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FOREWORD

The Awwa Research Foundation is a nonprofit corporation that is dedicated to the implementation of
a research effort to help utilities respond to regulatory requirements and traditional high-priority
concerns of the industry. The research agenda is developed through a process of consultation with
subscribers and drinking water professionals. Under the umbrella of a Strategic Research Plan, the
Research Advisory Council prioritizes the suggested projects based upon current and future needs,
applicability, and past work; the recommendations are forwarded to the Board of Trustees for final
selection. The foundation also sponsors research projects through the unsolicited proposal process;
the Collaborative Research, Research Applications, and Tailored Collaboration programs; and
various joint research efforts with organizations such as the U.S. Environmental Protection Agency,
the U.S. Bureau of Reclamation, and the Association of California Water Agencies.

This publication is a result of one of these sponsored studies, and it is hoped that its findings
will be applied in communities throughout the world. The following report serves not only as a
means of communicating the results of the water industry’s centralized research program but also as
a tool to enlist the further support of the nonmember utilities and individuals.

Projects are managed closely from their inception to the final report by the foundation’s staft
and large cadre of volunteers who willingly contribute their time and expertise. The foundation
serves a planning and management function and awards contracts to other institutions such as water
utilities, universities, and engineering firms. The funding for this research effort comes primarily
from the subscription program, through which water utilities subscribe to the research program and
make an annual payment proportionate to the volume of water they deliver and consultants and
manufacturers subscribe based on their annual billings. The program offers a cost-effective and fair
method for funding research in the public interest.

A broad spectrum of water supply issues is addressed by the foundation’s research agenda:
resources, treatment and operations, distribution and storage, water quality and analysis, toxicology,
economics, and management. The ultimate purpose of the coordinated effort is to assist water

suppliers to provide the highest possible quality of water economically and reliably.
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The true benefits are realized when the results are implemented at the utility level. The foundation’s

trustees are pleased to offer this publication as a contribution toward that end.

Edmund G. Archuleta, P.E. James F. Manwaring, P.E.
Chair, Board of Trustees Executive Director
Awwa Research Foundation Awwa Research Foundation
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EXECUTIVE SUMMARY

SUMMARY

The project is the first study to investigate the transport of a Cryptosporidium surrogate
under field conditions. Polystyrene microspheres of similar size (4-6 pm) as Cryptosporidium
oocysts were used to spike a defined area in a cattle grazing field site with borehole wells
instrumented with zero-tension lysimeters and pressure transducers. The polystyrene microspheres
were detected and counted using epiflorescence microscopy. The groundwater flow at the field site
was characterized using state of the art geophysical surveys and the hydrology (rainfall, soil water,
groundwater flow and evapo-transpiration) was followed for a period of approximately one year.
The transport of the surrogate microspheres was followed by periodic sampling at the zero-tension
lysimeters, monitoring wells and a perennial spring.

The field study was complemented by column studies in the laboratory under controlled
conditions. The column studies focused on transport of surrogate microspheres through well
characterized sand media and so1l media from the field site. The column studies produced numerical
values for parameters used for a one-dimensional transport model. The model was tested for the

column configuration and the field site.
RESEARCH OBJECTIVES

This project focuses on field studies of colloidal-sized particle transport (similar to C.
parvum) through unsaturated soils at a small catchment used for cattle production. Known
quantities of polystyrene microspheres, manufactured with properties similar to C. parvum, and a
bromide tracer were applied in specific areas of a small catchment and monitored for breakthrough
at an on-site perennial spring. Microspheres were used as surrogates of microorganisms in this field
study. The focus on cattle grazing areas stems from the findings that many large-scale outbreaks of
Cryptosporidiosis have been attributed, at least in part, to contamination of surface waters by cattle
excreta. Though previous work has been done to characterize the surface water pathway, the intent
of'this study is to focus on subsurface transport of oocysts at the field scale. This is a topic which is

not well researched or understood.
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The overall goal of the proposed research is to investigate the near-surface transport of C.
parvum surrogates in the vadose zone of cattle production systems. This project is designed to
improve our knowledge of the mechanisms and processes that contribute to contamination of small
streams and shallow groundwater from these microorganisms using surrogate particles. The

following specific objectives are designed to couple field-scale studies, with mathematical modeling.

Field Characterization Studies

1. Instrument specific areas of a small catchment used for cattle grazing and quantify shallow
subsurface flow.
2. Conduct tracer experiments at the catchment using microspheres, and a second non-reactive

tracer, placed beneath the soil surface to promote interflow transport.

3. Conduct post-tracer sampling of soil at the field site for mass balance estimates.
Modeling Studies
1. Improve approaches to modeling the transport of oocysts in unsaturated soils using existing

water flow and transport models, and incorporating concepts of trajectory theory. Results of

the modeling studies can be used to simulate microsphere transport at the field site.

The study is a first step in assessing the transport of Cryptosporidium oocysts in watersheds

under field conditions.

