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Carboxylated microspheres were employed as surrogates to as-
sess the transport potential of Cryptosporidium parvum oocysts dur-
ing forced- and natural-gradient tests conducted in July and Octo-
ber 2004. The tests involved poorly-sorted, near-surface sediments
where groundwater is pumped from an alluvial aquifer under-
lying the Russian River, Sonoma County, CA. In an off channel
infiltration basin and within the river, a mixture (2-, 3-, and 5-
pm diameters) of fluorescently-labeled carboxylated microspheres
and bromide tracers were used in two injection and recovery
tests to assess sediment removal efficiency for the microspheres.
Bottom sediments varied considerably in their filtration efficiency
for Cryptosporidium.
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INTRODUCTION

Riverbank filtration involves drawing surface water through
alluvial and aquifer sediments to nearby wells. It is used world-
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wide as a cost-effective pre-treatment option for substantively
reducing the quantity of many microbial and chemical contam-
inants (Tufenkji et al. 2002). The efficacy of bank or natural
filtration systems to remove oocysts of the protistan pathogen,
Cryptosporidium parvum, is particularly important because of
their ubiquity in surface waters (Rose 1997; LeChevallier et al.
1999) and resistance to chemical disinfection by chlorination
(Okun 1993; Macler and Merkle 2000). However, the subsur-
face transport behavior of this pathogen during bank filtration
operations is not well understood. The Enhanced Surface Water
Treatment Rule (LT2ZESWTR) of the USEPA specifies criteria
for pathogen removal and grants treatment credits to utilities
employing bank filtration as part of their overall drinking wa-
ter treatment process (EPA 2006). Models have been applied
to C. parvum oocyst transport (Harter et al. 2000; Darnault et
al. 2004), but there is a lack of supporting information from
the field, including bank filtration sites. Because of site hetero-
geneities, accurate predictions of oocyst removal in alluvial sed-
iments during bank filtration are difficult to make. The presence
and persistence of pathogens and the degree of their subsurface
transport are dependent on a variety of physical, biological and
geochemical factors (Harvey and Harms 2001; Schijven et al.
2002). For bank filtration, these factors can include, but are not
limited to flow rate, temperature, pH, dissolved organic carbon
(DOC), sediment grain size distribution, metal oxide content,
microbe size, and the surface characteristics of both microbes
and grains (Tufenkji et al. 2002).

Because the occurrence of C. parvum oocysts in surface wa-
ters are typically episodic and otherwise quite low and because of
the physical and geochemical heterogeneities that characterize
bank filtration sites, model predictions derived from monitoring
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data or from small-scale laboratory columns may not be ade-
quate to provide much of the more-critical information about
oocyst fate and transport in the subsurface. Therefore, carefully
controlled field-scale injection and recovery tests at bank fil-
tration or natural filtration sites are needed to help understand
the efficacy of these systems in removing oocysts. The first few
meters of travel occurs through biologically active, often reduc-
ing, bed sediments (Hiscock and Grischek 2002; Tufenkji et al.
2002).

It is important to understand the role of these sediments
in controlling oocyst removal during induced infiltration and
whether deeper sediments are equally important in the removal
processes. Designing and implementing quantitative, field-scale
injection and recovery tests involving bottom sediment in rivers
or infiltration basins is challenging because the introduction
of tracers and subsequent recovery from the bottom sediments
need to be carefully controlled. In addition, public health con-
siderations necessitate the employment of surrogates that rea-
sonably approximate the size and surface characteristics of C.
parvum oocysts. Carboxylated, fluorescent microspheres have
been used as surrogates in a variety of field-scale transport
studies involving bacteria (Becker et al. 1999; McKay et al.
2000), viruses (Bales et al. 1997), and protozoa (Harvey et al.
1995).

Most recently, microspheres were used as surrogates for C.
parvum oocysts in a field-scale (97 m) transport test involving
a drinking-water aquifer (Harvey et al. in review). Ideally, the
sizes, buoyant densities, and surface charges of microsphere sur-
rogates should be similar to those of C. parvum oocysts.

This article details results of in situ transport experiments
performed using two different methods of introducing polydis-
persed suspensions of oocyst-sized microspheres into Russian
River and infiltration basin bottom sediments at a water supply
facility operated by the Sonoma County Water Agency (SCWA).
To examine the efficiency of shallow infiltration basin and river
sediments for removing microspheres, both a Lee-type half bar-
rel seepage meter (Rosenberry 2005) and an in situ column fitted
with interior sampling ports along its length were used to intro-
duce a suspension of microspheres through the sediment-water
interface into the near-surface bank-filtration sediments. The 2
devices were employed in riverbed sediments of the Russian
River above an operating lateral of a radial collector well and
within engineered infiltration basins that were near 3 large-
capacity radial collector wells. In all experiments, carboxylated
microspheres and potassium bromide (KBr) were added to the
bottom sediments as pulses and tracked as they advected down-
ward through the sediments.

The goals of the study described herein included evaluations
of: (1) the utility of carboxylated microspheres for assessing
oocyst-removal potential in river and infiltration basin bottom
sediments, (2) the utilities of the in situ core barrel and the mod-
ified seepage meters in colloidal-injection and recovery studies
at the bottoms of shallow rivers and infiltration basins at an oper-
ating bank-filtration site, (3) the influence of seepage rates upon
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oocyst-sized colloidal transport in near-surface sediments, and
(4) the role of grain-size distributions upon transport of oocyst-
sized particles.

Site Characterization. The Russian River, which has a
modest (3850 km?) watershed, flows approximately 160 km
from its headwaters in the Coast Range in Mendocino County,
California, to the Pacific Ocean near Jenner, California (Rantz
and Thompson 1967) (Figure 1). River flow is highly variable
seasonally, responding to a winter rainy season and a summer
dry season. Two upstream reservoirs provide storage and flood
control that buffers the seasonal variability in flow at the down-
stream study site east of Guerneville, California. Mean daily
flows at the USGS gauging station near Guerneville range from
4.5 t0 265 m> s~! (http://nwis.waterdata.usgs.gov/ca/nwis/ site
no. 11467000). Previous research at the site includes water qual-
ity parameters (Anders et al. 2006) and use of heat as a ground-
water tracing method (Constantz et al. 2006).

