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ABSTRACT
Mechanisms of coliphage transport and fate in the presence and

absence of manure suspension were studied in saturated column ex-
periments. In the presence of manure suspension, little inactivation of
indigenous somatic coliphage occurred and the transport was con-
trolled by deposition. The deposition followed a power law distribution
with depth, and the magnitude increased with decreasing sand size.
Comparison of the cumulative size distribution of manure components
in the suspension initially and after passage through sand, suggested
that particles retained by mechanical filtration and/or straining de-
creased the effective pore size and potentially induced straining of the
somatic coliphage. A 2-site kinetic deposition model was used to es-
timate the magnitudes of attachment and straining in the presence
of manure suspension, and provided a good description of the data.
Modeling results indicated that straining accounted for 16 to 42% of
the deposited somatic coliphage, and that both straining and attach-
ment increased with decreasing sand size due to smaller pores and
higher surface area, respectively. In the absence of manure suspension,
fX174 (a representative somatic coliphage) and MS2 (a male-specific
RNA coliphage) transport was controlled by inactivation induced by
the solid phase. This conclusion was based on comparison of coliphage
transport behavior at 5 and 20�C, mass balance information, and
numerical modeling. Comparison of somatic coliphage transport data
in the presence and absence of manure suspension revealed much
higher effluent concentrations in the presence of manure. This differ-
ence was attributed to lower inactivation and higher detachment rates.
The observed coliphage transport behavior suggests that survival of
viruses may be extended in the presence of manure suspensions, and
that transport studies conducted in the absence of manure suspension
may not accurately characterize the transport potential of viruses in
manure-contaminated environments.

GROUNDWATER CONTAMINATION by pathogenic viruses
is common in many areas of the U.S.A. (Abbas-

zadegan et al., 2003). Most waterborne viruses are of
fecal origin. An important agricultural source of fecal-
contaminated water is wash water and storm water run-
off fromconcentrated animal feedingoperations (CAFOs).
These CAFOs produce large quantities of manure, wash
water, and storm water runoff. For example, over 272
million tons of manure were produced by confined beef
and dairy cows in the U.S.A. in 1997 (Kellogg et al., 2000).
Animal wastes contain a variety of viruses that are impor-
tant pathogens to their animal hosts. The significance of
these animal viruses to human health is uncertain, although
some are known to be zoonotic (Reynolds, 2001).

Dissemination of animal viruses in the environment
occurs as a result of application of animal manure and
contaminated water to agricultural lands, and partition-
ing of manure components to flowing water. Viruses in
turn can be transported with water and manure suspen-
sions to surface water and through soils to groundwater.
Knowledge of the processes that control the transport
and fate of animal viruses is therefore needed to assess
the risk and vulnerability of water resources to contam-
ination, and to develop cost-effective treatment strate-
gies to minimize human and animal exposure.

Considerable research has been devoted to the fate
and transport of viruses in porous media (Schijven and
Hassanizadeh, 2000; Jin and Flury, 2002). Attachment,
detachment, and inactivation mechanisms have been
identified as key processes that control the fate of vi-
ruses in the environment. Attachment and detachment
depend on virus-virus, virus-solvent and virus-porous
media interactions (Elimelech and O’Melia, 1990).
Although viruses can have variably charged surfaces
due to the presence of ionizable amino acids in their
protein capsid (Gerba, 1984), most possess a net neg-
ative charge at a neutral pH (Jin and Flury, 2002). Under
these circumstances, virus deposition is believed to
be controlled by attachment onto positively charged
clay edges and metal (iron, aluminum, and manganese)
oxide surfaces (Farrah and Preston, 1993; Jin et al., 1997;
Lukasik et al., 1999; Zhuang and Jin, 2003a). The
presence of metal oxides has also been reported to
enhance virus inactivation (Sagripanti et al., 1993; Pieper
et al., 1997; Schijven et al., 1999; Chu et al., 2001; Ryan
et al., 2002).

Several researchers have examined the influence of
organic matter on virus transport (Powelson et al., 1991;
Pieper et al., 1997; Zhuang and Jin, 2003b; Foppen et al.,
2006). In these studies, humic or fulic acids were com-
monly used as surrogates for sewage or manure effluent.
Some researchers reported that dissolved organic matter
(DOM) enhanced microbe transport (Pieper et al., 1997;
Johnson and Logan, 1996; Powelson and Mills, 2001).
Blocking of favorable attachment sites by organic matter
has typically been used to explain this enhanced transport
(Pieper et al., 1997; Johnson and Logan, 1996; Zhuang
and Jin, 2003b; Foppen et al., 2006). DOM has also been
reported to sorb onto microbes and alter their electro-
phoretic mobility (Gerritson andBradley, 1987). Increas-
ing the negative charge of microbe surfaces diminishes
its attachment onto negatively charged solid surfaces
(Sharma et al., 1985). Conversely, other researchers have
reported that organic matter inhibits virus transport due
to hydrophobic interactions between the virus and grain
surfaces that are coated with organic matter (Bales et al.,
1993; Kinoshita et al., 1993).