APPROACH

The project included a literature review and gathering of background information of the field
site and a preliminary geophysical survey conducted at the base of the catchment area used as the
field site. The project was divided into four tasks: site characterization, field tracer studies,
laboratory column studies, and numerical simulation of microsphere transport. The site
characterization task required the installation of monitoring devices, so that components of the

hydrologic water budget (e.g., soil water storage, ground water flow, etc.) were quantified. The field
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tracer studies involved the use of a non-invasive, bromide tracer to better understand dispersion and
pore water velocity at the site, and the use of latex polystyrene microspheres as a surrogate to
Cryptosporidium oocysts. A sequential water sampler was installed at the mouth of a perennial
spring and a flow-through centrifuge was used to collect the colloids including the microspheres
from large volumes of water. Column studies were used to develop numerical values for parameters
used in the simulation models for microsphere transport. The numerical simulation task included
incorporation of concepts of trajectory theory into an existing, variably saturated flow model.

Results of the field tests were used as input to the one-dimensional simulation model.

RESULTS AND CONCLUSIONS

The major contribution and conclusions of the project are:

1. Improvements in field sampling and measurements for a surrogate used for
Cryptosporidium parvum have been developed for field transport studies and
laboratory column studies.

2 The vertical migration of polystyrene microspheres in the column studies was
minimal. This suggests that migration of Cryptosporidium parvum oocysts
through fine-textured soils is likely to be minimal.

3 Since a few microspheres were detected on a few occasions at sampling sites of
the field, especially after rainfall events, the data suggests that a very small
number of these surrogate particles travel through preferential flow paths at field
sites.

4. The parameters measured from column studies were used as input variables in a
1-D hydrological (HYDRUS-ID) transport model, and indicated that reasonable
predictions could be made on soil water content and the limited movement and
depth penetration of solutes (surrogate particles) would occur based on antecedent

water storage and precipitation.

XIx



CHAPTER 1
INTRODUCTION AND BACKGROUND

INTRODUCTION

The focus of the new drinking water regulations in the U.S.A over the last decade of the
last millennium has been to minimize and balance the health risks associated with the microbial
pathogen, Cryptosporidium, and the cancer causing risks of disinfectants and disinfection-by
products, such as the trihalomethanes and haloacetic acids. One of the significant regulations
derived from the 1996 Amendments of the Safe Drinking Water Act was the Enhanced Surface
Water Treatment Rule (ESWTR), which seeks to provide protection against Cryptosporidium.
The rule has progressed through three stages, interim, long-term 1 and long-term 2 (LT2
ESWTR) and the final LT2 ESWTR is expected to be promulgated in 2002. The requirements of
the LT2 ESWTR will apply to all public water systems that use surface water or groundwater
under the direct influence of surface water. The Federal Advisory Committee that negotiated the
proposed regulation, recognized the importance of providing additional protection against
Cryptosporidium, based on the results of a monitoring program to determine the concentration of
this organism in source waters (Pontius, 2001).

One of the viable options of meeting the provisions of the LT2 ESWTR and minimizing
the risk associated with Cryptosporidium in drinking water is to use a multiple barrier approach
in water treatment process trains including watershed protection and filtration. There has been
little or no published literature on a quantitative approach to assess the transport of this organism
through soil under real world field conditions. Transport can occur in surface runoff, via the
vadose zone in unsaturated flow and in groundwater. It is also important to determine the extent
of transmission of this organism in a variety of geological formations such as sand, fine-grained
soils and formations having preferential flow paths. Thus, the research has to integrate
knowledge from hydrology, soil science and mathematical transport analysis. The overall goal
of this project is to initiate this fundamental understanding of the process that leads to transport
of this organism through surface and groundwater under field conditions, so that a significant

impact can be made in protecting the public health of communities.



SIGNIFICANCE OF CRYPTOSPORIDIUM

The presence of microbial pathogens, specifically Cryptosporidium parvum (C. parvum),
has been recognized as a significant health hazard when found in drinking water supplies. In the
last two decades, several cases of waterborne gastroenteritis have been attributed to C. parvum.
Toward the late 1980's, the occurrence and size of outbreaks attributed to C. parvum began to
increase. In 1987, an estimated 13,000 people in western Georgia were afflicted with
gastroenteritis caused by C. parvum (Hayes, et al., 1989b). In April, 1993, the largest reported
C. parvum outbreak occurred in Milwaukee, Wisconsin, where 400,000 people were sickened,
and over 100 persons died as a result of contamination of the public drinking water supply
(MacKenzie et al., 1994). Other, smaller outbreaks have been attributed to insufficient treatment
of contaminated surface water and the contamination of groundwater wells by sewage effluent.

These pathogens are a major concern of water treatment because they are considered
ubiquitous in surface waters in the U.S. (LeChevallier et al., 1991). In one survey of water in the
Western U.S., Rose (1988) found C. parvum oocysts in more than 75% of lakes and rivers.
Another study by Hancock et al. (1997) used samples collected from a variety of subsurface
environments to show that C. parvum and Giardia lamblia were present in 20% and 14% of
springs, respectively. Higher percentages were recorded in horizontal wells and infiltration
galleries. The surface properties of the oocysts, such as zeta potential and hydrophobicity affect
their adhesion on filter media and soil particles in subsurface flow (Drozd and Schwartzbrod
1996). However, these pathogens are extremely difficult to inactivate by disinfection with
chlorination. Conventional water treatment technologies which rely on coagulation,
sedimentation, and filtration followed by disinfection, provide several barriers to transmission of
00CysSts.