Seepage flux and microsphere surrogate transport were mea-
sured near an inflatable dam on the Russian River east of
Forestville, California. The Sonoma County Water Agency
(SCWA) extracts water from the alluvial aquifer adjacent to
and beneath the Russian River via large-volume radial collector
wells. The enhanced river stage caused by inflation of a tempo-
rary dam, increases the hydraulic gradient between the river and
the surficial aquifer while increasing the available surface area
for intensive groundwater recharge. This, in turn, allows the col-
lector wells to extract more ground water than would otherwise
be possible. Ponded water extends to ~1 km upstream of the
dam and averages ~85 m in width with a maximum depth of
~3 m. When the dam is inflated, SCWA also diverts river water
to 4 off-channel infiltration basins where diverted surface water
infiltrates through the basin sediments and enhances recharge
to the alluvial aquifer. Seepage rate and microsphere transport
assessments were also conducted in Recharge Basins 2 and 3
(40,500 m?), which are downstream of the inflatable dam (Fig-
ure 1).

Slug tests were conducted in shallow wells adjacent to seep-
age meters in order to evaluate the hydraulic conductivity of
the shallow sediments. Hydraulic conductivity of the shallow
sediments beneath the recharge basin was 2 x 1073 cm s7!,
indicative of fine sand or silty medium sand, whereas hydraulic
conductivity near the east bank of the riverbed site was 8 x
1073 cm s~!, indicative of coarser sand. Within this region of
the riverbed site, we found different infiltration velocities, which
we designate in this paper as “fast” and “slow” zones.

Seepage fluxes were determined with a standard Lee-type
half-barrel seepage meter (Lee 1977). The device was modified
with large-diameter bag-connection hardware to minimize head
loss resulting from high-velocity seepage fluxes (Rosenberry
and Morin 2004). This design of seepage meter combined with
the use of a thin-wall plastic bag is very efficient, requiring a
multiplier of only 1.05 to correct for head loss associated with
meter inefficiencies (Rosenberry 2005). Bag shelters were em-
ployed at seepage-measurement locations in the Russian River
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to minimize any velocity-head effects from moving water in
the river (Sebestyen and Schneider 2001; Shinn et al. 2002).
Bag shelters were not necessary in the infiltration basin where
the water was exceptionally calm, even during afternoon windy
periods.

Background Chemistry, Physical and Hydrological
Parameters

A summary of the different water chemistries within the study
area is presented in Table 1. Waters within the system are slightly
alkaline and have electrical conductivities ranging from ~200
to 250 1S cm~!. A detailed description of the water-quality in
the Lower Russian River Basin is presented by Anders et al.
(2006). Porosity ranged from 23% (Russian River sediments)
to 30% (infiltration basins). Average grain sizes (longest axis)
were 2.7 mm in river bottom sediments and 1.6 mm in infil-
tration basin sediments. Downward seepage rates ranged from
32-68 cm day ! (basins) to 3-150 cm day~! (river sediments).
Measurements were made in the late summer to early fall and
did not reflect yearly variations in water chemistry, seepage rates
or sediment porosity.
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Location of Russian River in Sonoma County, CA and location of infiltration basin and riverbank injection and recovery tests. Map modified from SCWA,

MATERIALS AND METHODS

Oocysts and Microspheres

Carboxylated, polystyrene microspheres that are inert, non-
toxic (Jung et al. 2000), and were found to transport similarly
to groundwater protozoa at another granular field site (Harvey
et al. 1995), were employed as surrogates for our transport
tests in the vicinity of municipal supply wells. We employed
a polydispersed mixture consisting of 3 size classes of flu-
orescent, carboxylated, polystyrene-type microspheres (Poly-
sciences, Warrington, PA and Invitrogen—Molecular Probes,
Carlsbad, CA and Corvallis, OR), i.e., 2-, (actually 1.6 & 0.1),
3- (actually 2.9 + 0.1), and 5- (actually 4.9 + 0.2) um in di-
ameter. The three size classes were used to create the polydis-
persed microsphere suspension that collectively bracketed the
size range (2.9—4.1 um) of oocysts that we routinely use in our
laboratory.

Use of a different color, i.e., brilliant blue fluorescence (Type
BB) for the intermediate-size (3-um) microspheres facilitated
differentiation from the 2- and 5-um yellow-green fluoresc-
ing (type YG) microspheres using epifluorescence microscopy
(NIKON Optiphot II). The excitation and emission wavelengths
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pH
Temperature (C)

Specific Conductance (1S cm™!)
Dissolved Oxygen (mg L)

Dissolved organic carbon ( mg L")

Ionic Strength (mM) +
Ionic Strength (mM) ++
Porosity

Grain size (mm)
Dso
Dio
Seepage rates (cm day™!)

TABLE 1
Background chemical and physical data from Russian River bank filtration study site
Basin River
7.5-8.5 7.3-8.5
12.8-22.1 19.7-25.2
223-522 214-598
ND* 7.7-11.1
5.8 54
ND 5.14
3.25 3.23
~ 30% 23%
Basin Sediments River Bottom Sediments
1.56 2.74
0.11 0.50
32-68 ~ 3—-150
ND ~3-5

Iron (mg g~ 1)

*Not determined.
*Estimated from water chemistry data.

++Estimated from specific conductance equation: Tonic Strength = 0.000025*0.59*specific conductance (Hem 1992).

are 360 and 440 nm, respectively, for the Type BB microspheres
and 441 nm and 486 nm, respectively, for the Type YG mi-
crospheres. The 3 different size classes were also differentiated
based on fluorescence intensity and diameter by flow cytometry
(see Figure 2). Although fluorescent algae did sometimes ap-
pear in our samples, we were able to distinguish autofluorescing
algae from microspheres-based upon size and fluorescent signal
differences.

We obtained formalin-inactivated C. parvum oocysts from
Sterling Parasitology Laboratory (SPL), University of Arizona,

Tucson. The oocysts were harvested from a calf infected with
the “Iowa” isolate of C. parvum (Dr. Harvey Moon, National
Animal Disease Center, Ames, lowa) and purified at the SPL.
Oocysts employed in the laboratory study, were pelleted and
stained with the DNA-specific fluorescent dye 4,6-diamidino-
2-phenylindole (DAPI, 0.1 mg L~! final concentration, for 30
minutes) as described by Abudalo et al. (2005). The oocysts were
then resuspended at final concentrations of 10> to 107 oocyst
mL~! in water collected from the Russian River or from wells
located in the vicinity of the Russian River. The peak excitation
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FIG. 2. Plot of fluorescence intensity and fluorescently labeled microspheres of varied size (2, 3 and 5 pm). This plot was obtained using a BIORAD HS-Bryte
flow cytometer with a 5 channel (2 light and 3 fluorescent) photomultiplier system, an HBO 103 watt Hg lamp, and 5 ;1 min~' flow rate.
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and emission wavelengths for DAPI-stained oocysts are 359 and
461 nm, respectively.