Manure suspensions consist of a complex mixture of
partially digested organic matter and microbial bio-
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mass, and therefore encompasses a wide range in par-
ticle sizes. Viruses represent only a small mass fraction
of the total particles in suspensions. Straining of larger
manure particles in down-gradient pores that are too
small to allow particle passage would decrease the ef-
fective size of the pores or fill the smaller pore spaces
completely. The potential implications of this ma-
nure deposition on virus transport are not yet known.
Deposition-induced changes in the soil pore sizes could
promote virus retention via straining, or induce changes
in the pore-scale water flow field that would confine
viruses to more conductive (larger and less reactive) re-
gions of the pore space. Alternatively, adsorption of vi-
ruses onto mobile manure colloids could also potentially
facilitate their transport potential (Jin et al., 2000; de
Jonge et al., 2004).
This study examines the transport of indigenous so-

matic coliphage in dairy calf manure suspension and two
indicator viruses (coliphage fX174 and MS2) in the
absence of manure suspension. Special attention was
given to mechanisms of virus attachment, detachment,
straining, and inactivation. Effluent concentration curves
and the final spatial distributions of the coliphage were
measured in column transport studies, whereas inactiva-
tion behavior was quantified by comparing transport
results at different temperatures. Data analysis and in-
terpretation was aided through mathematical modeling,
mass balance considerations, and measurement of the
particle size distributions in the effluent.

MATERIALS AND METHODS

Coliphages MS2 and fX174 are commonly associated with
fecal contamination and are typically found in high concen-
trations in lagoon water (Havelaar et al., 1986). Hence, MS2
and fX174 are recommended indicators for male-specific
and somatic coliphage, respectively, in water and waste water
(USEPA, 2001). Coliphage MS2 is an icosahedral single-
stranded RNA phage with a diameter of 26.0 to 26.6 nm (Van
Duin, 1988) and has an isoelectric point of 3.9 (Zerda, 1982).
The electrostatic (zeta) potential of MS2 is 217.7 6 2.3 mV in
0.01 M NaCl solution at a neutral pH (You et al., 2003). The
surface of MS2 is negatively charged under most natural en-
vironmental pHs (Redman et al., 1997), has many similar
physical properties to enteroviruses (Havelaar, 1993), and is a
reasonable surrogate for enterovirus transport (Schijven and
Hassanizadeh, 2000). The survival of MS2 was reported to be
similar to that of human pathogenic viruses (Schijven and
Hassanizadeh, 2000). Coliphage fX174 is a spherical, single-
stranded DNA coliphage with a 27-nm diameter and an iso-
electric point of 6.6 (Dowd et al., 1998). Considered to be a
relatively conservative indicator for human virus transport,
fX174 is environmentally stable and has low hydrophobicity
(Schijven and Hassanizadeh, 2000).

Transport experiments were conducted using somatic co-
liphage that were indigenous to dairy calf manure suspension,
MS2, and fX174. The concentrations of these coliphages in
experimental solutions were determined by the soft-agar layer
method (Adams, 1959). Approximately 2 mL of sample (in-
fluent, effluent, and soil solution) was collected for analysis. If
the samples contained manure suspension, they were centri-
fuged at 10 000 rpm for 10 min (208C). A serial dilution was
made from 1 mL of the supernatant (manure suspension) or
sample. One-half mL of log phase host bacterial strain was

added to 3 mL of the soft trypticase soy agar (supplemented
with nalidixic acid for indigenous somatic coliphage and fX174,
and ampicillin and streptomycin for MS2) kept at 468C with
awater bath. The tubewas immediately removed from thewater
bath and 100 mL of serial diluted solution was added.
The content of the tube was gently mixed and poured onto the
trypticase soy agar plate, swirled and allowed to solidify. The
host bacterial strain for MS2 was Escherichia coli (ATCC
#700891), whereas E. coli (ATCC #700609) was used as host for
indigenous somatic coliphage and fX174. Plates were inverted
and incubated at 378C for 12 to 24 h. The number of plaque
forming units (pfu) was then determined from plate counts.

Experimental solutions (deionized water) consisted of 0.001
M NaBr (influent suspension) or 0.001 M NaCl (resident and
eluant solution) buffered to a pH of 6.73 using 5 3 1025

M NaHCO3. The electrical conductivity of this solution was
0.14 dS m21. In the absence of manure suspension, MS2 and
fX174 were added to the 0.001 M NaBr (influent) solution at
concentrations of 23 105 and 1.73 105 pfu mL21, respectively.

Unless specifically noted the transport experiments were
conducted at approximately 208C. To investigate coliphage
transport under conditions of minimal inactivation, an addi-
tional experiment was run in a constant temperature cold
room at 58C. In this case, MS2 and fX174 were added to
the 0.001MNaBr (influent) solution at concentrations of 6.83
104 and 3.9 3 104 pfu mL21, respectively.

Holstein dairy calf manure was collected directly under the
crates of 1- to 12-wk-old calves, thoroughly mixed with a stick,
and stored at 48C before use. The manure suspension was
prepared by mixing a knownmass of manure (wet weight) with
the 0.001 M NaBr solution. This suspension was then filtered
through a 103-mm stainless steel wire mesh. The concentrated
suspension was then diluted to achieve a concentration of
approximately 4.0 g l21 (mass based on unfiltered weight). The
pH and electrical conductivity of the filtered manure suspen-
sion were 8.8 and 0.38 dS m21, respectively. Particle size
distribution information for the influent and selected effluent
manure samples were determined using a Horiba LA 930 laser
scattering particle size analyzer (Horiba Instruments, Irvine,
CA 92614). The initial concentration of indigenous somatic
coliphage in the manure suspension was approximately 1.2 3
104 pfumL21, whereas nomale-specific coliphagewas detected.

Ottawa aquifer sand (U.S. Silica, Ottawa, IL) was used in the
transport experiments. The Ottawa sands will be designated
herein by the median grain size (d50) as: 710, 360, 240, and
150 mm. The coefficient of uniformity (Ui5 d60 /d10; here x%of
the sand was finer than dx) of the 710, 360, 240, and 150 mm
sands was 1.21, 1.88, 3.06, and 2.25, respectively. Pore size
distribution information for these Ottawa sands can be cal-
culated from the capillary pressure-saturation curve presented
by Bradford and Abriola (2001). Ottawa sands typically con-
sisted of 99.8% SiO2 (quartz) and trace amounts of metal
oxides, were spheroidal in shape, and had rough surfaces. The
vast majority of the sands possessed a net negative charge at
a neutral pH.