In rural areas where sophisticated treatment technologies are not always used to treat
drinking water, humans can more frequently be exposed to these organisms leading to
gastroenteritis. This may be especially true if cattle grazing is practiced in these rural areas,
given that high density agricultural areas with cattle pastures have been shown to contain high
levels of C. parvum oocysts (Madore et al., 1987). In several cases, direct causal links were

made between the presence of cattle and illness in humans (Miron et al., 1991; Lengerich, et al.,



areas, where cattle paddocks and winter calving areas are penned at high stocking rates, often
exceeding the ability of the pasture to provide forage. These heavy use areas represent a possible
source of stream contamination, and possibly a pathway for human contact. These cases indicate
that ingestion by humans of inadequately treated water, contaminated by run-off from cattle
manure, can increase the risk of these waterborne diseases.

It is commonly understood that leaching by water is the primary mechanism of material
translocation through the soil profile. Dissolved constituents, colloidal particles in suspension
and larger particles not in suspension are carried downward through the soil fabric following
precipitation events. The rate of translocation depends on a number of factors, including
precipitation and infiltration rates, topography, presence of root holes or other preferential flow
paths, and the characteristics of the migrating constituents, to name a few (Powelson and Gerba
1995). Under higher flux conditions, such as those that occur during precipitation events, flood
irrigation of agricultural fields or periodic disposal of waste water in an evaporation basin, a
larger portion of water will travel through larger pores, where a significantly higher number of
microorganisms will also travel through the soil profile (Jury, Gardener and Gardener 1991). As
the flux rate decreases, larger pores cease transmitting water first, and straining leads to
decreased transport rates (Jacobsen et al. 1997). This transient phenomenon could be responsible
for deeper penetration of microorganisms into the soil profile, especially, if flooding occurs or if

preferential flow pathways exist in the profile.

PROJECT RATIONALE

Studies have identified the presence of C. parvum in ground water environments (wells,
springs, seeps, etc). It is generally assumed that shallow saturated water environments are
greatly influenced by the hydrologic processes in the vadose zone. Moreover, the diversity of
environments where C. parvum was shown to be present raises the question of whether and
under what conditions these parasites can travel through soil material, and toward the water table
or directly into discharge points. Conducting a field experiment at a site with a dynamic
subsurface flow system could provide information on conditions that would promote, discourage

or prevent the deep penetration of C. parvum into ground water environments.



The overall rationale of this research was to study the movement of C. parvum surrogates
(e.g., latex polystyrene microspheres) through undisturbed soil material in the vadose zone of a
small catchment. The catchment was characterized using a variety of techniques that included
high intensity data collection of water fluxes into and out of well defined catchment boundaries.
Using these techniques and the data collected, a full water balance was developed, so that the
significance of soil water flow and transport on ground water discharge could be ascertained.
Samples collected from the field were also used in column studies under more controlled
conditions to characterize the filtration and detachment properties of the flow system, allowing
these parameters to be used in 1-D and 2-D numerical models of water flow and particle
transport. Both the site-specific data collection and transport experiments, coupled with the
more general laboratory experiments, provide a data set under which the transport phenomena of

Cryptosporidium surrogates can be studied.

RESEARCH OBJECTIVES

This project focuses on field studies of colloidal-sized particle transport (similar to C.
parvum) through unsaturated soils at a small catchment used for cattle production. Known
quantities of polystyrene microspheres, manufactured with properties similar to C. parvum, and a
bromide tracer were applied in specific arcas of a small catchment and monitored for
breakthrough at an on-site perennial spring. Microspheres were used as surrogates of
microorganisms in this field study. The focus on cattle grazing areas stems from the findings
that many large-scale outbreaks of Cryptosporidiosis have been attributed, at least in part, to
contamination of surface waters by cattle effluent. Though previous work has been done to
characterize the surface water pathway, the intent of this study is to focus on subsurface transport
of oocysts at the field scale. This is a topic which is not well researched or understood.

The overall goal of the proposed research is to investigate the near-surface transport of C.
parvum in the vadose zone of cattle production systems. This project is designed to improve our
knowledge of the mechanisms and processes that contribute to contamination of small streams
and shallow groundwater from these microorganisms. The following specific objectives are

designed to couple field-scale studies, with mathematical modeling.



Field Characterization Studies

1. Instrument specific areas of a small catchment used for cattle grazing and quantify
shallow subsurface flow.
&, Conduct tracer experiments at the catchment using microspheres, and a second non-

reactive tracer, placed beneath the soil surface to promote interflow transport.

3. Conduct post-tracer sampling of soil at the field site for mass balance estimates.
Modeling Studies
i Improve approaches to modeling the transport of oocysts in unsaturated soils using

existing water flow and transport models, and incorporating concepts of trajectory theory.
Results of the modeling studies can be used to simulate microsphere transport at the field

site.

