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We investigated the effect of different flow conditions on the
transport of bacteriophage φX174 in Memphis aquifer sand. Virus
transport associated with a wetting front moving into an
initially unsaturated horizontal sand column was experimentally
compared with that observed under steady-state saturated
vertical flow. Results obtained by sectioning the sand columns
show that total (retained and free) resident virus concentrations
decreased approximately exponentially with the travel distance.
The rate of decline was similar under both transient unsaturated
flow and steady-state saturated flow conditions. Total
resident virus concentrations near the inlet were an order of
magnitude greater than the virus concentration of the influent
solution in both experiments, indicating continuous virus
sorption during flow through this zone. Virus retardation was
quantified using the ratio of the centroids of the relative saturation
and virus concentration versus relative distance functions.
The mean retardation factors were 6.43 (coefficient of variation,
CV ) 14.4%) and 8.22 (CV ) 8.22%) for the transient unsaturated
and steady-state saturated flow experiments, respectively.
A t test indicated no significant difference between these values
at P < 0.05. Air–water and air–water-solid interfaces are
thought to enhance virus inactivation and sorption to solid
particles. The similar retardation factors obtained may be
attributable to the reduced presence of these interfaces in the
two flow systems investigated as compared to steady-state
unsaturated flow experiments in which these interfaces occur
throughout the entire column.

Introduction
More than 100 million people in the United States depend
on underground sources for their potable water supply (1).
Annually, ∼50% of America’s disease outbreaks are caused
by contaminated groundwater (2). While strict guidelines
for treating surface waters for microbial contaminants exist,
regulations for controlling systems that use groundwater are
less stringent (3). Aquifers are subject to microbial contamination, both viral and bacterial, from a variety of sources,
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such as land application of human waste, broken sewer lines,
and animal manure disposal (4). Septic-tank effluent is
probably the greatest source of pathogenic viruses found in
groundwater (5). Viruses are of greater concern than bacteria
and protozoa because they are much smaller in size and
might not be filtered out of soil–water solutions as easily as
larger microorganisms (6).
Predicting groundwater vulnerability to viral contamination and modeling transport of these organisms is presently
limited by an incomplete understanding of the factors that
influence virus fate and transport. The ability of a porous
medium to filter, or disinfect, biologically contaminated water
depends on several factors thought to influence virus
inactivation and/or adsorption to solid surfaces during flow
(6). These factors include soil-water pH, soil-solution ionic
strength, metal oxides coating soil grains, and the massfraction of organic carbon present. Properties of the virus
protein coat, such as surface charge, also affect their
movement through soils and aquifer material.
In the vadose zone, water content and flow conditions
play important roles in virus transport. Experimental and
theoretical studies (7, 8) indicate an increase in interfacial
area with decreasing wetting phase saturation. Air–water (AW)
and/or air–water-solid (AWS) interfaces are thought to
contribute to an increase in virus inactivation, while decreasing saturation increases the likelihood of viruses attaching to solid particles (9–11)
The majority of previous virus transport studies have been
laboratory column experiments conducted under steadystate saturated flow conditions. To date, only a few studies
have investigated virus transport under partially saturated
conditions, and most of these were for steady-state flow
(9–16). Under such conditions, variable saturation occurs
throughout the entire transport domain, water films tend to
be thinner and more tortuous, and many AW/AWS interfaces
are present.
Steady-state unsaturated flow rarely occurs in nature.
Most flow in the vadose zone occurs under transient
conditions, in which a zone of near saturation forms behind
the wetting front as water advances into previously unsaturated soil (the so-called transmission zone). This is the case
with septic tank effluent (17). Under such conditions,
transport takes place through a near-saturated transmission
zone and AW/AWS interfaces are greatly reduced as compared to steady-state unsaturated flow, suggesting reduced
virus inactivation and sorption.
The overall goal of this research was to determine the
effect of transient unsaturated flow conditions on the
transport of viruses in a porous medium. Van Cuyk et al. (17)
studied virus removal during long-term episodic flows
through variably saturated granular media based on effluent
concentrations. To our knowledge, however, no one has
previously investigated resident virus concentrations during
the infiltration of a wetting front. We hypothesized that,
because of reduced AWS interfaces, virus retardation during
transient unsaturated flow would be similar to virus retardation during steady-state saturated flow.

