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[1] A field-scale experiment was conducted at a research site using bacterial viruses
(bacteriophage) MS2 and PRD1 as surrogates for human viruses, bromide as a
conservative tracer, and tertiary-treated municipal wastewater (recycled water) to
investigate the fate and transport of viruses during artificial recharge. Observed virus
concentrations were fitted using a mathematical model that simulates virus transport in
one-dimensional, homogeneous, water-saturated porous media accounting for virus
sorption (or filtration), virus inactivation, and time-dependent source concentration. The
fitted time-dependent clogging rate constants were used to estimate the collision
efficiencies for bacteriophage MS2 and PRD1 during vertical fully saturated flow.
Furthermore, the corresponding time-dependent collision efficiencies for both
bacteriophage asymptotically reached similar values at the various sampling locations.
These results can be used to develop an optimal management scenario to maximize the
amount of recycled water that can be applied to the spreading grounds while still
maintaining favorable attachment conditions for virus removal.

Citation: Anders, R., and C. V. Chrysikopoulos (2005), Virus fate and transport during artificial recharge with recycled water, Water

Resour. Res., 41, W10415, doi:10.1029/2004WR003419.

1. Introduction

[2] The use of treated municipal wastewater effluent
(recycled water) for artificial recharge of groundwater is
increasing, especially in the southwestern United States. In
many areas artificial recharge is accomplished by deliver-
ing large amounts of water, including recycled water, to
large holding ponds, or spreading grounds. One concern
with using recycled water is that active/infective human
enteric viruses might be delivered with the recycled water
to the spreading grounds. Therefore retention and inacti-
vation of viruses on the soil during recharge is considered
to be the final step in a multibarrier treatment system to
protect public health [National Research Council, 1994].
In California, the Department of Health Services (DOHS)
governs the recharge of groundwater with recycled water.
The proposed State of California criteria for artificial
recharge with recycled water states that the applied mu-
nicipal wastewater used for surface spreading should be
retained underground for a minimum of 6 months prior to
extraction for use as a drinking water supply, and should
not be extracted within 500 feet (153 m) of the point of
recharge [Hultquist et al., 1991; Asano and Cotruvo,
2004]. These provisions were established to protect
groundwater resources by ensuring that adequate retention

time and distance requirements are met for pathogen
removal.
[3] The major processes controlling the subsurface trans-

port of viruses are their sorption characteristics and/or rate of
inactivation [Gerba and Keswick, 1981]. Inactivation of
viruses suspended in the liquid phase as well as viruses
sorbed to soil particles is controlled by degradation of the
viral capsid and by subsurface temperature [Yates, 1987].
The degree of virus sorption during subsurface transport is
affected by several factors including viral surface properties,
groundwater quality, and sediment surface charges [Gerba,
1984]. Several investigators have treated viruses as solutes
due to their small size [Grosser, 1984; Tim and Mostaghimi,
1991; Park et al., 1992; Vilker and Burge, 1980; Sim and
Chrysikopoulos, 1995, 1998, 1999; Chrysikopoulos and
Sim, 1996], or described the physical and chemical factors
that influence their sorption onto the solid matrix by the
colloid filtration theory [Bales et al., 1991; Kinoshita et al.,
1993; Sim and Chrysikopoulos, 1995; Pieper et al., 1997;
Redman et al., 1997; Deborde et al., 1999; Ryan et al., 1999;
Schijven et al., 1999]. Filtration theory is commonly used to
describe the removal of colloidal particles (i.e., viruses)
during pack bed filtration in water treatment applications
[Yao et al., 1971]. The colloid filtration model assumes that
particle attachment is governed by the collision efficiency
which represents the ratio of the rate of collisions resulting in
attachment to the total number of collisions [Rajagopalan
and Tien, 1976; Tufenkji and Elimelech, 2004]. Although
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reversible sorption and inactivation of viruses in laboratory-
scale column experiments are typically negligible due to
short residence times [Tufenkji et al., 2003], any attempt to
evaluate field-scale virus transport under water saturated
flow conditions requires the determination of desorption
rate constants as well as inactivation constants of suspended
and sorbed viruses [Schijven et al., 2003]. Furthermore,
during artificial recharge, the subsurface beneath spreading
grounds can exhibit significant changes in water flux and
hydraulic conditions over time due to the presence of trapped
air, sealing of the soil surface, and the effect of biofilms
sealing the pores within the wetted zones [Faybishenko,
1995]. Therefore field-scale experiments conducted under
actual recharge conditions with recycled water using surro-
gates for human viruses are needed to obtain the information
necessary to establish adequate retention time and distance
requirements for pathogen removal.
[4] In the present work, virus concentrations measured

during a field-scale recharge experiment were fitted using a
newly developed mathematical model that simulates virus
transport in one-dimensional, homogeneous, water-saturated
porous media accounting for virus sorption (or filtration) and
inactivation. The analytical solution is also applicable to
the special case of time-dependent source concentration.
The fitted clogging and declogging rate constants as well
as the inactivation constants of suspended and sorbed
viruses were used to estimate the collision efficiency of
bacteriophage MS2 and PRD1 during vertical fully water-
saturated flow.

2. Site Description

[5] A field-scale recharge experiment was conducted
during August through September 1998 at the USGS
research field site located in Los Angeles County, California
[Anders et al., 2004]. A map of the research site location is
shown in Figure 1. The research field site consists of a test
basin and adjacent desilting basin at the north end of the San
Gabriel River Coastal Basin Spreading Grounds, a large
recharge facility (spreading grounds) providing groundwa-
ter replenishment to the Montebello Forebay in Los Angeles
County. Tertiary-treated effluent from the San Jose Creek
Water Reclamation Plant, which has undergone chlorina-
tion-dechlorination and either monomedia (anthracite only)
or dual-media (anthracite and sand) filtration, is delivered
through a 2.4 m diameter culvert to the spreading grounds.
A portion of the flow can be diverted on demand to the
research site through a 15.2 cm pipeline using a 1,100 m3/d
pump installed in the culvert.
[6] Construction of the test basin exposed an effective

percolation area of about 500 m2 at a maximum operating
water depth of about 2.4 m. Instrumentation at the research
site used for the recharge experiment included two steel well
points located within the center of the test basin installed at
depths of about 2.1 and 3.6 m below the surface (WP1 and
WP2, respectively). The well points consist of a 0.15 m
conical drive shoe at the bottom, 0.6 m screens, and galva-
nized steel pipe. The steel well points were hydraulically
developed by air surging. Schroeder et al. [2003] provides
additional details of the instrumentation at the research site.
[7] Core material was collected during the construction of

the test basin by driving a flame-sterilized, split-spoon core
barrel through the bottom of the hole produced by hollow-

stem augering. The core material was recovered at approx-
imately 0.3 m intervals to a depth of 10.6 m below the floor
of the test basin. A lithology log compiled from field
observations and measured grain size distributions indicated
that the soil beneath the test basin is predominantly fine
(0.125 mm) to coarse (1.0 mm), moderately sorted, grayish-
brown sand [Schroeder et al., 2003].