The study is a first step in assessing the transport of Cryptosporidium oocysts in

watersheds under field conditions.
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CHAPTER 2
MATERIALS AND METHODS

FIELD SITE DESCRIPTION

Location and Land Use

Field research was performed at the J. Phil Campbell, Sr., Natural Resource Conservation
Center, in Watkinsville, Georgia. The laboratory and center are operated by the Agricultural
Research Service (ARS) of the U.S. Dept. of Agriculture. The site is located within the Upper
Oconee River Basin, in the Southern Piedmont region, which has been identified through the
Unified Watershed Assessment process as being a high priority watershed in the state of
Georgia, based primarily on high fecal coliform counts. The Southern Piedmont region is
characterized by rolling topography with abundant precipitation and surface water resources, and
a landscape of forest, woods, pasture, cropland, creeks, streams and urban sprawl.

The research location consists of a 10-hectare (ha) catchment designated as W2, within
the North Unit Watershed of the ARS facility (Figure 2.1). The catchment is used for rotational
grazing of a pure-bred Angus herd to maintain the soils and hydrology in a state representative of
Southern Piedmont grazing lands. The Conservation Center has maintained a research cattle
herd for over 25 years. The current herd consists of 250 breeding cows and a total of 500-700
cattle at any given time. The calving season is in late winter (February-March). Calves are
weaned in the fall and most of the heifer calves are sold. The steer calves are retained for
experiments during the subsequent year and are sold at about 20 months of age. The retained
heifers are developed as replacement heifers for culled cows. The Conservation Center uses its
own bulls for breeding. No more than 200 head of cafttle (cows + calves) are expected to graze
in the W2 catchment at one time. Scheduling allows the cattle to be moved to the W2 catchment
approximately every six weeks, where they graze for approximately one week before moving to
other pastures. The grazing interval and duration depends on the forage growth. The catchment

is not used for calving or weaning,



Physiography, Soils and Geology

Topographic slopes at W2 generally range from 2-10%. Soils are predominately Cecil
and Pacolet sandy loam and sandy clay loam, derived from underlying and weathered schist,
gneiss and granite. Bedrock depth varies from approximately 3 to 30 meters below ground
surface; however, some outcroppings of saprolite (weathered crystalline rock) are visible in the
area. Bruce et al. (1983) characterized the hydraulic properties of the soil in the West Unit,
which includes the W2 catchment. Their characterization included the determination of soil

water retention curves and saturated hydraulic conductivity.

Hydrology

The average annual precipitation is 125 centimeters (cm) (49.2 inches), and mean annual
temperature is 16.5°C. The rainfall is distributed throughout the year, but greatly exceeds
evaporation in the winter months, leading to saturated soils with a high probability of runoff/or
drainage through the profile. The summer time precipitation is characterized by higher intensity,
convective thunderstorms. Variable dry periods occur in most summers, where soils are depleted
of stored water. Recharge occurs rapidly to depths exceeding one meter (m). Ground water
level in calendar year 2000 varied from about seven meters below ground surface at the higher
elevation of W2, to within one meter below ground surface near the spring.

The North Unit Watershed includes headwaters of a first-order stream that originates on
the property, with water coming from different ecosystems including pastures, crop land, farm
roads, and woods. The stream flows into and out of a pond, near the outlet of the property, then
into a residential area less than 1 kilometer (km) away increasing in order as other streams join
from the surrounding areas. It eventually enters into Lake Oconee, a large hydroelectric and
recreational reservoir. A unique characteristic of the W2 catchment is the presence of numerous
seeps. Three of these seeps are large enough to form measurable and largely perennial spring
flow. The strongest of these springs has been monitored by ARS for E. coli and was selected for
continuous monitoring in this project. An approximately 40- by 30-m site just above this spring
was intensely instrumented to quantify the hydrologic balance, and was used for the nonreactive

tracer and microsphere bead field transport studies.



FIELD CHARACTERIZATION STUDIES
Geophysical Surveys
Background and Methods

On November 29, 1998, a surface geophysical survey was conducted to obtain preliminary
estimates of depths to the water table and underlying bedrock. The survey was conducted under
the direction of Dr. Carolyn Ruppel (School of Earth and Atmospheric Sciences, Georgia Tech).
Drs. Young and Endale, along with two graduate students from Georgia Tech, and other
technical personnel from USDA-ARS, participated in the survey. Three geophysical methods
were chosen: Terrain conductivity measurements with instrument no. EM-31, ground-
penetrating radar (GPR), and DC resistivity. The EM-31 (Geonics Ltd., Mississauga, Ontario,
Canada) method is a non-invasive, surface geophysical technique, which uses electromagnetic
energy to measure the apparent electrical conductivity (ECa) of earthen materials. It can be used
to infer changes in soil water content (Sheets and Hendrickx 1995) under specific field
conditions (e.g., uniformity in clay content and salinity). The effective depth of penetration is
approximately 3.0- and 6.0-m for horizontal and vertical orientations (McNeill 1992), depending
mostly on the height of the unit above the soil surface. Conductivity data were collected in both
vertical and horizontal dipole modes on two grids with 5-m spacing between nodes. The data
were inverted to obtain the depth to the critically saturated layer using the exact inversion

technique of McNeill (1980):
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where z = depth to a subsurface interface between unsaturated and saturated material;
v = vertical dipole modes 4 -horizontal dipole mode
o = apparent electrical conductivity (ECa)
sub-scripts a, 1, and 2 = ECa values measured with the EM-31 and assumed for layers |
and 2, respectively

s = distance between source and detector (3.7m for EM-31)