Many of the protocols for the column experiments were
described in detail by Bradford et al. (2002); only a short
summary is provided below. Borosilicate glass chromatog-
raphy columns (Kimble/Kontes, Vineland, NJ) (15-cm long
and 4.8 cm i.d.) equipped with a standard flangeless end fit-
ting at the column bottom and an adjustable flow adaptor at
the top were used in the experiments. The columns were wet-
packed with the various porous media. The coliphage tracer
suspension (with and without manure suspension) or eluant
(0.001M NaCl) solution was pumped upward through the ver-
tically oriented columns at a steady rate for 250 min. Table 1
provides the porosity (e), column length, the duration of the

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1693BRADFORD ET AL.: TRANSPORT OF COLIPHAGE



tracer suspension pulse, and the average aqueous Darcy veloc-
ity (q) for the various column experiments. Effluent samples
were collected in glass test tubes over the course of each
column experiment using an autosampler, and the con-
centration of coliphage was measured using the procedures
outlined above.

Following completion of the transport experiments, the
spatial distribution of reversibly retained coliphages in the
sand was determined. The saturated sand was carefully ex-
cavated into 50 mL Falcon tubes containing excess 0.001 M
NaBr solution. The tubes were then shaken for 15 min, and the
concentration of coliphage in the excess solution was deter-
mined. The mass of water and sand in the tubes was de-
termined by weight. A number balance was conducted at the
end of each column experiment by normalizing the recovered
coliphage number in the effluent and sand by the amount in-
jected into the column.

Inactivation experiments were conducted in 20-mL glass
scintillation vials filled with 20 mL of the coliphage suspen-
sion. Vials were capped and slowly mixed using a Labquake
orbital shaker (Barnstead/Thermolyne, Dubuque, IA) for
250 min. Duplicate samples (100 ml) of excess suspension
were periodically collected from the vials and analyzed for
coliphage concentration.

The HYDRUS-1D computer code (Simunek et al., 1998;
Bradford et al., 2003) was used to simulate coliphage trans-
port and deposition in the column experiments. Aspects of
HYDRUS-1D that are relevant to coliphage transport in the
saturated column experiments are briefly discussed below. To
minimize the number of fitted model parameters, the values
of the hydrodynamic dispersivity (l) that were used in the
simulations were taken from bromide tracer data presented by
Bradford et al. (2002) for the same sands and a similar velocity.

The aqueous phase coliphage mass balance equation is
written as:

](uwC)
]t

5 2= � JT 2 Esw 2 mwC [1]

where C [Nc L23; L denotes length and Nc is the number of
coliphage] is the coliphage concentration in the aqueous
phase, t [T] is time, uw [-] is the volumetric water content, JT
[Nc L22 T21] is the total coliphage flux (sum of the advective,
dispersive, and diffusive fluxes), mw [T21] is the coliphage in-
activation rate in the aqueous phase, and Esw [Nc L23 T21] is
the coliphage mass transfer terms between the aqueous and
solid phases.

Two model formulations for Esw will be considered in this
work. The most complex 2-site kinetic model is written as:

Esw 5
][rb(Satt 1 Sstr)]

]t
5 uwkattC 2 rbkdetSatt 1 uwkstrcstrC

2 rbms(Satt 1 Sstr) [2]

Here rb [M L23; M denotes mass] is the soil bulk density, Satt

[Nc M21] is the solid phase concentration of attached coli-
phage, Sstr [Nc m21] is the solid phase concentration of strained
coliphage, katt [T21] is the attachment coefficient, kdet [T21]
is the detachment coefficient, kstr [T21] is the straining co-
efficient, cstr [-] is a dimensionless straining function, and ms

[T21] is the coliphage inactivation rate on the solid phase. Co-
liphage attachment, detachment, straining, and solid phase in-
activation are modeled using the first, second, third, and fourth
terms on the right hand side of Eq. [2], respectively.

The value of cstr in Eq. [2] is modeled as a function of dis-
tance and Sstr as:

cstr 5 1 2
Sstr

Smax
str

� �
d50 1 z
d50

� �2b

[3]

where z [L] is depth from the column inlet, Sstr
max [Nc M21] is the

maximum solid phase concentration of strained coliphage, and
b [-] is a parameter that controls the shape of the (power law)
spatial distribution. The first term on the right hand side of
Eq. [3] accounts for filling and accessibility of straining sites
in a manner similar to the Langmuirian blocking approach
(Deshpande and Shonnard, 1999). The remaining term on the
right-hand side of Eq. [3] assumes that coliphage deposition
by straining occurs primarily at the column inlet, because the
flow field is not yet fully established and coliphage therefore
have increased accessibility to small pore spaces. The apparent
number of small dead-end pores is hypothesized to decrease
with increasing distance because size exclusion, advection, and
transverse dispersivity tend to keep mobile coliphage within
the larger networks, thus bypassing smaller pores.

For simplicity, an alternative 1-site kinetic formation for Esw

is also considered as:

Esw 5
](rbS)
]t

5 uwk1c1C 2 rbkdetS 2 rbmsS [4]

Here S [Nc m21] is the solid phase concentration of coliphage,
k1 [T21] is the deposition coefficient, and c1 [-] is a dimen-

Table 1. Soil column properties (manure suspension concentration, Cim, coliphage pulse duration, To, Darcy water velocity, q, porosity, e;
and column length, Lc) and the percent coliphage recovery in the effluent (Meff), sand (Msand), and the total system (Mtotal). The
difference in Mtotal (DMtotal) for somatic coliphage in the presence (indigenous) and absence (fX174) of the manure suspension is
also provided.