3. Methods

3.1. Field Preparation

[8] Prior to starting the field-scale experiment, the soil
surface of the test basin was tilled to breakup any hardpan
that might have remained from previous spreading oper-
ations. Throughout the experiment, temperature, pH, and
specific conductance were periodically measured in order to
monitor possible water quality changes in the test basin
itself and in the subsurface beneath the test basin. Field
measurements of pH and specific conductance were made
using portable pH meter (Orion model 250A) with a pH
combination electrode (Orion model 9106) and a portable
temperature-compensated conductivity meter (Orion model
124), respectively. Water temperatures were measured using
a hand-held alcohol-filled thermometer.
[9] The well points were purged prior to water sample

collection by removing three casing volumes with a sub-
mersible SP-300R sampling pump system (Fultz Pumps,
Inc., Lewistown, PA). As soon as the specific conductance,
pH, and temperature measurements had stabilized, 0.6 cm
PFE-Teflon tubing was inserted into the casing of each well
point at depths of 1.5 m (WP1) and 3.0 m (WP2) beneath the
floor of the test basin to allow for low-flow (�200 mL/min)
continuous sampling with peristaltic pumps.

3.2. Bromide Analysis

[10] Bromide, in the form of potassium bromide (Amer-
ibrom Inc., New York, NY, photo grade), was chosen as the
conservative tracer to track the recharge front and to
estimate dilution of the recycled water by soil moisture
and/or groundwater during recharge. It should be noted that
alkali halides are the most commonly used salts for subsur-
face fluid tracing [Chrysikopoulos, 1993]. All water sam-
ples for bromide analysis were collected into 125 mL
polyethylene bottles and bromide concentrations were mea-
sured at the USGS National Water Quality Laboratory
(Denver, CO) using ion chromatography.

3.3. Bacteriophage Assays

[11] The male-specific RNA coliphage, MS2, and the
Salmonella typhimurium phage, PRD1, bacterial viruses
representative of those found in treated municipal waste-
water and in recycled water [Yanko et al., 1999], were used
as surrogates for human viruses for the field experiment.
These bacteriophage have been used extensively in subsur-
face virus transport studies and are considered to be good
model viruses because they behave more conservatively
(attach less) than many pathogenic viruses and are relatively
persistent during transport through the subsurface [Bales et
al., 1997; Jin et al., 1997; Ryan et al., 1999; Schijven et al.,
1999]. Water samples for bacteriophage analyzes were
collected into sterile bottles and stored at 4�C until the
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bacteriophage concentrations were measured at the County
Sanitation Districts of Los Angeles County (CSDLAC)
virology laboratory.
[12] Bacteriophage concentrations were measured using

either the double agar layer assay [Adams, 1959] or most
probable number (MPN) procedure [Kott, 1966]. Trypticase
soy broth (TSB) (Difco), TSB (Difco) soft agar (containing
0.05% 1N CaCl2) and TSA (Difco) bottom agar were used

for analyzing PRD1 bacteriophage using Salmonella typhi-
murium LT2 (American type culture collection (ATCC)
15277) as the host bacteria, and for analyzing MS2 bacte-
riophage using E. coli F–amp (ATCC 700891) as the host
bacteria with the same concentration of antibiotics as
described by Debartolomeis and Cabelli [1991]. The double
agar layer assay was estimated to have a detection limit of
0.5 plaque-forming units (PFU)/mL, whereas the MPN

Figure 1. Location of the research field site in Los Angeles County, California.
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method employed in this study was estimated to have a
detection limit of 0.02 MPN PFU/mL.

3.4. Tracer Injection

[13] Recycled water was delivered from the culvert to the
test basin at a rate of about 1063 m3/d for several days.
Eventually, a mound was established and the test basin
began to fill with recycled water. At the start of the
experiment, the depth and volume of recycled water in the
test basin was about 1.2 m and 473 m3, respectively.
Because direct sunlight may significantly affect the inacti-
vation rates of bacteria and bacteriophage [Sinton et al.,
1999], PRD1 and MS2 were introduced into the test basin
during the evening or early morning when inactivation from
ultraviolet radiation or photolysis would be minimal. The
initial seeding was accomplished by spraying the surface of
the water in the test basin with solutions containing 8.5 �
1011 PFU of PRD1, 8.5 � 1013 PFU of MS2, and 72.9 kg of
potassium bromide (49 kg of Br). After completion of the
initial seeding of the test basin, 4.7 � 1012 PFU of PRD1,
6.0 � 1013 PFU of MS2, and 16.4 kg of potassium bromide
(11 kg of Br), were injected with peristaltic pumps directly
into the feed pipe delivering recycled water to the test basin.
After completion of the injection process, the delivery of
recycled water to the test basin was halted for 16 hours, and
subsequently resumed without addition of bacteriophage
and bromide. Water samples were collected at 1.5 and
3.0 m beneath the floor of the test basin (sampling points
WP1 and WP2) and from the test basin itself for a period of
9 days.