The parameters assumed were two-layer model and ¢ = 1 mS/m (obtained using the
GPR). The ECa value for the lower layer (0 ;) was changed until the root mean square error
(RMSE) of the difference between Z, and Z, was minimized, at which point both horizontal and

vertical modes were assumed to converge to the same value of interface depth:
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Ground-penetrating radar involves the introduction of radar waves directly into the
ground through a transmitting antenna and reception of the returned signal through a receiving
antenna. GPR has proven to be a powerful tool for defining soil stratigraphy, locating the water
table, and constraining shallow drainage features. For this work, 50 MHz and 100 MHz antenna
configurations were the most useful and will nominally yield 8 tol0-m and 5-m penetration,
respectively. GPR data are collected in bistatic mode, which produces an image of the
subsurface similar to that generated by reflection seismic methods. GPR data collection is fast
and completely nondestructive, requiring only that the antenna be moved by the operator over
relatively cleared areas at even increments.

The DC resistivity survey was implemented as a Schlumberger vertical electrical
sounding (VES). The VES method provides constraints on simplified layered structure to depths
of tens of meters (e.g., possibly up to 30-m based on preliminary surveys at some Piedmont
sites). The method uses four electrodes (1.25-cm diameter) driven 15- to 20-cm into the ground.
Small currents are introduced and the resulting potential differences between the electrodes are

measured digitally. The electrode configuration is then shifted and the test is rerun. Inversion of
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Schlumberger data yields information about depth to bedrock (overburden thickness), soil
stratigraphy, and water table depth. The Schlumberger survey was conducted along a ~175-m

N-S line at the east side of the study area.

Instrumentation

Figure 2.2 shows an idealized, 2-dimensional cross-section of the area in the immediate
vicinity of the spring with instrumentation. The figure shows three instrumentation clusters,
each with monitoring wells, TDR probes and tensiometers. Zero tension lysimeters were located
beneath the injection ring for sampling both bromide and microspheres. The suite of instruments
allowed for monitoring of soil water flow direction, soil water storage and the presence of tracers

during those experiments.

Earthworks

Early in the location’s history, ARS had developed a pond immediately downstream of
the springs and seeps by excavating an area of approximately 0.5-ha and using it as a water
source for cattle and perhaps irrigation. In time, the pond filled in, and now acts as a wetland.
The discharge point is a culvert under the access road immediately west of this pond. It was first
necessary, therefore, to excavate a channel through the wetland to allow free flow at and from
the main spring and install a flume that would not become submerged, and hence bias spring
flow measurement.

Runoff from W2 flowed over the springs into the wetland and subsequently through the
culvert. It was necessary to remove the influence of runoff on spring flow and potential surface
transfer mechanism from the selected small research plot. A berm was, therefore, constructed
using material from the channel excavation to allow runoff from about 90% of W2 to bypass the
springs and wet land, and discharge just upstream of the culvert. This would permit
measurement and better characterization of runoff from 90% of W2 as it enters the culvert.
Runoff from about 10% of W2 still entered the wetland but did not affect flow measurement at
the main spring nor overland flow patterns at the selected 40- by 30-m research plot. The berm,

springs and wetland area were then fenced off from cattle.
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Flume, Logging and Sampling Equipment

The next phase of the site work consisted of installation of a measuring flume, data
logging equipment and a water sampler. Figure 2.3 shows a front view of this apparatus. The
data logger (model CR-10X, Campbell Scientific, Inc., Logan, UT), mounted on a pole and
secured using a padlock, was used for storing discharge measurements, and for controlling the
water sampler. A battery and solar charging system (model SM10, Atlantic Solar Products,
Baltimore, MD), was used to power the data logger. Just below the pole, a concrete pad was
constructed as base for a wooden shelter built to house the water sampler (mode! 900 MAX,
American Sigma, Medina, NY). The shelter was bolted to the concrete pad, providing a level
and secure location for the water sampler. The sampler was completely automated and could be
programmed to collect water samples at any time interval desired, initiated by rainfall, flow
exceeding a presct rate, or dates. Water volume collection ranges from one composite sample of
up to 10 liters, to 24 separate composite samples from 300 ml to one liter, for each event.
Samples were collected through a 0.95-cm (3/8 inch) diameter 9.15-m (30 foot) teflon tubing, at
the outlet of the flume and stored in 300 ml bottles. The water sampler accounts for “dead
volume” in the tubing by purging the line before and after collection of the actual sample.