Coliphage d50 Cim To q e Lc Meff Msand Mtotal DMtotal

mm mg L21 min cm min21 cm
MS2 710 0 75 0.10 0.35 12.9 59.9 0.0 59.9
MS2 360 0 75 0.09 0.32 12.3 57.4 0.1 57.5
MS2 240 0 75 0.09 0.34 12.6 38.9 0.2 39.1
MS2 150 0 75 0.09 0.35 12.9 44.3 0.3 44.6
MS2† 150 0 75 0.09 0.36 12.9 76.3 0.3 76.6
fX174 710 0 75 0.10 0.35 12.9 48.8 0.1 48.9
fX174 360 0 75 0.09 0.32 12.3 46.4 0.2 46.6
fX174 240 0 75 0.09 0.34 12.6 67.1 0.1 67.2
fX174 150 0 75 0.09 0.35 12.9 59.2 0.2 59.4
fX174† 150 0 75 0.09 0.36 12.9 88.2 0.2 88.4
Indigenous 710 4 75 0.12 0.36 12.0 93.7 2.0 95.7 46.8
Indigenous 360 4 75 0.10 0.33 12.5 91.8 4.0 95.8 49.2
Indigenous 240 4 75 0.11 0.33 12.4 94.2 4.7 98.9 31.7
Indigenous 150 4 75 0.09 0.35 12.8 76.9 9.6 86.5 27.1

†Experiments conducted at 5�C.
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sionless deposition function. In contrast to Eq. [2], deposition
processes are lumped together in effective parameters in
Eq. [4] and no attempt is made to separate attachment and
straining mechanisms. To have the most flexibility to describe
spatial distribution data, the value of c1 in Eq. [4] is modeled
in an analogous manner to Eq. [3]. In this case, however, c1

is viewed as an empirical parameter that characterizes the
observed spatial distribution and a physical interpretation for
this distribution is not implicitly assumed.

RESULTS AND DISCUSSION
Coliphage Transport in the Presence of

Manure Suspension
Indigenous somatic coliphage was found in the ma-

nure suspension at an initial concentration (Ci- Nc L
23)

of approximately 1.2 3 104 pfu mL21, whereas male-
specific coliphage was not detected. Somatic coliphage
commonly persist longer than male-specific coliphage
(Schijven and Hassanizadeh, 2000). Transport experi-
ments in the presence of manure suspension therefore
only considered indigenous somatic coliphage. Fig-
ures 1a and 1b present effluent concentration curves
and spatial distribution data for indigenous somatic co-
liphage in the manure suspension, respectively, in 710,
360, 240, and 150 mm sands. The relative effluent con-

centrations (C/Ci) were plotted as a function of pore
volumes (PV) in Fig. 1a. In Fig. 1b the normalized con-
centration (number of coliphage,Nc, divided by the total
number added to the column, Ntc) per gram of dry sand
was plotted as a function of dimensionless depth (dis-
tance divided by the column length) from the column
inlet. Percent recovery for somatic coliphage in the ef-
fluent (Meff), sand (Msand), and the total system (Mtotal)
are provided in Table 1. Total amounts recovered were
quite high (86.5 to 95.8%), indicating a high degree of
confidence in both effluent and spatial distribution data
and low amounts of inactivation and/or irreversible
sorption. Effluent concentrations for the 710, 360, and
240 mm sand were of a similar magnitude (Meff ranged
from 91.8 to 94.2%), whereas somatic coliphage concen-
trations in the finest 150 mm sand were somewhat lower
(Meff 5 76.9%) due to greater deposition (Table 1).
Spatial distribution data shown in Fig. 1b indicates

two distinct deposition zones. In the first region (dimen-
sionless depth , 0.2) somatic coliphage concentrations
tended to be highest near the column inlet and then rap-
idly decreased with increasing distance. In the second
region (dimensionless depth of 0.2 to 1.0) the distribution
of somatic coliphage was more uniform with increasing
depth. In both regions, somatic coliphage concentrations
tended to increase with decreasing sand size.

Interpretation of effluent and spatial distribution data
of the somatic coliphage was facilitated by considering
the fate of other manure components in the suspension.
Figure 2 presents the cumulative size distribution of
manure particles in the suspension initially and after
95 min (around 2.2 pore volumes) of passage through
the various sands. More comprehensive information on
manure suspension transport and deposition in these
same sands was recently presented by Bradford et al.
(2006). The initial manure suspension encompasses a
wide range of particle sizes (,103 mm). Manure par-
ticles larger than around 13, 2, 1, and 1 mm were com-
pletely removed after passage through the 710, 360, 240,
and 150 mm sands, respectively, due to mechanical fil-
tration. This corresponded to ratios of manure particle
to median grain size of 0.4 to 1.8%. Since the sands
encompassed a wide range of pore sizes, it is logical to
anticipate that straining and/or mechanical filtration
processes can also play an important role in the deposi-
tion of smaller particles. Furthermore, particles retained
by straining and/or mechanical filtration can decrease
the effective pore size. Deposition of particles smaller
than 5.4 mm could therefore induce straining of 27 nm
coliphage (fX174) according to the criterium (273 100/
5400 5 0.5%) proposed by Bradford et al. (2003).

