lost during the acridine-orange staining and decanting process
(See Section 5.10.3). The smallest diameter particles are the least prone to particle
filtration, all other factors being equal, and decanting may have resulted in the
inadvertent loss of some of these smaller particles.

Fourth, interaction between encapsulated cells and aquifer sediments may have
resulted in significant retardation of the encapsulated cells with respect to the more
conservative tracers. No literature reports were found describing agarose interaction
with subsurface sediments. The possibility of encapsulated cell interaction with aquifer
materials merits further study.

Finally, insufficient injection quantities may have led to low concentrations at the
monitoring wells. The initial injection quantities of encapsulated cells could not be
determined from injection well samples. A probable reason for low 2-pum and 5-pm
polystyrene microsphere concentrations was that injection quantities were too low.

Quantifying encapsulated cells under a microscope or detecting encapsulated
cells with PCR was not practical for large quantities of ground water samples. A better
method for evaluating the effectiveness of in situ bioremediation using encapsulated
cells might be to monitor degradation products resulting from encapsulated cell activity.

The encapsulated cell transport results did not provide a full understanding of
encapsulated cell migration at this field site. Furthermore, encapsulated cell transport
patterns could not be correlated with those of polystyrene microspheres. Preliminary
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results suggest that the transport of agarose-encapsulated Flavobacterium was retarded
with respect to polystyrene microspheres. Greater retardation may indicate that
encapsulated cells were filtered by or adsorbed to aquifer sediments more than
polystyrene microspheres.

General polystyrene microsphere transport characteristics, such as the observed
transport patterns in a heterogeneous environment, help to suggest some possible
encapsulated cell transport patterns. Tracer test results revealed that 2-pm-, 5-pm-, and
15-um-diameter polystyrene microspheres were transported at least some distance in the
Plant Science Farm aquifer. Analysis of sediments removed from the bottoms of wells
revealed that 5-um spheres had been transported to most wells; 15-pum spheres were
observed in well bottom sediments removed from MW-21.

Particle transport appeared to have been restricted to preferential aquifer
flowpaths. Preferential flowpath thicknesses, estimated on the basis of tracer transport
velocities, indicate particle transport in less than approximately 0.5 to 5% of the
assumed 152-cm aquifer thickness. On the basis of these observations it is likely that
encapsulated cell transport would also be limited to those preferential aquifer flowpaths
capable of allowing the passage of polystyrene microspheres. Encapsulated cells
migrating in preferential flowpaths would thereby be excluded by size from other
portions of an aquifer containing contaminants.

In summary, encapsulated cell transport patterns at the Plant Science field site
could not be defined well on the basis of the encapsulated cell transport results.
Polystyrene microspheres do not ai)pear to represent an acceptable analogue for the
encapsulated cells, since encapsulatéd cell transport appeared to be retarded with
respect to microspheres. However, it appears that the use of polystyrene microspheres
can be very helpful in defining general transport pattemns, such as the migration in
Spemﬁc preferential flowpaths. Usmg polystyrene microspheres to evaluate the role of
aquifer heterogeneltles may thus assist in the use of both encapsulated cell and free cells

for in situ bioremediation efforts. _



11.7 The Use of Encapsulated Cells for In Situ Bioremediation

The general purpose of this project was to investigate particle transport
characteristics to aid in the development of encapsulated cell biodegradation methods.
'.["his section addresses the potential use of encapsulated cells for in sifu biodegradation
on the basis of the transport studies described above.

The design of an in situ bioremediation system in a heterogeneous field
environment using encapsulated cells must take into account the influence of aquifer
heterogeneities and encapsulated cell transport characteristics. Factors influencing a
bioremediation design using encapsulated cells would depend on specific aquifer and
contaminant characteristics.

There are, however, some general considerations for the use of encapsulated
cells in a heterogeneous environment that can be drawn from the results of this research.
Encapsulated cell microbeads or the encapsulated cells themselves would need to come
into contact with the ground water contaminant. This means that ground water carrying
a dissolved contaminant would need to come into contact with encapsulated cell
microbeads contained in (by filtration or adsorption) preferential flowpaths, or
individual cells from the microbeads would need to be released from the microbeads so
that they can be transported to aquifer zones from which microbeads are excluded.

There are several ways in which this might be done. Strategies for using
encapsulated cellsina heterogenéous environment might include (1) establishing a
recirculating flow system, (2) designing encapsulated cell beads for microbial release,
and (3) using encapsulated cell beads in a “microbial curtain” design.

First, a recirculation system, Such as the system used in the tracer tests
conducted for this project, would allow for the repeated contact of encapsulated cells
and contaminated water. Encapsulated cell microbeads could be designed for continued
transport, or they could be designed with encapsulation materials that would lead to
filtration and/or adsorption. Contaminated, recirculating water would come into contact

with encapsulated cells even if the microbeads containing encapsulated cells were



transported a only very short distance from the injection well, and if the microbeads
were limited to preferential ground water flowpaths. A recirculating flow system would
also allow for above-ground treatment of other contaminant constituents.

A second strategy might be to design microbeads containing encapsulated cells
for the eventual breakdown and release of the encapsulated cells. Temporary
encapsulation might allow a sufficient acclimation period for newly-introduced cells in
the subsurface. Released individual cells might then migrate to portions of the aquifer
that would exclude the entire encapsulated cell microbeads. However, the encapsulated
materials could eventually break down, leading to the further transport of microbead
fragments or released cells. Also, some cell reproduction may occur on the bead
exterior. These processes could lead to the release, further transport, and numeric
amplification of cells capable of contaminant degradation.

Third, encapsulated cells could possibly be injected into the ground to form a
“microbial curtain” in advance of a migrating contaminant plume. Contact between the
contaminant and the encapsulated cells would occur as the contaminant migrated
toward and into the microbial curtain. Nutrient and/or energy sources contained in the
encapsulated cell nﬁcrobea;ls would help maintain cell survival until the arrival of the
contaminant plume.

In summary, preliminary results of these experiments indicate limited transport
of encapsulated cells. A recirculaﬁng treatment system design, such as that used for this
project, would allow for repeated contact between a dissolved contaminant and filtered
and/or adsorbed encapsulated cells. The effectiveness of such a system might be tested
with a pilot-scale system at a contaminated site. This might allow the effectiveness of

encapsulated cell degradation to be monitored by actual contaminant degradation rates.