A 0.33-m (1-ft) H flume was then installed to monitor spring flow. The supporting
structure was built from a series of aluminum I-beams, pressure treated lumber, sheet metal and
concrete blocks. A retaining wall constructed of treated timber protected the flume and sampler
from soil slumps immediately upstream. A cover, consisting of wood and screen material, was
added to prevent intrusion of animals into the flume. A pressure transducer (model PDCR-1830-
8388, Druck, Inc. New Fairfield, CT) inserted in the flume stilling well and wired to the data
logger was used to measure the spring flow depth above the flume base. Calibration procedures
(head versus flow) for the flume were developed according to the Field Manual for Research in
Agricultural Hydrology (U.S. Department of Agriculture, 1979) for higher flows. Calibration of
low flows was refined with independent flow measurements using 10-liter buckets and a timer.
The data logger was programmed to execute every 10 seconds and record the average flow depth
and flow rate every 5 minutes. These data were then used to develop the spring hydrograph. All
of the wiring for the data logger, pressure transducer, solar panel, and water sampler was placed

in conduit to prevent damage from animals,
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Instrumentation for Measuring Components of the Water Budget

The instruments used to measure components of the water budget are listed in Table 2.1.
These measurements included precipitation, evapotranspiration, soil water and potential, and

ground water table, and are described below.

Table 2.1

Breakdown of instruments for measuring components of the water budget

Component Device Vendor Number and Location
Rainfall Rain gauges CSI, Logan, UT 3:<400m
Evapotranspiration ~ Weather station CSI, Logan, UT 1;<2km

Spring flow
Interflow
Groundwater level

Soil water content

Soil water tension

0.3-m H flume
0.3-m H flume
Wells

MoisturePoint

Tensiometers

Leather Inc, Athens, GA
Leather Inc, Athens, GA
Tweedell and  Van
Buren, Inc., Athens, GA
Environ. Sensor, Inc.,
Victoria, BC, Canada

Soil Measure. Systems,

Tucson, AZ

1, base of watershed

1, base of watershed

16;  upgradient  of
spring

5; onsite in vicinity of
subplot

13; onsite in vicinity of

subplot

Precipitation and evapotranspiration

Precipitation was initially measured at two nearby locations using rain gauges (model
TR525M, Texas Electronic, Inc.). One measurement site was approximately 160-m SE of the
spring, and the second site was approximately 800-m west of the spring. The rain gauges were
used for an unrelated study, but the precipitation rates were transferable to W2 with little error.
For more accurate water budgeting of the research subplot, however, a similar gauge was added
closer to the site, so that data could be collected directly by the data logger. The data logger
program was modified to include total precipitation, collected at S-minute intervals. Daily

potential evapotranspiration was calculated by the Penman-Monteith method using the Reference
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Evaporation Calculator (Allen, 1994). Evapotranspiration data were obtained from a standard

weather station operated by the University of Georgia, approximately 2 km west of the site.

Soil water content

Soil water content was measured at 5 locations using the MoisturePoint system (model
MP-917, ESI, Victoria, British Columbia, Canada). Each probe is 1.2-m long and measures soil
water content in 5 segments: 0-15, 15-30, 30-60, 60-90, 90-120 cm. The system measures the
soil capacitance, which is calibrated for soil water content. Measurements are made through a
portable interface and then downloaded to a computer. These sensors were used to estimate soil
water storage, possibly indicating when saturated conditions occurred in the shallow soil. Probes
are installed by advancing a solid steel rod template (1-cm diameter) to the target depth using a
tractor mounted hydraulic soil sampling, coring and drilling machine (model GSR-T-S, Giddings
Machine Company, Ft. Collins, CO). The machine is powered by tractor PTO through a pump
and drive assembly. The rod is removed and the probe is pushed into place, ensuring that air

gaps around the probe are minimized.

Soil water potential

Soil water potential was measured using tensiometers (models SW-031 through SW-036,
Soil Measurement Systems, Tucson, AZ). Tensiometers varied in length between 23, 46 and 107
cm (0.75, 1.5, 3.5 ft). One cluster of up to three tensiometers (13 total) was installed close to
each ESI probe so that simultaneous measurements of soil water content and soil water potential
could be obtained. The 23-cm-long tensiometers were installed at only three locations. The
tensiometers were installed approximately 10-cm apart from one another in a triangular pattern
to facilitate protection of the units with a cover. The triangular pattern also allows the
tensiometers to be equidistant apart, improving the determination of hydraulic gradient.
Tensiometer tops were positioned about 3 cm above ground surface and covered with 15-cm
PVC cap.

Tensiometers were installed by first augering (1.25-cm diameter) a borehole to the

completion depth. Second, a heavy slurry composed of sieved native material was placed at the
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bottom of the borehole. Third, tensiometers were lowered into the borehole and backfilled with
cuttings to reduce the potential for preferential flow along the tensiometer body. A portable
pressure transducer connected to a digital readout screen (tensimeter, Soil Measurement
Systems, Tucson, AZ) was used to measure soil water tension at each tensiometer. When the
transducer probe is placed over a tensiometer, a needle penetrates a stopper at the tensiometer
and the vacuum inside the tensiometer is measured and digitally displayed in millibars (1

millibar =1 cm).
Ground water level

A total of sixteen wells were installed during two field campaigns to obtain ground water
level and hydraulic gradient information in the vicinity of the spring. Eleven wells were installed

during the first campaign and five during the second. Table 2.2 provides well construction

details, and Figure 2.4 shows the well locations.
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Table 2.2

Details for the sixteen 1-inch and two 2-inch wells installed at the monitoring site.