4. Model Development

[14] One-dimensional virus transport in homogeneous,
saturated porous media accounting for virus sorption (or
filtration) and inactivation is governed by the following
partial differential equation [Sim and Chrysikopoulos, 1995]

@C t; zð Þ
@t

þ r
q
@C* t; zð Þ

@t
¼ D

@2C t; zð Þ
@z2

� U
@C t; zð Þ

@z
� lC t; zð Þ

� l*
rb
q
C* t; zð Þ; ð1Þ

where C is the concentration of virus in suspension; C* is
the concentration of virus sorbed on the solid matrix; D is
the hydrodynamic dispersion coefficient; U is the average
interstitial velocity; rb is the bulk density of the solid
matrix; l is the inactivation rate constant of suspended
viruses; l* is the inactivation rate constant of sorbed
viruses; q is the porosity of porous medium; t is time; and
z is the coordinate in the direction of flow. The left-hand
side of (1) consists of the accumulation terms, and the last
two terms represent the inactivation of suspended and
adsorbed viruses, respectively. The rate of virus attachment
onto the solid matrix is described by the following
generalized expression

r
q
@C* t; zð Þ

@t
¼ r1C t; zð Þ � r2C* t; zð Þ; ð2Þ

where r1 and r2 are the forward and the reverse rate
coefficients.

[15] The desired expression for C* is obtained by solving
(2) subject to an initial condition of zero sorbed (or filtered)
virus concentration (C*(0, z) = 0) as

C* t; zð Þ ¼ r1q
rb

Z t

0

C t; zð Þ exp � r2q
rb

t � tð Þ
� �

dt: ð3Þ

In the view of (2) and (3) the governing equation (1) can be
written as

@C t; zð Þ
@t

¼ D
@2C t; zð Þ

@z2
� U

@C t; zð Þ
@z

�AC t; zð Þ

� B
Z t

0

C t; zð Þe�H t�tð Þdt; ð4Þ

where the following substitutions have been employed

A ¼ r1 þ l; ð5Þ

B ¼ r1 l*�Hð Þ; ð6Þ

H ¼ qr2
rb

: ð7Þ

[16] For a semi-infinite, one-dimensional porous medium
in the presence of a broad pulse input of viruses, the
appropriate initial and boundary conditions are

C 0; zð Þ ¼ 0; ð8Þ

�D
@C t; 0ð Þ

@z
þ UC t; 0ð Þ ¼

UC0 tð Þ 0 < t � tp;

0 t > tp;

8<
: ð9Þ

@C t;1ð Þ
@z

¼ 0; ð10Þ

where C0(t) is the time-dependent source concentration, and
tp is the duration of the solute pulse. The condition (8)
establishes that there is no initial virus concentration within
the porous medium. The constant flux boundary condition
(9) implies virus concentration discontinuity at the inlet and
that the source concentration is not constant during the
broad pulse. The downstream boundary condition (10)
preserves concentration continuity for a semi-infinite
system.
[17] An analytical solution to the problem described by

the governing partial differential equation (4) subject to
initial and boundary conditions (8)–(10) has been derived
by Sim and Chrysikopoulos [1995] for the case of contin-
uous and time-invariant (constant) source concentration.
The Sim and Chrysikopoulos [1995] model was modified
by Keller et al. [2004] to account for the special case of a
single, time-invariant broad pulse source concentration. For
the general case of a time-dependent broad pulse source
concentration described in this study, an analytical solution
can be obtained with application of the principle of super-
position, as suggested by Chrysikopoulos et al. [1990] and
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Chrysikopoulos and Lee [1998]. Assuming that the broad
pulse tp consists of several subpulses

tp ¼ tp 1ð Þ þ tp 2ð Þ þ    þ tp Mð Þ; ð11Þ

where tp(m) (m = 1, 2, . . ., M) represents the time period of
subpulse m. For the duration of each subpulse the source
concentration, C0(m), is assumed to remain constant. The
solution is expressed as

C t; zð Þ ¼
XM
m¼1

C0 mð Þ tð Þ
h
F t � t̂m�1; zð Þ � F t � t̂m; zð Þ

i
;

t > tp

 �

;

ð12Þ

where

t̂m�1 ¼
Xm�1

i¼1

tp ið Þ; ð13Þ

t̂m ¼
Xm
i¼1

tp ið Þ; ð14Þ

F t; zð Þ ¼ U

D1=2
exp

Uz

2D

� � Z t

0

Zt

0

He�HtJ0

8<
: 2 Bz t� zð Þð Þ1=2

h i

� 1

pzð Þ1=2
exp

�z2

4Dz

�(
þ H�A� U2

4D

 �
z
�

� U

2D1=2
exp

Uz

2D
þ H�Að Þz

� �

� erfc
z

2 Dzð Þ1=2
þ U

2

z
D

 �1=2
" #)

dzdt

þ e�Ht

Z t

0

J0 2 Bz t � zð Þð Þ1=2
h i

� 1

pzð Þ1=2
exp

�z2

4Dz
þ H�A� U2

4D

 �
z

� �(

� U

2D1=2
exp

Uz

2D
þ H�Að Þz

� �

� erfc
z

2 Dzð Þ1=2
þ U

2

z
D

 �1=2
" #)

dz ð15Þ

[18] The Bessel function relationship I0(x) = J0(ix),
where I0 is the modified Bessel function of the first kind
of zeroth order and x is an arbitrary argument [Abramowitz
and Stegun, 1972], can be used for the evaluation of J0(ix)
with complex argument. The solution (12) can also be
used for early times (t < tp); however, if t̂m�1 < t < t̂m then
F(t � t̂m) = 0. It should be noted that for the derivation of
(12) the superposition principle can be employed because
the governing partial differential equation (1) is linear with
respect to the aqueous phase concentration.
[19] For this work, COLLOIDFIT, a program written in

FORTRAN, was develop to fit the virus transport model
(14) to the experimental data. COLLOIDFIT utilizes sub-
routine mrqmin [Press et al., 1992] for the nonlinear least

squares regression, and subroutines qdag and twodq [Inter-
national Mathematics and Statistics Libraries, 1991] for the
numerical evaluation of the single and double integrals,
respectively, present in (15).