Biocolloid Buoyant Density

Buoyant-densities of oocysts and fluorescent microspheres
were determined by density gradient centrifugation using a
method reported by Wolff (1975) and subsequently modified
for protozoa (Harvey et al. 1997). This method involves lay-
ering of 10% microspheres mL~! and 107 oocysts mL~! on the
pre-formed gradients of colloidal silica solutions and subsequent
centrifugation. As centrifugation progresses, the microspheres
and oocysts sink to their respective buoyant densities. The buoy-
ant densities of the oocysts or microspheres were then deter-
mined from their migration distance relative to brightly colored
density-marker beads (Sigma Chemical Company, catalog num-
ber DMB10-1KT).

Zeta Potential Measurements

Laser Doppler microelectrophoresis was performed on mi-
crospheres and oocysts (Nicomp Particle Sizing Systems, 380
ZLS with Nicomp 388 software, Nicomp Corporation, Santa
Barbara, CA) at the University of Colorado, Boulder in order to
determine their zeta potentials. All colloidal material suspended
in liquid acquires an electrical surface charge. Zeta potential, an
important indicator of this charge, can be used to predict and
control the stability of colloidal suspensions, and to help predict
the degree of interactions with sediment surfaces. A pair of pH-
adjusted (7.6—7.8 final pH) solutions was used in determining
electrophoretic mobilities.

One solution group was filtered (0.1 pum pore size) Russian
River water that had an ionic strength of 5.1 x 10~3 M. The
second solution was a filtered NaCl (10~ M) solution. For zeta
potential determinations over a range of pH (~3-8), pH adjust-
ments were made with 0.1M HCl or 0.1 M NaOH. Final solution
pH levels were measured with a calibrated Beckman model phi-
12 pH meter and Beckman pH probe (Beckman Corporation,
catalog number 511053, Fullerton, CA) immediately before the
electrophoretic mobility measurements. Next, electrophoretic
mobility measurements of oocysts and microspheres were made
in triplicate using filtered Russian River water as the suspending
medium. The electrokinetic data were converted to zeta () po-
tentials using the Smoluchowski approximation (Abudalo et al.
2005). Isoelectric points (pH at which corresponding zeta poten-
tials are zero) for the microsphere and oocyst suspensions were
estimated by trend line extrapolations from plots containing ¢
potentials vs. pH.

Smoluchowski approximation:

vg = 4mepe (1 + Kr)(%)

In this equation, zeta potential is represented by vg, €y and &,
are the relative dielectric constant and electrical permittivity of
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a vacuum, respectively, r is the particle radius, u is the solution
viscosity and k¥ = 2noz2e* e eokpT)'/? is the Debye—Hiickel
parameter. For the latter parameter, 7 is the bulk ionic concen-
tration, z is the valence of the ion, e is the charge of an electron,
kp is the Boltzmann constant, and T is the absolute temperature.

Sediment Size Fraction Analyses

Sediments were collected from infiltration basin and riverbed
areas near the injection and recovery tests. Prior to sieving, the
sediments were washed and rinsed three times with Milli-Q wa-
ter (18 M Ohm) and dried in an oven at 70°C. Approximately
1-2 kg of riverbed and infiltration basin sediments were size-
fractionated using mechanical sieving techniques. Grain-size
frequency distributions were calculated for the infiltration basin
and river sediments (Figures 5a—5b). The respective Dy (frac-
tion of sample where 10% of the grains are smaller, by weight,
and 90% are larger) and Dsq (fraction of sample where 50% of
the grains are smaller, by weight, and 50% are larger) sizes were
also calculated (Table 1).

Retention Under Static Conditions

The effectiveness of riverbed and infiltration basin sediments
for retaining oocysts and microspheres was tested by load-
ing different concentrations of each biocolloid onto sediments
contained within static minicolumns (Scholl and Harvey 1992;
Metge et al. 1995). This method uses 15 g of rinsed sediments
added to acid-washed and baked 20 mL glass syringe barrels (20
mL, Perfektum Micromate interchangeable, Popper and Sons).
The syringes were fitted with 2-way plastic valves. One to two
pore volumes (4-8 mL) of filtered water collected from the Rus-
sian River was added to each syringe before sediment addition.
Varying abundances of oocysts and microspheres were added to
the minicolumn sediments. After a 3-hour contact time at 15°C,
each column was rinsed with approximately 10 pore volumes
of filtered river water. Rinse solutions were collected in acid-
washed and baked glass vials and the solutions were immedi-
ately analyzed for microspheres and oocysts by flow cytometry.
Two control sets were run with each experiment. One control
had microspheres and oocysts in the absence of sediments; the
other control had filtered river water alone.

FIELD EXPERIMENTS

Seepage Meter Injection and Recovery Experiments
Seepage meters (Lee 1977) were carefully placed in infiltra-
tion basin or riverbed sediments to prevent or minimize distur-
bance of sediments. Seepage flux measurements were made sev-
eral times with river or basin water to obtain an average seepage
rate. During the injection and recovery experiment, a 1-liter bag
containing the polydispersed mixture of microspheres and KBr
conservative tracer was attached to the seepage meter (Figure 3).
The mixture was allowed, under natural seepage conditions, to
enter the seepage meter. Samples were collected initially (Ty)
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seepage meter (~70 cm wide x 24 cm high), approximate volume of meter when placed (66 L), drive point sampling wells (15 cm long) were placed at 25 and
50 cm below river or basin sediment surface. Collapsible bag was filled with 1 L of injection mixture and attached to seepage meter; an instantaneous seepage rate

could be obtained by noting changes in volume over time.

and at subsequent time intervals from the seepage meter using
a peristaltic pump.

Changes in the concentration of conservative tracer within
the seepage meter provided information about mixing and dis-
appearance of the injectate solution within the seepage meter.
Drive point samplers (3—4 cm long screened interval by 1 cm
diameter, Geoprobes) were gently tapped at an angle into the
sediments until the sampling ports were ~25 and ~50 cm be-
low the sediment-water interface within the seepage meter. Wa-
ter samples were pulled from the drive-point samplers with a
peristaltic pump (Geotech model Geopump II Denver, CO) and
collected in 60-mL acid-washed high-density polyethylene bot-
tles. Sampling frequency was every 5 minutes in the infiltration
basin test and 15-20 minutes for the riverbed test. In the riverbed
sediment test, two different sites were chosen that represented
a range of infiltration rates. Flow from the river to the sediment
within the slower zone ranged from 3-30 cm day~! with an av-
erage of about 15 cm day~! whereas downward velocity rates
at the faster zone ranged from 49 to over 100 cm day~! with an
average of ~68 cm day~!.