Length of Length of Total Length Total Well ~ Total Well
Well #1 Screen Solid Length Cut off Depth Depth

(cm) (cm) (cm) (cm) (cm) (ft)
1 457.2 0 457.2 9.7 447.5 14.68
2 304.8 152.4 457.2 134.5 322.7 10.59
3 457.2 0 457.2 86.8 370.4 12.13
4 304.8 152.4 457.2 103.5 3537 11.60
5 304.8 152.4 457.2 11.4 445.8 14.63
6 304.8 304.8 609.6 12.5 597.1 19.59
7 304.8 304.8 609.6 232 586.4 19.24
8 304.8 304.8 609.6 64.8 544.8 17.87
9 304.8 304.8 609.6 31.5 578.1 18.97
10 304.8 152.4 457.2 48.0 409.2 13.43
11 304.8 304.8 609.6 33:7 575.9 18.89
12 457.2 0 457.2 2.0 455.2 14.9
13 457.2 0 457.2 2.0 455.2 14.9
14 457.2 0 457.2 2.0 455.2 14.9
15 457.2 0 457.2 2.0 455.2 14.9
16 609.6 0 609.6 91.0 518.6 17.0
MWI1tt 131.1 63.5 194.6 0 274.5 9.0
MW21t  131.1 116.9 248.0 248.0 254.2 8.3

T PVC screens and solids came in standard length of 5 or 10 ft. This is what was sticking above
ground after initial installation, which was then cut off to keep the well tops at ground level.
11 These monitoring wells had 2-inch solid, screened and solid PVC sections. Length of solids

refers to that above screen.
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The wells were installed at a spacing of approximately 9 m, covering a total area of about
31 m (west to east) by 38 m (north to south). All wells were installed by Tweedell and Van
Buren, Inc. (Athens, GA) using a direct-push drilling rig. Borehole diameter was 3.81 ¢m (1.5
inches), into which were placed 2.54-cm (l-inch) diameter, schedule 40 PVC well pipes
consisting of a machine drilled screen (#0.001) 305- to 610-cm (10 to 20 ft) length at the bottom
attached to solid riser pipe that reached the surface. Given the very small annular space between
the outside of the well pipe and the inside wall of the borehole, only a small amount of graded
sand was used for backfill. The solid pipe extending above ground was then cutoff and the well-
head was secured with concrete and a 15-cm PVC well cover, The wells were not developed
because they were used only to monitor water level and not the concentration of either bromide
or microspheres. Water level measurements were obtained using an electronic indicator (model
WLT, Ben Meadows, Atlanta, GA). All wells were GPS surveyed and referenced to the state-
wide coordinate system. Depth to the water table was taken from and referenced to the well
tops.

After monitoring water levels in the first set of 11 wells located on the north side for
several months, is was determined that the source of the spring water was predominantly from
the southern portion of this subplot. Consequently, five additional wells (2.54-cm (l-inch)
diameter) were installed along the southern edge of the plot boundary. After studying the
direction and magnitude of the gradient using data from all 16 wells, it appeared that ground
water flowing beneath the original southern boundary of the monitored plot was most likely the

source of the main spring.

Instrumentation for Tracer Studies

Several instruments were installed in the field to directly support the conservative tracer
(bromide) and microspheres transport experiments. These devices included two monitoring
wells, six zero-tension lysimeters, a bromide specific ion electrode, and a flow-through

centrifuge.
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Monitoring wells

Based on the measurements of ground water level obtained from the 16 wells, the
injection area for the study was chosen approximately 10-m upgradient of the spring. Two
conventional 5.08-cm ID (2-inch) monitoring wells were then constructed along the southern
boundary of the subplot, for subsequent water sampling and analysis during the tracer study (see
bottom, Table 2.2). These wells were constructed according to EPA procedures for water
sampling wells (U.S. EPA 1986). Installation consisted of drilling a 15-cm diameter borehole
using a solid-stem auger to the desired depth. PVC well pipe (5-cm diameter) with slotted
screens was then lowered into the hole. The hole was back filled with fine sand to
approximately 60 cm above the screen, and then sealed to the ground surface with bentonite and
concrete. A circular concrete pad was constructed around the well-head to prevent potential
contamination by surface water. The PVC pipe was also capped to protect of the well. Both
monitoring wells were developed using a mechanical surging technique described by Driscoll
(1986) to reduce turbidity levels in the well water. The 5.08-cm monitoring wells are shallower
with shorter screened intervals than the 2.54-cm wells. The intent of this design was to monitor
ground water in the immediate vicinity of the water table, rather than focusing on deeper ground
water. Microsphere beads and dissolved solutes that migrate through the soil profile at this site
are likely to be transported near the water table, because a low-permeability layer approximately

1.3-m below the water table should prevent transport into deeper regions of the saturated zone.