4.1. Determination of Collision Efficiency

[20] The forward and the reverse rate coefficients pre-
sented in (2) are defined as [Sim and Chrysikopoulos, 1995]

r1 ¼ kc ¼ UfF C*ð Þ; ð16Þ

r2 ¼
r
q
kr þ l*ð Þ; ð17Þ

respectively, where kc is the clogging rate constant, f is the
filter coefficient, F(C*) is the dynamic blocking function
that accounts for variations of porosity with increasing
particle attachment, and kr is the declogging rate constant.
For the filtration of submicron particles such as viruses, it is
assumed that F(C*) = 1 and (16) reduces to

kc ¼ Uf: ð18Þ

The filter coefficient is expressed as [Rajagopalan and Tien,
1976]

f ¼ 3 1� qð Þ
2dp

h; ð19Þ

where h is the single collector removal efficiency of the
filter and dp = 0.25 mm is the average grain diameter of the
porous medium.
[21] Note that the single collector removal efficiency

presented in (19) is commonly expressed as [Yao et al.,
1971]

h ¼ ah0; ð20Þ

where a is the collision efficiency, and h0 is the single
collector removal efficiency for favorable deposition (in the
absence of double layer interaction energy). Combining
(18), (19), and (20) yields the following expression for the
collision efficiency factor

a ¼ kc

U

2dp

3 1� qð Þ
1

h0
: ð21Þ

[22] An approximate expression for h0 applicable to deep
bed filtration based on the Happel sphere-in-cell porous
media model is the following [Rajagopalan and Tien, 1976;
Logan et al., 1995]:

h0 ¼ AsN
1=8
Lo N

15=8
R þ 3:375� 10�3AsN

1:2
G N�0:4

R þ 4A1=3
s N

�2=3
Pe ;

ð22Þ

where As is the porosity-dependent flow parameter defined
as

As ¼
1� e5

1� 1:5eþ 1:5e5 � e6
; ð23Þ
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(where e = (1 � q)1/3), NLo is the London group:

NLo ¼
4H

9pmd2v q
; ð24Þ

Nr is the relative size group:

NR ¼ dv

dp
; ð25Þ

NG is the gravity group:

NG ¼
d2v rv � rf
� �

g

18mq
; ð26Þ

NPe is the Peclet number:

NPe ¼
dpq

D ; ð27Þ

where q = Uq is the specific discharge or the approach
velocity, D is the virus diffusivity governed by Brownian
motion and described by the Stokes-Einstein equation as
[Atkins, 1990]

D ¼ kBT

3pmdv
; ð28Þ

kB = 1.38 � 10�23 (kg m2)/(s2 K) is the Boltzman constant,
H = 6.6 � 10�21 (kg m2)/s2 is the Hamaker constant

[Truesdail et al., 1998], dv is the virus diameter (2.5� 10�8 m
forMS2 and 6.2� 10�8m for PRD1 [Kinoshita et al., 1993]),
rv is the virus density (assumed at near-neutral buoyancy), rf
is the density of water, m = 8.91 � 10�4 kg/(m s) is the
viscosity of water, g = 9.81 m/s2 is the acceleration due to
gravity, and T is the absolute temperature in Kelvin. Figure 2
presents the single collector removal efficiency as a function
of particle size predicted by (22), together with the h0 values
for MS2 and PRD1 for the initial field conditions.
[23] An alternative method to calculate a has been

proposed by Harvey and Garabedian [1991]. Hereafter
the method will be referred to as HG. The HG method is
based on the relative breakthrough (RB), defined as the ratio
of the time-integrated mass of each bacteriophage relative to
that of the conservative tracer

RB ¼
Z t

0

C tð Þ
C0

dt

�Z t

0

CT tð Þ
CT0 tð Þ dt; ð29Þ

where CT is the tracer concentration, and subscript 0
indicates initial concentrations in the test basin. The RB can
be determined from experimental data by numerical
integration of the area under the corresponding normalized
breakthrough curves (i.e., trapezoid rule). Furthermore,
assuming that the bacteriophage and bromide enter the test
basin as a dirac input, a is expressed as [Harvey and
Garabedian, 1991]

a ¼
dp 1� 2 aL=‘zð Þ ln RB½ �2�1
n o

6 1� qð Þh0aL

; ð30Þ

where ‘z is the distance from the injection point to the
sampling point, and aL is the longitudinal dispersivity
defined as [Nielsen et al., 1986]

aL ¼ D�De

Uj jg ; ð31Þ

where De = D/t* is the effective molecular diffusion
coefficient (where t* � 1 is the tortuosity coefficient) and g

is an exponent that for relatively homogeneous, water-
saturated systems is approximately equal to 1.

5. Field-Scale Experiment

5.1. Water Quality

[24] The initial water temperature in the test basin was
28.8�C and the specific conductance adjusted to 25�C was
1,005 mS/cm. The initial specific conductance at WP1 was
1,010 mS/cm and increased to 1025 mS/cm during the
experiment. The initial temperature at WP2 was 28.6�C
and the specific conductance 992 mS/cm; both increased
slightly during the experiment. The pH measured from
water samples collected from beneath the test basin ranged
from 7.3 to 7.6 pH units. Overall, the observed fluctuations
in temperature, pH, and specific conductance were mini-
mal; this indicates that chemical conditions changed little
during the recharge experiment and were similar to those
observed during other recharge experiments conducted at

Figure 2. Predicted single collector removal efficiency
based on (22) (solid line) and h0 values for MS2 (circle) and
PRD1 (square) for the initial conditions at the field site.
Here U = 25.3 cm/hr, dp = 0.25 mm, q = 0.3, H = 6.6 �
10�21 (kg m2)/s2, rv � rf, and T = 298 K.
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the research field site [Schroeder et al., 2003; Anders et al.,
2004].

5.2. Bacteriophage Inactivation

[25] During the initial seeding and subsequent metered
injection of bromide and bacteriophage, 24 grab samples
were collected from four locations around the perimeter and
near the center of the test basin in order to determine the
degree of mixing in the ponded water and to establish the
initial concentrations. The average concentrations were 2.4 ±
1.4 � 105 PFU/mL for MS2, 2.4 ± 1.1 � 104 PFU/mL for
PRD1, and 107 ± 28.0 mg/L for bromide. The high standard
deviations indicate incomplete mixing in the test basin
during the first few hours of the experiment. Measured
bromide and bacteriophage concentrations in water samples
collected from the test basin during the field-scale recharge
experiment are shown in Figure 3. The shaded area in
Figure 3 represents the 16 hour period when no recycled
water, bacteriophage, or bromide were delivered to the test
basin. Figure 3a indicates that the bromide concentration
remained essentially constant for the 16 hour period after
mixing was complete and before dilution occurred as the
delivery of new recycled water resumed. However, as
shown in Figures 3b and 3c, bacteriophage concentrations
decreased during the 16 hour period probably due to
inactivation. Assuming that virus inactivation is a first-order
process [Yates et al., 1985; Chrysikopoulos and Vogler,
2004] expressed as