Approximate initial concentrations of the 2-, 3- and 5-um
microspheres were 4.1 x 10® mL~!, 4.1 x 10* mL~!, and 5.0
x 10° mL~!, respectively. The initial concentration of the bro-
mide (Br™) tracer was 90.9 mg L~!. Bromide samples were
analyzed by ion chromatography at the USGS laboratory in San
Diego, CA. Samples containing microspheres were assayed at

the USGS laboratory in Boulder, CO using flow cytometry. An
HS-Bryte (Biorad Corp., Hercules, CA) 3-color flow cytometer
with Apogee 1.3 software (Apogee, London, UK) were used
to enumerate microspheres (Harvey and others in review). A
mercury lamp (OSRAM, HBO 103 W/2) within the flow cy-
tometer created excitation spectra of the fluorescent dyes within
the microspheres. BG1 and GR1 (Biorad, Hercules, CA) filter
cubes separate the specific emission spectra to respective photo-
multiplier tubes. Three separate measurements of microspheres
concentration were made for each sample; the mean of each
measurement were used in microsphere recovery calculations.

In Situ Column Injection and Recovery Experiments

A stainless steel column consisting of outer and inner sleeves
and with dimensions shown in Figure 4 was designed and con-
structed specifically for injection and recovery tests at riverbank
filtration sites. This test also employed microspheres as oocyst
surrogates and bromide as a conservative tracer. The outer core
barrel is 152 cm long and inner hollow barrel is 142 cm long.
There are five ports within the inner sleeve that allow for dis-
crete sampling from sediments within the inner sleeve. A port at
the lower end of instrument allows introduction of compressed
liquid CO; gas and freezing of the sediments at the distal end of
the column.

Once the instrument was advanced into the infiltration basin
(Pond 2) sediments using heavy equipment, compressed liquid
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TABLE 2
Comparison of fluorescent microspheres, oocyst diameter, aspect ratio, zero point of charge (ZPC), zeta potential, buoyant density
Zeta Potential
at Russian Buoyant
Diameter Aspect River pH Density
Colloid (um) Ratio* PH,pc (mv)** (gem D+
Fluorescent microspheres
2 pm 1.62 +0.03 1.02 1.2 —14.4 1.055
3 um 2.95 £ 0.06 1.16 2.1 —21.1 1.055
5 pum 5.06 £+ 0.03 1.12 32 —-19.2 1.056
Cryptosporidium 3.61 £0.05 1.22 3.2-34 —10.9 1.064

parvum oocysts

*Determined by epifluorescent microscopy with computer coupled image analysis ratio of longest axis to shortest axis.

+Percoll gradient Method (Harvey et al. 1997).

**Significant Student’s ¢-test differences between Cryptosporidium parvum and FMS measured zeta potentials ranged from p values of 0.002—

0.02.

FIG. 4. USGS in situ column with dimensions and location of components:
Fitting for hydraulic hammer (A), sampling ports (B-spaced 27 cm apart), port
for injecting liquid CO, (C), retrieval plate (D-15.2 cm diameter), ports for
sample tube adapters (E-3 cm diameter), and nose cone (F-25.2 cm length).
Outer core barrel is 152 cm long and inner hollow barrel is 142 cm long.

CO; (General Air, Boulder, CO) was injected into the lower-
most port of the column in order to freeze the bottom part of
the core after insertion into basin sediments. This allowed a sed-
iment plug at the base of the column to freeze and precluded
water from the aquifer from entering the column when the ports
were pumped. Also, this facilitated control on the apparent in-
filtration rate during the in situ column test. The approximate
injectate concentrations of the 2-, 3- and 5- um microspheres
were 13.7 x 107, 7.8 x 10*, and 2.3 x 10* mL~!, respectively.
The initial concentration of the bromide tracer was 250 mg L.

The bromide and microsphere solutions were placed in the
overlying fluid of the column and introduced, as a pulse, to
the infiltration basin sediments within the in situ column. This
pulse injection, at a constant flow velocity of about 2.5 m day !,
was maintained within the column sediments by pumping water
from a lower port at a constant rate. As the pulse injection was
drawn into infiltration basin sediments, overlying fluids were
replaced by infiltration basin water moving into the top of the
column. Samples were taken at 20-minute intervals until ap-
pearance of elevated conductivity (background ~ 220-230 uS
cm™!) as measured by a handheld specific conductance meter
(Checkmate II, Catalog number EW-58912-00, Cole Parmer,
Vernon Hills, IL). At that point, samples were collected every 2
to 3 minutes. Bromide was later analyzed by ion chromatogra-
phy at the USGS laboratory at San Diego, CA and microspheres
by flow cytometry at the USGS laboratory in Boulder, CO.

RESULTS

Comparison of C. parvum Qocysts
and Microsphere Surrogates

The average diameters, aspect ratios, pHyp, zeta potentials
at river pH, and buoyant densities for C. parvum oocysts and the
3 size classes of microspheres are summarized in Table 2. The
oocysts, which had an average diameter of 3.6 & 0.1 um, were
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closest in size to the 3-um class of fluorescent microspheres,
which had a measured diameter of 3.0 &= 0.1 and a manufacture’s
specified diameter of 2.9 um. Relative to the microspheres, the
oocysts were slightly less spherical (aspect ratio of 1.2), some-
what (~1%) denser, and substantially less charged at the slightly
alkaline conditions of the Russian River. The zeta potential for
the oocysts (—10.9 mV) at ameasured pH of 7.6 and an estimated
ionic strength of about 5 mM was only about half that exhibited
by the 3-pum size class of microspheres (—21.1 mV), based upon
electrokinetic data. Although the pH,;,. for the oocysts (3.2-3.4)
was higher than those measured for the smaller size classes of
microspheres by 1-2 pH units, it was reasonably similar to that
estimated for the larger (5 ;wm) size class of microspheres.