Mechanical filtration produces deposition primarily at
the soil surface (McDowell–Boyer et al., 1986). Recent
research by Bradford et al. (2002, 2003, 2004) and Brad-
ford and Bettahar (2005) have similarly demonstrated
that deposition of strained colloids (0.45 to 3.2 mm car-
boxyl latex and Cryptosporidium oocysts) occurred pri-
marily at the sand surface. Hence, the coliphage spatial
distributions (dimensionless depth , 0.2) shown in
Fig. 1b were consistent with straining near the column
inlet. Since straining increases with decreasing sand size,
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Fig. 1. Observed and simulated effluent concentration curves (Fig. 1a)
and spatial distributions (Fig. 1b) for indigenous somatic coliphage
in manure suspension in 710-, 360-, 240-, and 150-mm sand. Sim-
ulations considered 1-site kinetic deposition (Eq. [1], [3] and [4])
and corresponding model parameters are given in Table 2.
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the peak effluent concentration in the 150 mm sand was
also lower than in the coarser textured sands (Fig. 1a).
Straining of somatic coliphage could have been caused
by decreases in the pore size that were induced by ma-
nure deposition or by direct association of the coliphage
with larger manure particles. To test the latter hypoth-
esis, the concentration of coliphage in the manure sus-
pension was determined before and after centrifugation.
The concentrations were nearly identical before and
after centrifugation (within the uncertainty of replicate
measurements), suggesting minimal attachment of the
coliphage onto larger manure particles. For dimension-
less depths of 0.2 to 1.0, coliphage deposition was be-
lieved to be controlled by attachment. In this region,
higher concentrations of somatic coliphage occurred at a
particular location for decreasing sand grain size, sug-
gesting that the higher surface area sands produced
greater attachment.
Figures 1a and 1b also present simulated somatic co-

liphage transport data using the 1-site kinetic deposition
model. In this case, both attachment and straining pro-
cesses were lumped together and no attempt was made
to separate the mechanisms. Water and solid phase in-
activation rate coefficients were assumed to be zero,
because the recovered amounts of coliphage were quite
high (86.5 to 95.8%). To improve the description of the

spatial distribution, values of k1, b, and S*max (5 Smax/
Nic; where Nic 5 Ci 3 1 mL) were initially fitted to only
the deposition data. These fitted values served as initial
estimates in the simulations that also included effluent
data. In this case, values of k1 and kdet were fitted to the
effluent data. Table 2 provides a summary of model pa-
rameters (k1, b, S

*max, kdet, and l), as well as statistical
parameters (coefficient of linear regression to effluent,
re

2, and spatial distribution data, rs
2) to characterize the

goodness of parameter fits. The simulated behavior
shown in Fig. 1a and 1b and statistical parameters in
Table 2 indicates that this model provided a reasonable
description of both effluent and spatial distribution data.

To better deduce mechanisms of somatic coliphage
deposition, the transport data was also simulated using
the 2-site kinetic model. To separate the magnitudes of
straining and attachment the spatial distribution data
was divided into two regions. The first region (dimen-
sionless depths of approximately 0 to 0.5) was initially
characterized using fitted 1-site kinetic model param-
eters (k1, b, and S*max). The remaining portion of the
spatial distribution was then characterized by fitting a
value of katt (irreversible attachment). With values of
katt determined by this procedure, new values of kstr, b,
and Sstr

*max were then fitted to the complete spatial dis-
tribution data. To include the influence of detachment,
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Fig. 2. The cumulative size distribution for manure particles before and after passage through 710-, 360-, 240-, and 150-mm sand.

Table 2. One-site kinetic deposition model (Eq. [1], [3], and [4])
parameters for indigenous somatic coliphage in the manure
suspension. Here lH comes fromBradford et al. (2002), and the
values of k1, kdet, S

*max, and b were fitted to the transport data.

d50 lH k1 kdet S*max
b re

2 rs
2

mm cm h21 h21 Nc Nic
21 g21

710 0.080 5.88 0.335 0.139 0.905 0.89 0.85
360 0.070 10.62 0.182 0.196 0.929 0.90 0.92
240 0.094 12.54 0.226 0.120 0.739 0.90 0.85
150 0.104 36.12 0.150 6.588 0.880 0.81 0.84

Table 3. Two-site kinetic deposition model (Eq. [1], [2], and [3])
parameters for indigenous somatic coliphage in the manure
suspension. Here lH comes from Bradford et al. (2002), kdet
comes from Table 2, and katt, kstr, Sstr

*max, and b were fitted to
the transport data.

d50 lH katt kdet kstr S*max
b re

2 rs
2

mm cm h21 h21 h21 Nc Nic
21 g21

710 0.080 0.234 0.335 4.32 0.042 1.362 0.89 0.96
360 0.070 0.221 0.182 2.52 0.095 0.743 0.89 0.89
240 0.094 0.280 0.226 5.58 0.368 0.996 0.90 0.97
150 0.104 0.254 0.150 25.86 0.912 1.167 0.82 0.87
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the value of katt was increased by a factor equal to kdet
(Table 2). Table 3 provides a summary of model param-
eters (kstr, b, Sstr

*max, katt, kdet, and l), and statistical
parameters for the goodness of model fit. The 2-site
model simulations were very comparable to the 1-site
modeling results presented in Fig. 1a and 1b, and were
therefore not shown. The estimated percentage of so-
matic coliphage deposition due to straining for the 710,
360, 240, and 150 mm sand was 16, 38, 32, and 42%,
respectively. Values of katt minus kdet (Table 3) increased
with decreasing sand size, suggesting that attachment
increased with increasing surface area of the sand.

Coliphage Transport in the Absence of
Manure Suspension

Figures 3a and 3b present effluent concentration
curves for MS2 and fX174, respectively, in 710-, 360-,
240-, and 150-mm Ottawa sands. The percentage of
coliphage recovered in the effluent (Meff) is given in
Table 1. Decreasing the sand size tended to produce
lower effluent concentrations forMS2 (Meff ranged from
59.9 to 38.9%). The sand gradation may have also
played a role in transport, since the more graded 240-
mm sand exhibited slightly lower effluent concentrations
(Meff 5 38.9%) than the 150-mm sand (Meff 5 44.3%).
In contrast, fX174 exhibited the opposite trend with

respect to sand size and gradation than MS2 (Meff
ranged from 46.6 to 67.2%).