ln
C tð Þ
C0

� �
¼ �lt; ð32Þ

the rate of bacteriophage inactivation can be determined by
linear regression analysis of the observed normalized
bacteriophage log concentrations. Figure 4 shows the
bacteriophage log concentrations for the 16 hour period
and the corresponding linear regression lines. The slope of
the solid line, l = 0.07 h�1 represents the inactivation rate
coefficient for MS2 with a coefficient of determination r2 =
0.94, and the slope of the dashed line, l = 0.02 h�1

represents the inactivation rate coefficient for PRD1 with
r2 = 0.36. The slopes indicate that the inactivation rate of
MS2 was higher than that of PRD1, as was also reported by
Yahya et al. [1993]. It should be noted that the estimated
inactivation rate coefficients correspond to a water tem-
perature of 28.8�C and are therefore higher than those
reported in the literature for groundwater temperatures of
4�C [Yates et al., 1985; Powelson et al., 1990] or 7�C [Yahya
et al., 1993]. In addition to temperature, Brownian
coagulation of viruses [Grant, 1994] and/or microbial
activity [Jansons et al., 1989] may also increase the rate of
virus inactivation. However, l values for bacteriophage
MS2 and PRD1 evaluated from (32) can provide an estimate
of the retention time required for adequate virus removal.
For example, the estimated l value for PRD1 in the test
basin suggests that almost 38-log removal of bacteriophage
would occur in 6 months. This period is equal to the
underground retention time proposed by the State of
California for surface spreading of municipal wastewater
[Asano and Cotruvo, 2004]. It should be noted here that
Sim and Chrysikopoulos [1995] have proposed that the
inactivation rate coefficient should be considered as a time-

dependent parameter, and suggested that virus transport data
collected in the vicinity of the source of contamination at
early times are more reliable for estimation of inactivation
rate coefficients. Furthermore, Chrysikopoulos and Vogler
[2004] have shown that temporally variable inactivation rate
coefficients can significantly affect the predicted virus
migration in porous media.

5.3. Estimation of Transport Parameters

[26] Gauge measurements shown in Figure 5 indicate that
the height of recycled water, h, in the test basin remained at
about 1.25 m during the initial seeding and injection of
bacteriophage and bromide. Furthermore, the shaded area in
Figure 5 shows that h decreased from 1.25 m to 0.5 m
during the 16 hour period when no recycled water was
delivered to the test basin. Once delivery was resumed,
h increased to about 1.0 m and remained at that height for
the remaining period of the experiment. The recycled water
did not return to the original height of 1.25 m due to

Figure 3. Concentrations of (a) bromide, (b) MS2, and
(c) PRD1 in water samples collected from the test basin.
Shaded area indicates the 16 hour period when no recycled
water was delivered to the test basin.
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operations at the spreading grounds that required draining of
standing water in the desilting basin adjacent to the test
basin.
[27] The bromide concentrations observed at both sam-

pling locations WP1 and WP2 are shown in Figure 6. A
comparison of bromide concentrations at WP1 and WP2 to
initial concentrations in the test basin indicate that no major
dilution occurred at these shallower depths. The mean
concentration arrival time for bromide at the sampling
locations is defined by the first normalized absolute moment
as [Valocchi, 1985]

m1 ¼
Z 1

0

tCT t; zð Þdt
�Z 1

0

CT t; zð Þdt: ð33Þ

First moment analysis of the bromide concentration data
provides a mean arrival time of 25.2 hours at WP1 and
28.6 hours at WP2. Also shown in Figure 6 are the model

simulated bromide concentration history curves. These
curves were constructed with rb = 1.86 gm/cm3 and q =
0.3 determined from the measured grain size distribution
data and kc = kr = l = l* = 0. The parameter values for U
and D correspond to the changes in the height of the
recycled water in the test basin (vertical gradient) during the
field experiment (see Figure 5). Clearly, the absolute
minimum number of values for U and D is 4. The parameter
values for U and D during the initial seeding and injection
of bacteriophage and bromide were fitted by COLLOIDFIT.
The remaining U and D values, during the 16 hour period
when no recycled water was delivered to the test basin and
once delivery was resumed, were calculated from the
measured changes in h in the test basin. The broad bromide
input pulse was subdivided into 15 subpulses based upon
measured bromide concentrations in water samples col-
lected from the test basin during the field-scale recharge
experiment (see Figure 3). The time-dependent bromide
source concentrations as well as the U and D values for each
subpulse at both sampling locations are listed in Table 1. It
should be noted that due to the relatively high interstitial
velocities, D is governed mainly by mechanical dispersion
and the contribution of De is very small. The dispersivity
values for the data collected at WP1 and WP2, as
determined by (31), are aL = 1.86 and 1.41 cm, respectively.
Note that the estimated dispersivity at WP1 is greater than
the one at WP2. Given that the dispersivity is a property of
the porous medium, the dispersivity values obtained here
indicate that the soil formation beneath the test basin is not
perfectly homogeneous. The variation in dispersivity values
is relatively small, suggesting that the degree of hetero-
geneity is slight.

Figure 4. Normalized log concentrations of MS2 (circles)
and PRD1 (squares) in the test basin as a function of time.
The slope of the fitted lines (solid line for MS2 and dashed
line for PRD1) represents the corresponding inactivation
rate coefficients. Shaded area represents the 16 hour period
when no recycled water was delivered to the test basin.

Figure 5. Height of recycled water in the test basin
(diamonds) as a function of time. Shaded area represents the
16 hour period when no recycled water was delivered to the
test basin.