Zero Tension Lysimeter

Thompson and Scharf (1994) described a zero-tension lysimeter (ZTL) that is
inexpensive, easy to install and capable of sampling colloidal sized particles in soils. The
research team decided to use these devices to collect microspheres directly under and adjacent to
the injection area as they migrate through the soil profile. The basic design was modified,
however, by sloping the floor of the lysimeter at an angle of 30° rather than close to 0° as in the
original design, thereby ensuring that water collected by the sampler can be withdrawn. The 3-
mm (1/8 inch) tubing that penetrates the outside of the sampler did not need to be sealed because

the upper chamber was now completely isolated from the lower chamber. The design provided
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additional security from shear of the sampling tubing during installation. The ZTLs
incorporating the new design were assembled at a machine shop at the University of Georgia.
Figure 2.5 shows detailed schematic diagram of the ZTLs and their field installation.

A total of six ZTLs were installed, three inside and three outside (down gradient) the
microsphere injection area. Each cluster of three ZTLs was spaced laterally approximately 30
cm from one another. Within each area, a ZTL was installed at 30, 60, and 90 ¢m below ground
surface. The units were installed by first removing an “undisturbed” soil core to the appropriate
depth using the tractor mounted Giddings hydraulic soil sampling, coring and drilling machine.
After the core was removed from the soil profile, the ZTL was carefully lowered to the base of
the hole and centered. Fine-grained sand was poured into the top ring until the open space was
completely filled with sand. The undisturbed soil core was then carefully lowered into the
borehole, on top of the ZTL, making sure that the polystyrene pressure and return lines were
taut. Soil material that extended above ground surface was removed. Finally sieved native soil
material was packed into any air gaps between the soil core and the soil profile to minimize
preferential flow around the ZTL. The soil surface was cleared of any debris, returning it to

approximately original condition. The tips of the polystyrene tubes were then sealed.

Bromide Specific Ion Electrode

A bromide specific ion electrode (SIE, model M-12-BR-AMP-1Tz, Innovative Sensors,
Inc., Anaheim, CA), which measures the difference in bromide ion concentration between a
closed reference cell and the sensing tip, was installed at the site on December 11, 1999. The
probe was installed so that spring water would be funneled through 2.54-cm (lin.) diameter PVC
pipe, into which the sensing tip of the probe was inserted horizontally. The advantage of using
the SIE was that the bromide readings could be used to remotely trigger the Sigma auto sampler,
reducing personnel time and cost. All water entering the flume could then be subject to
sampling. The data logger records the output in millivolts (mv). Elevated mv readings indicate
low bromide concentration, and vice versa. The probe was factory calibrated, but became
suspect after the first bromide tracer experiment when it became apparent that the measured
mass recovery was almost two orders-of-magnitude greater than the amount of bromide applied.

The formation of air bubbles around the probe tip was suspected of reducing voltage response,
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which in turn would lead to elevated bromide concentration values. Reinstallation or the probe
in avertical orientation did not solve this problem. As aresult, the SIE probe was of little value
during the project, and was replaced by conventional ion chromatography analysis of collected
water samples. Bromide analysis and results are further discussed in the Bromide Transport

Experiment section of this chapter and in Chapter 3, respectively.

Flow-Through Centrifuge

The methodology used to collect microspheres from the spring water was of paramount
importance to the research team. It was recognized that collecting relatively small volumes of
spring water might, or might not, yield measurable quantities of particles, yet collection of large
volumes of spring water would be logistically difficult due to site access and water storage
requirements. To address these countervailing issues, a flow-through centrifuge (FTC), as
described by Hayes et al. (1989a), was used to sample virtualy al spring water without the
consequent problems of water storage. Continuous flow-through centrifuges process al water
samples placed in line, as opposed to the collection of subsamples. Power is transmitted to the
centrifuge via a liquid coupling (clutch), and the bowl! spins at about 10,000 rpm. Water samples
continuously pumped into the device are centrifuged, so that system retains solids (material
denser than water) while discharging the clarified effluent. Use of the FTC (Westfalia Separator,
Inc., Northvale, NJ) was courtesy of the Dr. Art Horowitz of the U.S. Geological Survey,
Atlanta, GA.

Water samples are pumped through the top of the bowl assembly and evenly distributed
by the vane insert. The centrifugally separated solids accumulate in the various bowl chambers,
the most dense or largest particles tend to collect in the inner bowls while the lighter or smaller
particles tend to collect in the outer bowls. The clarified effluent is discharged via a centripetal
pump, which is an integral part of the bowl assembly.

Prior to fidd implementation, the efficacy of the FTC to separate the microspheres from
water was tested. Duplicate water samples containing three concentrations of the microspheres
to be used in the experiment were prepared in 4 L glass containers and transported to the USGS.
Samples were introduced into the centrifuge with a peristaltic pump at the rate of 2 L/minute.
The clarified effluent was collected at the exit line of the centrifuge. When completed, the bowl
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