Riverbed and Basin Sediment Retention of Fluorescent
Microspheres (FMS) and Oocysts

Grain-size frequency distributions for riverbed and infiltra-
tion basin sediments collected from the vicinity of the transport
test locations are depicted, respectively, in Figures 5a and 5b.
The size frequency distributions show bimodal distributions of
grain sizes at both sites, with substantive fractions of both fine
(<0.5 mm) and coarse (>2.8 mm) materials. However, the Rus-
sian River sediments were generally coarser than those sampled
from the infiltration basin. The average grain sizes (Dsg) for
riverbed and infiltration basin sediments were 2.74 mm and 1.56
mm, respectively (Table 1).
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Column Tests

The abilities of the aforementioned sediments to retain
oocysts and 3-, and 5-um microspheres within repacked
columns are depicted in Figures 6a and 6b for the infiltration
basin and riverbed sediments, respectively. In general, 99 to
99.9% of the oocysts and microspheres were retained within
the sediments. Fractional recoveries for the microspheres were
similar to those observed for C. parvum oocysts. For both mi-
crospheres and C. parvum oocysts, there was a significant linear
relationship between colloid load and colloid recovery over a
range of several log units.

In Situ Tests

Breakthrough of the conservative solute (bromide) and the 2-,
3-, and 5-pm microspheres at 25 cm below the sediment-water
interface in the infiltration basin transport study are depicted in
Figure 7a and 7b, respectively, for the in situ column and seepage
meter devices. For both test devices, there was an unexpected
inverse relation between the size of the microspheres and the
removal rate within the sediments. Transport potential for 5-um
sized particles for the 2 infiltration test types seemed reasonably
similar, despite differences in devices and a 5-fold difference
in pore velocity (Table 3). Relative recoveries of the 5-um di-
ameter microspheres after in situ transport through 25 cm of
near-surface sediments was 33.5% using the seepage meter and

50 » 100
Infiltration Basin Sediments

40
—
o\o 1 75 ?
P <
£ c
- 2
£ 30 5
(2] . . ®©
) Cumulative Fraction s
= Percentage 150 “>’
g 2| s
.0 3
= g
© Fractional Weight Percentage 15 ©
'8

10 /

0 & ry 0

» M)
0"\@ 0:3' 0?"00 o"'QQ \‘@ 190 2 i
A X0 6\9 ‘p\ ®\0 bp\ Qp\
0{\00 0:\'2« O A A A

Sieve Size Range (mm)

(a)

FIG. 5a.

Sediment size fractions (as %) and cumulative fraction within Russian River basin sediments. Approximately 2 kg of sediment were fractionated using

USA Standard Testing [ASTME] sieve plates (21.5 cm inner diameter) and sieving for approximately 3 hours.
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standard testing [ASTME] sieve plates (21.5 cm inner diameter) and sieving for approximately 3 hours.
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FIG. 6a. Comparison of Cryptosporidium parvum oocysts, 3-pum and 5-um fluorescent microspheres loaded and desorbed from Russian River infiltration basin
sediments. Experiment performed in static minicolumns with 15 grams of sediment at 15°C over a 3-hour incubation time. Concentrations determined using flow
cytometry (Biorad HS-Bryte with 103W HBO Hg lamp, and UV FITC excitation filter cube with GR1 and OR1 emission wavelength discrimination cubes and
standard forward and side scatter photomultipliers).
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FIG. 6b. Comparison of Cryptosporidium parvum oocysts, 3-pum and 5-pm fluorescent microspheres loaded and desorbed from Russian River infiltration basin
sediments. Experiment performed in static minicolumns with 15 grams of sediment at 15°C over a 3-hour incubation time. Concentrations determined using flow
cytometry (Biorad HS-Bryte with 103W HBO Hg lamp, and UV FITC excitation filter cube with GR1 and OR1 emission wavelength discrimination cubes and
standard forward and side-scatter photomultipliers).
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FIG. 7b. Cumulative recoveries for fluorescent microspheres and bromide within infiltration basin sediments using the seepage meter test technique.

47.4% using the in situ column. However, retardation factors
for the 3 microsphere types relative to the conservative tracer
were 0.9-1.0 using the in situ column, whereas retardation rates
for the microspheres in tests performed using the seepage meter
were considerably less than unity.

For the 2 riverbed sediment field experiments performed with
the seepage meters, there was a 25-fold difference in cumulative
microsphere recovery between the size classes of microspheres
(Figure 8a and 8b). At the “slower” site characterized by lower
seepage rates (0.15-0.38 m d="h, only the smallest (2 pm) mi-
crospheres traveled to the first drive point well (25 cm below the
surface). About 2% of the 2-pm microspheres added to the seep-
age meters were recovered at depth, whereas none of the larger

microspheres were recovered. By comparison, at the “faster”
site characterized by higher measured seepage velocities (0.38—
0.60 m day™), all three microsphere types were detected at ~25
cm below the sediment-water interface.

The highest relative recovery (more than 55%) occurred for
the 3-um size class; the 5-pum diameter microspheres were found
to be the least effectively transported. Centers of mass for the
microspheres appeared well before that of the bromide tracer. In
contrast to the infiltration basin tests, there was no clear relation
between total recovery of microspheres and size. For example,
the 3-um diameter microspheres were transported more effec-
tively in the faster zone, whereas the 2-pum microspheres were
transported more effectively in the slower zone.

TABLE 3
Comparison of sites and test type—relative recovery, log removal rates for infiltration basin and river sediment injection and
recovery tests

Downward Relative
flow rate Diameter breakthrough Removal
Location Type of test (m day™") (um) (%) (log meter™!)
Basin In situ Column 2.5 4.9 474 1.3
Seepage Meter 0.5 4.9 335 1.9
River Seepage Meter 0.38-0.60 2.9 55.3 1.0
Seepage Meter 0.15-0.38 1.6 2.2 6.6

Removal rates calculated using a first-order equation.
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DISCUSSION

Microspheres as Oocyst Surrogates
The utility of carboxylated polystyrene microspheres, as abi-
otic surrogates for microorganisms in granular drinking-water

Cumulative recoveries of fluorescent microspheres and bromide in seepage meter test within Russian River sediments (“slow zone”).

aquifers, has been evaluated in earlier, in situ injection and re-
covery tests (Harvey et al. 1989, 1995). Although small mi-
crospheres (from 0.2-1.0 um-diameter sizes) were found to be
poor transport analogs of bacterial transport properties (Harvey
etal. 1989); larger microspheres (2—3 pm-diameter size classes)
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FIG. 8b. Cumulative recoveries of fluorescent microspheres and bromide in seepage meter test within Russian River sediments (“fast zone”).
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exhibited transport behavior reasonable similar to those exhib-
ited by a groundwater nanoflagellate (protozoa) (Harvey et al.
1995). It was suggested in the latter paper that microspheres
may be useful in assessing the transport potential of C. parvum
oocysts. In arecent glass-bead column study, it was reported that
4.1 um carboxylated microspheres exhibited transport behavior
similar to that of C. parvum oocysts (Tufenkji et al. 2004). For
field applications, the utility of carboxylated microspheres as
surrogates for C. parvum oocysts would depend primarily on
how well the microspheres represent oocyst surface properties
under ambient chemical and physical conditions.