Figure 6. Bromide concentration breakthrough data
(circles) observed at (a) WP1 and (b) WP2 and the
corresponding simulated concentration histories (curves).
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[28] The bacteriophage MS2 concentrations observed at
both sampling locations WP1 and WP2 are shown in
Figure 6. In contrast to bromide, the first moment of the
arrival time for MS2 was 10.3 hours at WP1 and 14.0 hours
at WP2. The early mean concentration arrival times of MS2
is attributed to a combination of mechanisms that result in
faster velocities and straighter paths [Sirivithayapakorn and
Keller, 2003]. These mechanisms include pore exclusion, in
which the virus particles are excluded from smaller pores
based on their size [Enfield et al., 1989; Abdel-Salam and
Chrysikopoulos, 1995; Rehmann et al., 1999] and/or size
exclusion that excludes the virus particles from streamlines
near the pore walls [Ginn, 2002; Auset and Keller, 2004;
Keller et al., 2004]. It should be noted that dispersivity can
also be a function of colloid size at low Peclet numbers due
to the size exclusion effect [Keller et al., 2004].
[29] The bacteriophage MS2 reached a maximum con-

centration of 6.0 � 104 PFU/mL at WP1 and 3.4 �
104 PFU/mL at WP2. The concentration history curves for
MS2 presented in Figure 7 were constructed using U and D
values listed in Table 1 and l = 0.07 h�1 determined from
(32). The broad MS2 input pulse was subdivided into 17
subpulses with durations similar to those used for the
bromide (see Figure 3). Two subpulses in addition to those
employed for the bromide case were required to describe
adequately the measured MS2 concentrations during the
periods when no recycled water was being delivered to the

test basin. Values of kc for each subpulse were fitted using
COLLOIDFIT. All MS2 time-dependent source concentra-
tions as well as the fitted kc values for each subpulse at both
sampling locations are listed in Table 2. Values of kr and l*
were fitted using only the receding portion of experimental
breakthrough data. Changes in the values of kr and l* affect
slightly the slope and intercept of the receding portion of the
breakthrough curve, respectively. This observation has also
been reported by Schijven et al. [1999]. Consequently, these
parameters were assumed to remain constant with time but
to vary with depth (temporally invariant but spatially
variable). The curve in Figure 7a represents the model
simulated MS2 breakthrough curve at WP1 with fitted
values for l* = 0.025 h�1 and kr = 5 � 10�4 h�1. The
initial value of kc at WP1 was 0.3 h�1; however, when
the delivery of recycled water to the test basin was halted,
the value of kc increased to 1.2 h�1. After delivery of
recycled water was resumed, kc values decreased slightly
for the remaining period of the experiment. The model
simulated MS2 breakthrough curve at WP2 is indicated by
the curve in Figure 7b, and it was constructed with fixed
value of l* = 0.025 h�1 and fitted kr = 5 � 10�5 h�1. For
MS2 at WP2, the initial kc was 0.2 h�1, this value increased
to 0.5 h�1 when the delivery of recycled water to the test
basin was halted, and then kc values increased to 0.8 h�1 for
the remaining period of the experiment. The small fitted
values of kr indicate that desorption does not affect signif-
icantly the fate and transport of viruses during vertical fully
water-saturated flow.
[30] The bacteriophage PRD1 concentrations observed at

both sampling locations WP1 and WP2 are shown in
Figure 8. Note that first moment estimated the arrival times

Table 1. Model Parameters for Bromide Breakthrough Data at

WP1 and WP2

tp(m), hours CT0
, mg/L U, cm/h D, cm2/h

WP1a

0.25 266.5 25.8 48.1
0.75 218.6 25.8 48.1
2.0 116.4 25.8 48.1
4.0 101.1 25.8 48.1
2.0 100.1 25.5 47.5
5.0 98.0 25.5 47.5
8.0 98.7 24.3 45.3
1.0 98.1 24.3 45.3
1.0 98.3 24.7 46.0
1.0 86.4 24.7 46.0
1.0 68.4 24.7 46.0
1.0 57.7 24.7 46.0
2.0 42.0 24.7 46.0
3.0 25.7 24.7 46.0
9.0 16.4 24.7 46.0

WP2b

0.25 266.5 30.1 42.5
0.75 218.6 30.1 42.5
2.0 116.4 30.1 42.5
4.0 101.1 30.1 42.5
2.0 100.1 29.9 42.2
5.0 98.0 29.9 42.2
8.0 98.0 29.5 41.7
1.0 98.1 29.5 41.7
1.0 98.3 29.7 41.9
1.0 86.4 29.7 41.9
1.0 68.4 29.7 41.9
1.0 57.7 29.7 41.9
2.0 42.0 29.7 41.9
3.0 25.7 29.7 41.9
9.0 16.4 29.7 41.9

aFor WP1, z = 152.4 cm, and aL = 1.86 cm.
bFor WP2, z = 304.8 cm, and aL = 1.41 cm.

Figure 7. MS2 concentration breakthrough data (circles)
observed at (a) WP1 and (b) WP2 and the corresponding
simulated concentration histories (curves).
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for PRD1 at WP1 and WP2 of 10.1 hours and 14.5 hours,
respectively, are similar to the arrival times for bacterio-
phage MS2. Therefore the transport of PRD1 exhibits
similar size exclusion behavior as MS2. However, unlike
the MS2 data, the peak PRD1 concentration is higher at
WP2. The broad PRD1 input pulse was subdivided into the
same 17 subpulses used for bacteriophage MS2. All PRD1
time-dependent source concentrations as well as the fitted kc
values for each subpulse at both sampling locations are
listed in Table 3. The concentration history curves for PRD1

presented in Figure 8 were constructed following the same
procedure described previously for bacteriophage MS2 with
l = 0.02 h�1. The model-simulated breakthrough history at
WP1 and WP2 presented in Figure 8 by the curves were
constructed with l* = 0.015 h�1 and kr = 1 � 10�5 h�1. The
values of kc for PRD1 did not exhibit the same trend as that
for MS2, but instead increased slightly at both depths during
the recharge experiment and indicate the attachment of
PRD1 is affected less by the delivery of recycled water to
the test basin. The lack of a similar trend might be explained
by noting that the reverse rate coefficient for PRD1 at WP1
and WP2 is r2 = 9.35 � 10�2 h�1 which is an order of
magnitude less than the forward rate coefficient for most
subpulses at both sampling depths.