After completion of the effluent transport portion of
the experiment, the sands were excavated from the col-
umns and the spatial distributions of reversibly retained
coliphage were determined. Figures 4a and 4b present
MS2 and fX174 spatial distribution data in the various
sands, respectively. The spatial distributions were highly
dependent on the coliphage type and the sand size. In
Fig. 4a most of the MS2 deposition occurred at the col-
umn inlet, with increasing retention occurring with de-
creasing sand size. In contrast, fX174 exhibited more
uniform deposition with depth.

The recovered percentages of coliphage in the sands
(Msand) were presented in Table 1. Very low values of
Msand (0.0 to 0.3%) were recovered for MS2 and fX174.
The total amounts of coliphage (Mtotal 5 Msand 1 Meff)
that were recovered were also quite low, suggesting that
the remaining coliphage was either irreversibly sorbed
to the sands or inactivated. Losses in the column setup
were quantified by running a blank column experiment
(similar flow rate and volume) without any sand. In-
fluent and final effluent concentrations after 250 min
were very similar, suggesting that minimal coliphage
losses were attributable to the experimental setup.

To better understand mechanisms of solid inactivation
and/or irreversible sorption, additional column experi-
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Fig. 3. Effluent concentration curves for MS2 (Fig. 3a) and fX174
(Fig. 3b) in 710-, 360-, 240-, and 150-mm sand in the absence of ma-
nure suspension.

N
c
 N

tc
-1 g-1 of soil

0e+000 1e-005 2e-005 3e-005 4e-005

0e+000 1e-005 2e-005 3e-005 4e-005

1.0

0.8

0.6

0.4

0.2

0.0

D
im

en
si

o
n

le
ss

 D
ep

th
D

im
en

si
o

n
le

ss
 D

ep
th

(a)

710
360
240
150

710
360
240
150

N
c
 N

tc
-1 g-1 of soil

1.0

0.8

0.6

0.4

0.2

0.0

(b)

Fig. 4. Spatial distribution data for deposited MS2 (Fig. 4a) and fX174
(Fig. 4b) in 710-, 360-, 240-, and 150-mm sand in the absence of ma-
nure suspension.
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ments were conducted for fX174 and MS2 in 150-mm
sand at an experimental temperature of 58C. Signifi-
cantly less inactivation was expected at 5 than 208C
(Schijven and Hassanizadeh, 2000; Jin and Flury, 2002).
Figures 5a and 5b present effluent concentration curves
(Fig. 5a) and spatial distribution data (Fig. 5b) for fX174
and MS2 in 150-mm sands at 5 and 208C. Peak effluent
concentration curves were much higher at 5 than at
208C. Filtration theory predicts that the attachment co-
efficient will only slightly decrease (around 3.5% for a
change in temperature from 20 to 58C) with decreasing
temperature (McCaulou et al., 1995). Hence, differences
in transport behavior at 5 and 208C were primarily due to
inactivation. Comparison of Meff values at 208C (Meff

equaled 59% for fX174 and 44% for MS2) and 58C
(Meff equaled 88% for fX174 and 76% for MS2) in this
sand suggests that 29% of the fX174 and 32% of the
MS2 were inactivated at 208C in the 150-mm sands. The
very low values ofMsand (0.2 to 0.3%) in both 5 and 208C
systems also suggests that solid phase inactivation was
an important elimination process. The presence of trace
amounts of metal oxides and/or metal ions on sand
surfaces has been reported to control solid phase in-
activation (Sagripanti et al., 1993; Pieper et al., 1997;
Schijven et al., 1999; Chu et al., 2001; Ryan et al., 2002).

Figures 5a and 5b also present simulated effluent
concentration curves (Fig. 5a) and spatial distributions
(Fig. 5b) for fX174 and MS2 in 150-mm sands at 5 and
208C. The 1-site kinetic model was used to describe this
transport data, and no attempt was made to separately
deduce mechanisms of attachment and straining be-
cause of the confounding influence of inactivation. At
58C we assumed that water phase inactivation was neg-
ligible (consistent with batch inactivation results dis-
cussed below) and values of k1, kdet, S

*max, b and ms were
determined from the transport data. At 208C values of
k1, S

*max, b, and kdet were taken from the corresponding
58C data (assuming that temperature had only a minor
influence on deposition), and values of ms and mw were
directly fitted to effluent and spatial distribution data,
respectively. Table 4 summarizes the fitted model pa-
rameters, as well as statistical parameters for the
goodness of the model fit to the data. The simulations
provided a reasonable description of both effluent and
spatial distribution data at 5 and 208C.

Transport data for MS2 in the 710-, 360-, and 240-mm
sands at 208C were simulated using values of ms, mw, and
kdet estimated from the 150-mm sand data, and by fitting
values of k1, S

*max, and b to the transport data. A simi-
lar approach was taken for the 208C data for fX174 in
these same sands, except a separate value of mw had to
be fitted to the data from the 710- and 360-mm sands.
Table 4 also summarizes these fitted model parameters.
The values of re

2 and rs
2 in Table 4 indicate that this

approach generally provided a reasonable description
of the transport data. Values of rs

2 for fX174 data were
sometimes low due to scatter in the measurement points.