This study used commercially available, fluorescent,
carboxylated, polystyrene microspheres as surrogates for
C. parvum oocysts for small-scale, in situ column and seep-
age meter injection-and-recovery experiments at the SCWA’s
Russian River site. We employed microspheres in our field
tests because they are relatively non-toxic, easy to detect, and
available in a wide variety of size classes. Carboxylated micro-
spheres and C. parvum oocysts share several important physic-
ochemical properties that affect transport behavior, i.e., near-
spherical morphology, similar buoyant densities, and a net-
negative charge over pH values typical of many rivers employed
in bank filtration.

However, the differences in surface properties between the
microspheres and oocysts, particularly the difference in the mag-
nitude of the negative charge under neutral to slightly alka-
line conditions, need to be taken into account. In our study,
the carboxylated polystyrene microspheres suspended in wa-
ter collected from the Russian River exhibited a more nega-
tive zeta (¢) potential than similarly sized C. parvum oocysts
(Table 2). Similarly, in studies described by Dai and Hozalski
(2003) and Bradford et al. (2002), where ¢ potentials of oocysts
and carboxylated microspheres were compared under similar
chemical conditions and using similar methods, carboxylated
microspheres were substantially more electronegative than the
oocysts. Consequently, microspheres should be more reactive
in the presence of aquifer grain surfaces characterized by both
positive and negative charges.

In a separate transport study involving the use of micro-
spheres as surrogates for C. parvum oocysts in the Biscayne
Agquifer, it was found that 3-um and 5-um polystyrene micro-
spheres had a higher propensity for attachment to limestone sur-
faces and were less likely to be transported than similarly-sized
C. parvum oocysts (Harvey et al. in review). Thus, it is likely
that microsphere surrogates may underestimate the degree of
oocyst transport, at least for some granular aquifers. Also, it is
not known how the surface characteristics of oocysts obtained
from university and commercial laboratories compare to those
of oocysts found in natural waters. Consequently, caution should
be exercised in interpreting microsphere transport results from
bank-filtration field studies.

Researchers have recognized that oocyst source and prepara-
tive methods, use of antibiotics as preservatives, exposure to high
ionic strength solutions, and extensive washing can substantively
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alter oocyst surface charges (Brush et al. 1998; Butkus et al.
2003). Microspheres used in our study have well-defined, rather
simple carboxylated polystyrene surfaces, whereas the surfaces
of oocysts are a great deal more complex and are character-
ized by the presence of surface proteins (Kuznar and Elimelech
2005) and a glycocalyx-like immunogenic surface (Harris and
Petry 1999; Butkus et al. 2003). Also, it has been recognized that
the oocyst sorption to metal oxides can be affected by changes
in cyst wall integrity and consequential redistribution of nucleic
acids from the interior of the oocyst to the exterior (Walker
and Montemagno 1999). Nevertheless, this study suggests that
the use of a polydispersed mixture of microspheres has utility
in assessing the efficacy of alluvial sediments for removing C.
parvum oocysts, providing that differences in surface character-
istics are taken into account.

Oocyst Transport Potential in Russian River Sediments

Laboratory experiments, conducted with 3- to 5-um diam-
eter microspheres and fluorescently labeled oocysts in contact
with riverbed or infiltration basin sediments saturated with wa-
ter collected from the Russian River, suggested that at least 99%
of the introduced oocysts and microspheres would be retained
within the shallow sediments. Removal rates were linearly re-
lated to loading over several orders of magnitude (Figures 6a
and 6b), indicating that sorptive-filtration may play a more im-
portant role than straining in oocyst immobilization in Russian
River sediments. Because of grain angularity, Bradford et al.
(2002), suggested that straining of oocysts may start to occur
at a ratio of colloid to average grain diameter (Dp/D,) of only
0.0017, which is considerably lower than previously believed,
i.e., 0.05 (McDowell-Boyer et al. 1986).

Tufenkji et al. (2004) suggested a higher ratio of atleast 0.018
for sediments composed of angular grains in order for straining
of oocysts to occur. However, a microscopic examination of sed-
iment grains from the 2 sites suggested that rounded grains were
more prevalent in Russian River sediments. Given the rounded
and coarse (1.6-2.7 mm average grain size) nature of the sedi-
ments, it is unlikely that straining is a major removal mechanism
of oocysts, at least for the near-surface basin and river sediments
that we examined.

Microsphere Transport in Russian River Infiltration
Basin Sediments

Laboratory experiments, conducted with 3- to 5-um diam-
eter microspheres in contact with riverbed or infiltration basin
sediments, suggested that 1-7 log units of removal of the intro-
duced microspheres are likely to occur within the first m of travel
through the near-surface sediments. Given the differences in the
¢ potential between oocysts and microspheres when suspended
in water collected from the Russian River (this study) and previ-
ous observations of higher fractional removal of microspheres in
flow-through column tests (Harvey et al. in preparation), oocysts
may be transported through the bottom sediments to a greater
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extent than microspheres. However, results of column experi-
ments suggest removal rates for C. parvum oocysts on the order
of at least ~1 log unit per meter of travel through near-surface
Russian River sediments is likely.

Results from the July and October 2004 field tests indicated
that all 3 size classes of our microsphere surrogates are read-
ily removed within river and infiltration basin sediments from
the Russian River, CA (Figures 7a and 7b, 8a and 8b). For the
infiltration basin study, the degree of removal was inversely re-
lated to microsphere diameter. The latter observations are not
consistent with filtration theory (Rajagopalan and Tien 1976;
Yao and others 1971). This predicts that for the 3- to 5-um col-
loidal size range, where contact with grain surfaces is governed
largely by settling and physical interception, the removal of the
microspheres by the media should be directly related to size.