5.4. Comparison of Collision Efficiencies

[31] Collision efficiencies for both bacteriophage MS2
and PRD1 were estimated with (21) using the fitted time-
dependent kc values and the additional model parameters
listed in Table 4. The estimated collision efficiencies sug-
gest more favorable attachment conditions existed for
bacteriophage PRD1 than for MS2 during the field-scale
recharge experiment. The more favorable attachment con-
ditions (higher collision efficiencies) for bacteriophage
PRD1 may be due to its lipid-containing structure and
higher hydrophobicity, whereas a more hydrophilic virus
such as MS2 behaves more conservatively [Kinoshita et al.,
1993]. Figure 9 shows the relationship between kc and
estimated a values for MS2 and PRD1, as well as the
corresponding linear regression lines. According to (21) the
slope of the lines in Figure 9 is inversely proportional to h0,
and indicates that the soil beneath the test basin is almost
twice as efficient at removing PRD1 than MS2 at the
conditions present during the experiment. For comparison,
the corresponding collision efficiencies were also deter-
mined with the HG method and they are listed in Table 5.
Figure 10 shows the collision efficiencies as a function of
time estimated by both (21) and the HG method. The time-
dependent collision efficiencies estimated from the experi-
mentally determined kc values reached asymptotic values
higher than those predicted by the HG method. Note that the

Table 2. Model Parameters for MS2 Breakthrough Data at WP1

and WP2

tp(m), hours C0, PFU/mL

kc, h
�1

WP1 WP2

2.0 650,000 0.3 0.2
1.0 330,000 0.3 0.2
1.0 260,000 0.3 0.2
1.0 240,000 0.3 0.2
2.0 200,000 0.3 0.2
2.0 110,000 0.3 0.3
5.0 66,000 1.2 0.5
8.0 66,000 0.6 0.2
1.0 54,000 0.8 0.8
1.0 49,000 0.8 0.8
1.0 20,000 0.8 0.8
1.0 16,000 0.8 0.8
1.0 14,000 0.8 0.8
3.0 7,900 0.8 0.8
2.0 1,200 0.8 0.8
16.0 390 0.8 0.8
23.0 2.8 0.8 0.8

Table 3. Model Parameters for PRD1 Breakthrough Data at WP1

and WP2

tp(m), hours C0, PFU/mL

kc, h
�1

WP1 WP2

2.0 69,000 0.9 0.4
1.0 30,000 0.9 0.4
1.0 27,000 0.9 0.4
1.0 31,000 0.9 0.4
2.0 19,000 0.9 0.4
2.0 9,200 1.0 0.4
5.0 6,400 1.0 0.9
8.0 6,400 1.4 0.5
1.0 9,000 1.4 1.0
1.0 7,400 1.2 1.0
1.0 2,400 1.2 1.0
1.0 1,900 1.2 1.0
1.0 1,100 1.2 1.0
3.0 550 1.2 1.0
2.0 4.0 1.2 1.0
16.0 1.5 1.2 1.0
23.0 1.0 1.2 1.0

Figure 8. PRD1 concentration breakthrough data
(squares) observed at (a) WP1 and (b) WP2 and the
corresponding simulated concentration histories (curves).

10 of 14

W10415 ANDERS AND CHRYSIKOPOULOS: VIRUS FATE AND TRANSPORT DURING RECHARGE W10415



temporal variability of the collision efficiencies cannot be
accounted for by the HG method. Furthermore, factors such
as temperature and groundwater quality that could affect the
degree of attachment have been shown to change very little
throughout the duration of the recharge experiment while
other factors, such as viral surface properties or sediment
surface charge, are not expected to vary greatly during the
experiment.
[32] The time-dependent variation in collision efficiencies

may in part be attributed to fluctuations in the interstitial
fluid velocity caused by changes in recycled water delivery
to the test basin. Veerapaneni and Wiesner [1997] noted that
flow rate influences the morphology of deposits as well as
the deposit distribution of monodispersed latex particles
filtered through a bed of spherical glass beads. According to
Harter et al. [2000], a significant decrease in a with
decreasing pore velocity indicates either h0 does not suffi-
ciently describe velocity-dependent filtration phenomena or
that chemical interactions between collector and biocolloid
(represented by a) are indeed velocity-dependent. Tufenkji
and Elimelech [2004] developed a new empirical correla-

tion for predicting h0 that better reflects the significant
influence of hydrodynamic interactions on the deposition
of microorganisms. However, a values estimated with (21)
and (22) are only slightly higher than a values estimated
with (21) and the new h0 empirical relationship developed
by Tufenkji and Elimelech [2004]. The slight difference
indicates the retarding effect of hydrodynamic interactions
counterbalances the attractive van der Waals forces experi-
enced by both bacteriophage during the recharge experi-
ment. Furthermore, changes in U affect differently the kc
values for bacteriophage MS2 and PRD1 during the field
experiment. Therefore interstitial velocity fluctuations alone
cannot adequately explain the a values obtained during this
recharge experiment. An alternative explanation is that the
estimated time-dependent a values are affected by alter-
ations in the surface structure as well as the porosity of the
filtering media during the recharge experiment caused by
the presence of entrapped air, sealing of the soil surface,
and/or biofilms sealing the pores within the wetted zones.
[33] Collision efficiencies evaluated by the HG method

are frequently reported in the literature. Pieper et al. [1997]
reported that for bacteriophage PRD1 a = 0.013 in an
uncontaminated aquifer zone and a = 0.0014 in a contam-

Table 4. Model Parameters for Virus Transport Simulations

Parameter Value Units

As 75.5
dp 2.5 � 10�4 m
dv 2.5 � 10�8 (MS2) m

6.2 � 10�8 (PRD1) m
H 6.6 � 10�21 (kg m2)/s2

kB 1.38 � 10�23 (kg m2)/(s2 K)
T 298 K
e 0.89
m 8.91 � 10�4 kg/(m s)
rf 999 kg/m3

rv 1001 kg/m3

Figure 9. Relationship between kc and a for MS2 (circles)
and PRD1 (squares). Corresponding linear regression lines
indicate a = 2.3 � 10�3kc for MS2 and a = 4.4 � 10�3kc
for PRD1.