The simulations discussed above provide insight on
fX174 and MS2 inactivation in the various sands.
Table 4 implies that changes in the sand size had a min-
imal impact on ms for a given coliphage. The dependence
on sand size was presumably already accounted for by
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Fig. 5. Observed and simulated effluent concentration curves (Fig. 5a)
and spatial distributions (Fig. 5b) for fX174 and MS2 in 150-mm
sand in the absence of manure suspension and at 5 and 20�C. Here
simulations considered 1-site kinetic deposition according to
Eq. [1], [3], and [4]. Model parameters are provided in Table 4.

Table 4. One-site kinetic deposition model (Eq. [1], [3], and [4]) parameters for MS2 and fX174 in the absence of manure suspension.

Coliphage d50 mw ms k1 kdet S*max
b re

2 rs
2

mm h21 h21 h21 h21 Nc Nic
21 g21

MS2 710 0.86 0.77 0.38 0.139 0.002 1.22 0.84 0.97
MS2 360 0.86 0.77 20.67 0.139 0.032 1.50 0.97 0.96
MS2 240 0.86 0.77 17.83 0.139 0.023 1.12 0.97 0.89
MS2 150 0.86 0.77 32.58 0.139 0.465 1.10 0.99 0.92
MS2† 150 0.00 0.88 32.58 0.139 0.465 1.10 0.91 0.83
fX174 710 0.94 0.01 0.07 0.107 0.000 0.74 0.98 0.03
fX174 360 1.00 0.01 0.32 0.107 0.001 0.46 0.97 0.86
fX174 240 0.53 0.01 0.13 0.107 0.002 0.67 0.69 0.96
fX174 150 0.53 0.01 0.55 0.107 0.002 0.83 0.96 0.90
fX174† 150 0.00 0.01 0.55 0.107 0.002 0.83 0.92 0.01

†Experiments conducted at 5�C.

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

1698 J. ENVIRON. QUAL., VOL. 35, SEPTEMBER–OCTOBER 2006



the product of ms and S in Eq. [4], where S (deposition)
implicitly included a dependence on the sand size. The
value of ms in a given sand was much higher (77 to 88
times greater) for MS2 than fX174, indicative of an
increased sensitivity to solid phase inactivation. Table 4
also indicates that similar values of ms occurred for a
particular coliphage at 5 and 208C in 150-mm sand. This
observation suggests that solid phase inactivation can
still be important even at 58C.
The relative concentrations of fX174 and MS2 slowly

decreased with increasing time in batch studies con-
ducted at 208C in the absence of sand. The value of
mw was assumed to be first order and therefore deter-
mined as ln(C/Ci)/te; where te is the equilibration time.
The batch value of mw was measured to be 0.03 h21 for
MS2 and 0.01 h21 for fX174. In general, fX174 is more
stable (survives longer) than MS2 (DeBorde et al.,
1998). Measured batch values of mw were much smaller
(0.03 h21 compared to 0.86 h21 for MS2; and 0.01 h21

compared to 0.53 to 1.00 h21 for fX174) than those
determined in the column studies (Table 4) and suggests
that the solid phase impacted the measured value of
mw in the column experiments. In further support of
DeBorde’s hypothesis, note in Table 4 that mw was simi-
lar in magnitude to ms for MS2 at 208C. Schijven et al.
(1999) also found that inactivation of deposited MS2
was similar to that of free MS2 in the water. In contrast,
for fX174 the value of mw was 53 to 100 times greater
than ms, with higher values of mw occurring in the coarser
textured sands. Water phase fX174 was apparently
more susceptible to inactivation than deposited fX174,
especially in the coarser textured sands. We hypothesize
that dissolution of metal ions into the aqueous phase
may have influenced the water phase inactivation rates
for fX174 (Sagripanti et al., 1993). The presence of dif-
ferent types of metals and surface oxide coatings in the
various sands may have also contributed to differences
in mw in the various sands.

Somatic Coliphage Transport in the Presence and
Absence of Manure Suspension

The coliphage fX174 is a recommended indicator for
somatic coliphage in water and waste water (USEPA,
2001). In this section we compare and contrast transport
behavior of fX174 in the absence of manure suspension
with indigenous somatic coliphage in manure suspen-
sion. Effluent and spatial distribution concentrations for
the somatic coliphage were much higher in the presence
(Fig. 1a and 1b) than in the absence of manure sus-
pensions (Fig. 3b and 4b). For a given sand, the dif-
ference in Mtotal in the presence and absence of manure
was 27.1 to 46.8% (Table 1), with greater differences
occurring in coarser textured sands. Tables 2 and 4 in-
dicate that the deposition coefficient was actually much
higher in the presence of manure suspension than in the
absence. Hence, all of these observations suggest that
inactivation losses for somatic coliphage were much
lower in the presence of manure suspension. This has
important implications for virus fate in the field, and
suggests that the viability of viruses may be enhanced in

the presence of manure suspensions. Hence, transport
studies conducted in the absence of manure suspension
may not accurately characterize the transport potential
of viruses in manure-contaminated environments.

The deposition coefficient (straining 1 attachment)
was much higher in the presence of manure suspension
than in the absence (Tables 2 and 4) due to differences in
straining and attachment. Straining is expected to be
much more significant in the presence of manure sus-
pension than in the absence due to deposition of larger
manure particles that can induce changes in the pore
structure. Attachment may also be greater in the pres-
ence of manure suspension due to increases in the so-
lution salinity (0.14 dS m21 in the absence of manure
suspension and 0.38 dS m21 in the presence) (Zhuang
and Jin, 2003b; Deshpande and Shonnard, 1999). Con-
versely, others researchers have postulated that attach-
ment decreases in the presence of manure suspension
due to blocking of favorable attachment sites (Pieper
et al., 1997; Johnson andLogan, 1996; Powelson andMills,
2001). We were unable to test this hypothesis due to the
confounding influences of inactivation and straining.