There were large differences in the time of initial appearance
of the tracers (slightly more than 2 hrs for the in situ column
versus less than a minute for the seepage meter). The calculated
retardation factors (Ry) for the populations of microspheres ap-
pearing at sampled ports within the in situ column test were all
nearly 1.0, suggesting that the microspheres and conservative
solute were accessing the same pore volumes. In contrast, for
the transport experiments involving seepage meters, the appear-
ance of the center of mass for the population of microspheres
that were recovered at 0.25 m below the sediment-water interface
preceded that of the conservative tracer. The Ry for microspheres
employed in latter tests were substantively less than 1, ranging
from 0.15 to 0.25, suggesting a velocity enhancement possi-
bly due to preferred flow-path structure. An apparent velocity
enhancement of C. parvum oocysts relative to a conservative so-
lute tracer was reported for sand-packed columns (Harter et al.
2000).

In the latter study, the velocity enhancement was substantially
larger for the columns packed with coarse sand relative to those
packed with either fine or medium sand. For a natural-gradient,
in situ tracer test performed in another sandy aquifer (Harvey
and others 1989), it was observed that the largest size class of
microspheres was transported more rapidly than the two smaller
size classes. This suggests that pore-size exclusion can be more
significant for larger versus smaller sized colloids. An apparent
enhancement of velocity relative to a conservative tracer was
also observed for other studies involving microbes in granular
media (Sinton et al. 2000; Ginn et al. 2002) and has been at-
tributed to hydrodynamic retardation of the solute relative to the
microorganism.

It appears that the near-surface Russian River sediments have
a substantial capacity for retaining oocysts. Under static condi-
tions in the laboratory, >99 % of the oocysts were retained in
basin sediments over the tested range of loading (4 log units for
the infiltration basin sediments and 5 log units for the river sed-
iments). Because of the limited ranges of loading, the retentive
capacity of the sediments for oocysts could not be determined.
However, it appears that the removal capacity of the sediments
may be at least 1.7 x 10° oocysts g~! for the infiltration basin
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sediments and 6.1 x 10° oocysts g~! for the river basin sedi-
ments (Figures 6a and 6b).

CONCLUSIONS AND FUTURE WORK

Despite uncertainties in surface properties of oocysts iso-
lated from natural waters, our study nevertheless demonstrated
the utility of polydispersed mixtures of carboxylated micro-
spheres in assessing subsurface transport potential of C. parvum
oocysts at an operating bank filtration site. The differences in
surface characteristics and complexity between oocysts and mi-
crospheres may limit the utility of microspheres as oocyst sur-
rogates for some applications.

Consequently, more research is needed to ascertain the lim-
itations of microspheres as surrogates in a variety of geohy-
drologic settings and groundwater chemistries and to develop
surrogates with surface characteristics that more nearly match
C. parvum oocysts. The present study focused on oocyst-sized
colloid removal within shallow sediments less than 1 m from the
sediment-water interface. The transport behavior of oocysts and
microspheres in deeper sediments is unknown, but worthy of fur-
ther study. Also, more studies are needed to ascertain the roles of
the poorly sorted nature of the sediments, depth-specific metal
oxide content, and seasonal changes in the near-surface river sed-
iments at the Russian River site upon oocyst removal potential.

REFERENCES

Abudalo RA, Bogatsu YG, Ryan JN, Harvey RW, Metge DW, Elimelech M.
2005. Effect of ferric oxyhydroxide grain coatings on the transport of bac-
teriophage PRD1 and Cryptosporidium parvum oocysts in saturated porous
media. Environ Sci Technol 39:6412-6419.

Anders R, Davidek K, Koczot KM. 2006. Water-quality data for the Lower Rus-
sian River Basin, Sonoma County, California, 2003-2004. U.S. Geological
Survey Data Series Report, Reston, VA, 168 p.

BalesRC, Li SM, Yeh TCJ, Lenczewski ME, Gerba CP. 1997. Bacteriophage and
microsphere transport in saturated porous media: Forced-gradient experiment
at Borden, Ontario. Water Resour Res 33(4):639-648.

Becker M, Reimus P, Vilks P. 1999. Transport and attenuation of carboxylate-
modified latex microspheres in fractured rock laboratory and field tracer tests.
Ground Water 37(3):387-395.

Bradford SA, Yates SR, Bettahar M, Simunek J. 2002. Physical factors affecting
the transport and fate of colloids in saturated porous media. Water Resour Res
38:1327-1337.

Brush CF, Walter MF, Anguish LJ, Ghiorse WC. 1998. Influence of pretreatment
and experimental conditions on electrophoretic mobility and hydrophobicity
of Cryptosporidium parvum oocysts. Appl Environ Microbiol 64(11):4439—
4445.

Butkus, MA, Bays, JT, Labere, MP. 2003. Influence of surface characteristics
on the stability of Cryptosporidium parvum oocysts. Appl Environ Microbiol
69:3819-3825.

Constantz J, Su GW, Hatch C. 2006. Heat as a ground water tracer at the Rus-
sian River RBF facility, Sonoma County, California. In: Hubbs SA, editor.
Riverbank Filtration Hydrology: Dordrecht, Springer. pp 243-259.

Dai X, Hozalski RM. 2003. Evaluation of microspheres as surrogates for Cryp-
tosporidium parvum oocysts in filtration experiments. Environ Sci Technol
37(5)(March 1):1037-1042.

Darnault C, Steenhuis T, Garnier P, Kim Y-J, Jenkins M, Ghiorse W, Baveye P,
Parlange J. 2004. Preferential flow and transport of Cryptosporidium parvum



USING MICROSPHERES TO ASSESS OOCYST TRANSPORT IN BANK FILTRATION

oocysts through the vadose zone: experiments and modeling. Vadose Zone J
3(1):262-270.

EPA. 2006. Long Term 2 Enhanced Surface Water Treatment Rule
(LT2ESWTR). EPA, Washington, DC, (http://www.epa.gov/safewater/
disinfection/It2/index.html).

Ginn TR, Wood BD, Nelson KE, Scheibe TD, Murphy EM, Clement TP. 2002.
Processes in microbial transport in the natural subsurface. Adv Water Resour
25:1017-1042.

Harris JR, Petry F. 1999. Cryptosporidium parvum: structural components of
the oocyst wall. J Parasitol 85(5):839-849.

Harter T, Wagner S, Atwill E. 2000. Colloid transport and filtration of Cryp-
tosporidium parvum in sandy soils and aquifer sediments. Environ Sci Technol
34(1):62-70.

Harvey RW, George LH, Smith RL, LeBlanc DR. 1989. Transport of micro-
spheres and indigenous bacteria through a sandy aquifer: results of natural
and forced-gradient tracer tests. Environ Sci Technol 23:51-56.