Table 5. Parameters for Estimation of a by the HG Method

MS2 PRD1

WP1 WP2 WP1 WP2

RB 3.35 � 10�2 1.69 � 10�2 1.96 � 10�3 3.43 � 10�3

h0 1.59 � 10�1 1.44 � 10�1 8.7 � 10�2 7.86 � 10�2

a 4.6 � 10�3 2.7 � 10�3 1.67 � 10�2 7.0 � 10�3

Figure 10. Time-dependent a values for MS2 (circles) at
(a) WP1 and (b) WP2 and PRD1 (squares) at (c) WP1 and
(d) WP2 together with the corresponding a values estimated
by the HG method (solid lines).
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inated zone. The lower collision efficiency (less favorable
attachment conditions) in the contaminated zone may be
attributed to the presence of dissolved organic matter that
enhances bacteriophage transport. Schroeder et al. [2003]
reported dissolved organic carbon concentrations of almost
10 mg/L in recycled water at the research field site. Deborde
et al. [1999] calculated that a = 0.004 for MS2 and a =
0.014 for PRD1 in a gravel-dominated floodplain aquifer.
These a values are similar to those obtained in the present
study. However, the greater dp values of 0.00125 m (coarse
sand) and 0.012 m (medium pebbles) at that particular field
site indicate less favorable attachment conditions existed
due to the high groundwater velocities and low specific
conductance. Schijven et al. [1999] studied the passage of
viruses in calcareous, fine dune sand and found that a
values ranged from 0.0014 to 0.00027 for MS2 and 0.0024
to 0.00043 for PRD1. These very low a values reflect
highly unfavorable conditions for attachment and are con-
sistent with the concept that in sandy soils with relatively
high pH values of 7.3–8.3, electrostatic repulsion is impor-
tant in restricting attachment [Bales et al., 1997]. Consid-
ering the slight difference in pH values reported by Schijven
et al. [1999] and those measured during this experiment, as
well as the high velocities during aquifer recharge and the
presence of organic matter in recycled water, one would
expect less favorable conditions for attachment than those
existing in this study.
[34] In view of (18), U and kc values for each subpulse

can be used to obtain the corresponding average experi-
mental f values of 2.18 ± 1.12 m�1 (M = 34) for MS2 and

3.49 ± 1.32 m�1 (M = 34) for PRD1 during the field
experiment, with the highest values occurring when delivery
of recycled water to the test basin was halted. Using the
following steady state filtration equation presented by
Logan et al. [1995] to describe particle removal by isolated
spheres

C tð Þ
C0

¼ exp � 3 1� qð Þ
2dp

hz
� �

; ð34Þ

and (19), the first-order virus filtration rate is given as

ln
C tð Þ
C0

� �
¼ �fz: ð35Þ

It should be noted that f is the summation of individual
coefficients representing all physicochemical actions that
cause suspended viruses to deposit onto porous media [Craft
and Eichholz, 1970]. Figure 11 shows a plot of ln(C/C0)
as a function of z for both MS2 and PRD1. The solid
lines in Figure 11 are based on the average of the estimated
f values, whereas the dotted lines represent the lowest and
highest estimated f values for the conditions of the field
recharge experiment. For a desired log removal of viruses,
the corresponding z distance represents the appropriate
retention distance. For example, using f = 0.66 m�1, the
most conservative f value for MS2 at the conditions of the
present study, Figure 11a suggests that over 40-log removal
of bacteriophage would occur in 153 m of passage through
the subsurface formation. This distance is equal to the
separation distance proposed by the State of California for
surface spreading of municipal wastewater [Asano and
Cotruvo, 2004]. Obviously, the l and f values reported
here for bacteriophage MS2 and PRD1 are applicable to
the conditions of the specific field site. Results with actual
human viral pathogens and different subsurface formations
are expected to vary.

6. Summary

[35] Virus concentrations measured during an artificial
recharge field-scale experiment were fitted using a newly
developed mathematical model that simulates virus trans-
port in one-dimensional homogeneous, water-saturated po-
rous media accounting for virus sorption (or filtration),
inactivation, and time-dependent source concentration.
The fitted model parameters include the clogging and
declogging rate constants, and the inactivation rate con-
stants of suspended and sorbed viruses. These fitted param-
eters were used to estimate the time-dependent field-scale
collision efficiency factors of bacteriophage (MS2 and
PRD1). The experimental results of this study can be used
for the development of an optimal management scenario
that can maximize the amount of recycled water applied to
the spreading grounds while still maintaining favorable
attachment conditions for virus retention.

Notation

As Happel sphere-in-cell model correction factor, de-
fined in (23).

C concentration of virus in suspension, M/L3.

Figure 11. Normalized log concentrations of (a) MS2 and
(b) PRD1 in the test basin as a function of distance. The
slopes of the solid lines are based on the average f values,
and the dotted lines represent the lowest and highest
estimated f.
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C* sorbed virus concentration (virus mass/solid mass),
M/M.

C0 source concentration of virus in suspension, M/L3.
CT concentration of bromide, M/L3.
CT0

source concentration of bromide, M/L3.
dp diameter of grain particle, L.
dv diameter of virus, L.
D hydrodynamic dispersion coefficient, L2/t.
D molecular diffusion coefficient, L2/t.
De effective diffusion coefficient, L2/t.
g acceleration due to gravity, L/t2.
h height of recycled water in the test basin, L.
H Hamaker constant, (M L2)/t2.
kB Boltzman’s constant, (M L2)/(t2 K).
kc clogging rate constant, t�1.
kr declogging rate constant, t�1.
‘z distance between injection and sampling locations, L.
m subpulse number indicator.
m1 first normalized absolute moment, defined in (33).
M number of subpulses.
NG gravity group, defined in (26).
NLo London group, defined in (24).
NPe Peclet number, defined in (27).
NR relative size group, defined in (25).
q specific discharge, L/t.
r2 coefficient of determination.
r1 forward rate coefficient, t�1.
r2 reverse rate coefficient, M/(L3 t).
t time, t.
tp duration of the solute pulse, t.

tp(m) time period of a subpulse m, t.
T temperature, in Kelvin.
U average interstitial velocity, L/t.
x spatial coordinate in the horizontal direction, L.
z spatial coordinate in the vertical direction, L.
a collision efficiency.
aL longitudinal dispersivity, L/t.
g exponent.
Dt duration of the breakthrough, t.
e equal to (1 � q)1/3.
z dummy integration variable.
h single collector efficiency.
h0 single collector efficiency for favorable deposition.
q porosity of soil (liquid volume/porous medium

volume), L3/L3.
l inactivation rate coefficient of suspended bacterioph-

age, t�1.
l* inactivation rate coefficient of adsorbed bacterioph-

age, t�1.
m viscosity of the liquid, M/(L t).
rb bulk density of the solid matrix (solids mass/aquifer

volume), M/L3.
rf density of the liquid, M/L3.
rv density of the virus, M/L3.
t dummy integration variable.

t* tortuosity (� 1).
f filter coefficient, L�1.
F defined in (19), M/L3.
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