After recovery of the bulk of the effluent concentra-
tion pulse, the coliphage breakthrough curves exhibited
low concentration tailing (C/Ci values of around 1023 to
1024). Figure 6 presents a semilog plot of observed and
simulated somatic coliphage effluent concentration
curves for 150-mm sand in the presence and absence of
manure suspension. One-site kinetic deposition model
parameters are provided in Tables 2 and 4. The observed
tailing behavior shown in Fig. 6 is fairly accurately de-
scribed using a first-order detachment term. After around
3 PV, both effluent concentration curves exhibited low
concentration tailing behavior, slowly decreasing with
continued flushing with 0.001M NaCl solution as a result
of detachment. The relative concentration of somatic co-
liphage in themanure suspensionwas around 2.5 orders of
magnitude higher than in the absence. Similar concentra-
tion tailing behavior was observed for somatic coliphage
in the other sands. Higher effluent concentrations in the
presence of manure suspension were previously (when
PV were,3) attributed to lower inactivation rates. In the
tailing region (.3 PV), higher effluent concentrations
may also be due to higher detachment rates of somatic
coliphage from manure particles and/or manure-induced
changes in the sand surface properties. In the absence of
manure suspension, both MS2 and fX174 exhibited
similar levels of low concentration tailing (C/Ci 5 1023 to
1024) for the various sands.

CONCLUSIONS
Mechanisms of coliphage transport and fate in the

presence and absence of dairy calf manure suspension
were studied in saturated column experiments. In the
presence of manure suspension, high recoveries of in-
digenous somatic coliphage in effluent and sand samples
suggested that little inactivation occurred during the
experiments, and that transport was controlled by de-
position processes. In contrast to clean-bed filtration
theory predictions, the spatial distribution of deposited
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somatic coliphage was not exponential, but followed a
power law distribution. Decreasing the sand size tended
to produce increased deposition of somatic coliphage.
Interpretation of effluent and spatial distribution data

for the somatic coliphage was facilitated by considering the
fate of other manure components in the suspension. The
cumulative size distribution of manure components in the
suspension initially and after passage through the packed
columnswasmeasured, andused to identify themechanical
filtration potential of these sands. Manure particles were
completely removed by mechanical filtration when dp /d50
(dp 5 manure particle diameter) was greater than 0.4 to
1.8%. This suggests that particles retained by straining and/
ormechanical filtration candecrease the effective pore size,
and may induce straining of much smaller particles such as
coliphage. Comparison of somatic coliphage concentra-
tions in the manure suspension before and after centrifu-
gation suggested that the vast majority of the somatic
coliphage was not attached to the manure particles.
A 2-site kinetic deposition model was used to estimate

the magnitudes of somatic coliphage attachment and
straining in the various sands in the presence of the ma-
nure suspension. The magnitude of attachment was esti-
mated from the spatial distribution data in the region that
exhibited relatively uniform deposition with depth
(dimensionless depths 0.2 to 1). With fixed values of the
attachment coefficient, the straining parameters were
then fitted to the spatial distribution data. This modeling
approach provided a good description for both effluent
and spatial distribution data, and indicated that straining
accounted for 16 to 42% of the deposited somatic co-
liphage in the various sands. Magnitudes of both straining
and attachment increased with decreasing sand size due
to smaller pores and higher surface area, respectively.
In the absence of manure suspension, the transport of

fX174 andMS2 was controlled by solid and liquid phase
inactivation. This conclusion was based on comparison
of transport behavior for these coliphage at 5 and 208C,
mass balance information, and numerical modeling. At
58C water phase inactivation was low and effluent con-

centration for fX174 and MS2 were high in the finest
sand. In this case, deposition coefficients and solid phase
inactivation rates were fitted to the transport data, and
the numerical simulations provided a reasonable de-
scription of the observed data. Fitted values of the solid
phase inactivation rate suggested that this process can
still be important at 58C (especially for MS2), presum-
ably due to interactions with trace amounts of metal
oxides and/or metals on sand grain surfaces. Effluent
concentration for fX174 and MS2 in the finest sand at
208C were much lower than at 58C. Fitted values of the
water phase inactivation rate were higher than those
measured in the influent suspension, suggesting that the
presence of the solid phase also influenced the water
phase inactivation rate in these systems.

Comparison of somatic coliphage transport data in
the presence (indigenous somatic coliphage) and ab-
sence (fX174) of manure suspension revealed much
higher effluent concentrations in the presence of ma-
nure. This observation was attributed to differences in
inactivation. In the presence of manure suspension,
much lower inactivation occurred, presumably due to
sorption of organic components onto metals and/or
metal oxide surfaces that otherwise would have induced
inactivation (Foppen et al., 2006). After recovery of the
bulk of the breakthrough curve, low concentration tail-
ing was observed for both indigenous somatic coliphage
and fX174. In the presence of manure, the relative con-
centration for somatic coliphage in this tailing region
was around 2.5 orders of magnitude higher in the pres-
ence than in the absence of manure. This may be due to
lower inactivation rates and higher detachment rates in
the presence of manure. The observed coliphage trans-
port behavior has important implications for virus fate in
the environment, and suggests that the viability of vi-
ruses may be enhanced in the presence of manure sus-
pensions. Hence, transport studies conducted in the
absence of manure suspension may not accurately char-
acterize the transport potential of viruses in manure-
contaminated environments.
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Fig. 6. A semilog plot of observed and simulated somatic coliphage effluent concentration curves in 150-mm sand in the presence (indigenous
somatic coliphage) and absence (fX174) of manure suspension. One-site kinetic deposition model parameters are provided in Tables 2 and 4.
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