Harvey RW, Kinner NE, Bunn A, MacDonald D, Metge DW. 1995. Transport
behavior of groundwater protozoa and protozoa-sized microspheres in sandy
aquifer sediments. Appl Environ Microbiol 61:209-217.

Harvey RW, Metge DW, Kinner NE, Mayberry N. 1997. Physiological consid-
erations in applying laboratory-determined buoyant densities to predictions
of bacterial and protozoan transport in groundwater: results of in-situ and
laboratory tests. Environ Sci Technol 31:289-295.

Harvey RW, Harms H. 2001. Transport of microorganisms in the terrestrial sub-
surface: in-situ and laboratory methods, Chapter 69. In: Hurst CJ, Knudsen,
G.R., McInerney, M.J., Stetzenback, L.D., Crawford, R.L., eds, editor. Manual
of Environmental Microbiology, 2nd Edition. Washington, DC: ASM Press.
pp 753-776.

Harvey RW, Metge DW, Shapiro AM, Renken RA, Osborn CL, Ryan JN, Cun-
ningham KJ, Landkamer LL. in preparation. Assessing the vulnerability of
a sole-source, karstic-limestone aquifer. 2. Use of carboxylated polystyrene
microspheres to estimate the transport potential of Cryptosporidium parvum
oocysts in a municipal well field in the Biscayne Aquifer. Water Resour Res,
to be published.

Hem JD. 1992. Study and interpretation of chemical characteristics of natural
water, USGS Water Supply Paper 2254. Washington, DC: USGS.

Hiscock KM, Grischek T. 2002. Attenuation of groundwater pollution by bank
filtration. J Hydrol 266(3—4):139.

Jung T, Kamm W, Breitenbach A, Kaiserling E, Xiao JX, Kissel T. 2000.
Biodegradable nanoparticles for oral delivery of peptides: is there a role for
polymers to affect mucosal uptake? Euro J Pharmaceut Biopharm 50:147—
160.

Kuznar ZA, Elimelech M. 2005. Role of surface proteins in the deposition
kinetics of Cryptosporidium parvum oocysts. Langmuir 21(January):710—
716.

LeChevallier M, Abbaszadegan M, Camper A, Hurst C, Izaguirre G, Marshall M,
Naumovitz D, Payment P, Rice E, Rose J, and others. 1999. Committee report:
Emerging pathogens - bacteria. JAmer Water Works Asso 91(9):101-109.

Lee DR. 1977. A device for measuring seepage flux in lakes and estuaries.
Limnol Oceanog 22(1):140-147.

Macler BA, Merkle JC. 2000. Current knowledge on groundwater microbial
pathogens and their control. Hydrogeol J 8(1):29—40.

245

McDowell-Boyer LM, Hunt JR, Sitar N. 1986. Particle-transport through
porous-media. Water Resour Res 22(13):1901-1921.

McKay LD, Sanford WE, Strong JM. 2000. Field-scale migration of colloidal
tracers in a fractured shale saprolite. Ground Water 38(1):139-147.

Metge DW, Harvey RW, Aiken GR, Barber LB, II. 1995. Use of static column ex-
periments to identify factors affecting bacterial attachment in contaminated
aquifer sediments from Cape Cod, Massachusetts. In: Aronson DA, Mor-
ganwalp D, editors. U.S. Geological Survey Toxic Substances Hydrology
Program—Proceedings of the Technical Meeting, Colorado Springs, Colo.,
Sept. 20-24, 1993. Colorado Springs, CO: U.S. Geological Survey. pp 259—
263.

Okun DA. 1993. New York City’s drinking water: what is the risk? Environ Eng
29:8-13,34.

Rajagopalan R, Tien C. 1976. Trajectory analysis of deep-bed filtration with the
sphere-in-cell porous media model. J Amer Instit Chem Eng.

Rantz SE, Thompson TH. 1967. Surface-water hydrology of California coastal
basins between San Francisco bay and Eel River. In: Interior Dept, editor. U.S.
Geological Survey Water-Supply Paper 1851: US Geological Survey, WRD.
pp 64.

Rose JB. 1997. Environmental ecology of Cryptosporidium and public health
implications. Ann Rev Publ Health 18:135-161.

Rosenberry DO. 2005. Integrating seepage heterogeneity with the use of ganged
seepage meters. Limnol Oceanogr Meth 3:131-172.

Rosenberry DO, Morin RH. 2004. Use of an electromagnetic seepage meter
to investigate temporal variability in lake seepage. Ground Water 42(1):68—
71.

Schijven J, Berger P, Miettinen 1. 2002. Chapter 6. Removal of pathogens, sur-
rogates, indicators and toxins during riverbank filtration. In: Ray C, editor.
Riverbank Filtration: Kluwer Publishers, Dordrecht, Netherlands, pp 72-116.

Scholl MA, Harvey RW. 1992. Laboratory investigations on the role of sedi-
ment surface and groundwater chemistry in transport of bacteria through a
contaminated sandy aquifer. Environ Sci Technol 26(7):1410-1417.

Sebestyen SD, Schneider RL. 2001. Dynamic temporal patterns of nearshore
seepage flux in a headwater Adirondack Lake. J Hydrol 247:137-150.

Shinn EA, Reich CD, Hickey TD. 2002. Seepage meters and Bernoulli’s Re-
venge. Estuaries 25 (1):126-132.

Sinton LW, Noonan MJ, Finlay RK, Pang L, Close ME. 2000. Transport and
attenuation of bacteria and bacteriophages in an alluvial gravel aquifer. New
Zeal J Mar Freshwater Res 34(1):175-186.

Tufenkji N, Miller GF, Ryan JN, Harvey RW, Elimelech M. 2004. Transport
of Cryptosporidium oocysts in porous media: role of straining and physico-
chemical filtration. Environ Sci Technol 38(November):5932-5938.

Tufenkji N, Ryan J, Elimelech M. 2002. The promise of bank filtration. Environ
Sci Technol 36:a422-a428.

Walker MJ, Montemagno CD. 1999. Sorption of Cryptosporidium parvum
oocysts in aqueous solution to metal oxide and hydrophobic substrates. Env-
iron Sci Technol 33(18):3134-3139.

Wolff D. 1975. The separation of cells and subcellular particles by colloidal
silica density gradient centrifugation. In: Prescott DM, editor. Methods in
Cell Biology. San Diego, CA: Academic. pp 85-104.

Yao KM, Habibian MT, O’Melia CR. 1971. Water and waste water filtration:
concepts and applications. Environ Sci Technol 5(11):1105-1112.