Materials and Methods
Aquifer Material Characterization. The Memphis aquifer,
composed of unconsolidated sand and overlain by loess,
supplies much of the water used in west Tennessee. The
sand dates to the early to mid-Tertiary period. The aquifer
outcrops in eastern Shelby County, Tennessee where mi10.1021/es071213s CCC: $40.75
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TABLE 1. Virus Influent Concentrations, Co, Mass Balance Information, and Estimated Retardation Coefficients, R, for the
Transient Unsaturated and Steady-State Saturated Flow Experiments
transient unsaturated flow
replication

CO (pfu mL-1)

1
2
3
average
CV (%)

1.07 ×
1.61 × 106
6.08 × 106
2.92 × 106
9.41
106

recovery (%)
11.5
60.7
52.4
41.5
63.4

crobiological contamination is becoming a concern because
of the large number of septic systems in the aquifer recharge
zone.
Composite samples of Memphis aquifer sand were
collected in rotasonic cores over a depth interval of 32.0-33.8
m from a field site at Shelby Farms, Shelby County, TN. The
median particle size was ∼300 µm. The silt and clay fractions
comprised <1.4% of the sample. The remainder was very
fine to medium sand. The mean particle density (Fs)
determined using the pycnometer method (18) was 2.59
((0.04) Mg/m3.
A tension table, similar to the sand tank described by
Kutílek and Nielsen (19), was used to measure the main
drying-branch of the water retention curve. Memphis aquifer
sand was packed in metal rings to a bulk density (Fb) of ∼1.6
Mg m-3, and saturated from below overnight. Desorption
measurements were performed in triplicate over the tension
range 0 to 0.7 m. The data were averaged and graphically
parameterized using the Brooks and Corey model (19). The
resulting model parameters were: θs ) 0.45,θr ) 0.09, ha )
0.316 m, and β ) 5.85, where θs is the volumetric water content
at saturation, θr is the residual volumetric water content, ha
is the air entry head, and β is the pore-size distribution index.
These values indicate a medium sand with a narrow pore
size distribution.
The saturated hydraulic conductivity (Ksat) was measured
using vertical, saturated columns with a constant head
technique adapted from methods described by Reynolds et
al. (20). The columns were packed to approximately the same
density as the rings used for the water retention measurements. The geometric average Ksat for three replicates of
Memphis Aquifer sand was 8.34 × 10-5 m s-1 with a standard
deviation factor of 1.11.
Chemical characterization of the Memphis aquifer sand
was performed by the Agricultural Extension Service of the
University of Tennessee Institute of Agriculture. The Mehlich
1 extraction method was used to test for elements which
could influence virus transport (21). The resulting P, K, Ca,
Mg, and Fe contents were 1.8, 7.3, 42.1, 11.9, and 8.7 mg kg-1,
respectively. On the basis of the Walkley and Black method,
which measures the amount of oxidizable organic carbon in
soil (22), the organic matter content was 0.4%. The soil–water
pH was 5.7 as determined with an electrometer in a deionized
water slurry (23).
Bacteriophage Assay Procedures. Bacteriophages are
often used as analogs for pathogenic human viruses because
they possess many of the same physical and chemical
characteristics of such pathogens, but are safer to work with.
Bacteriophage φX174 has been used to model a variety of
enteric viruses including caliciviruses such as Norwalk and
Norwalk-like viruses (24, 25). It was used in this study because
it is easy to culture and assay, is noninfectious to humans,
and is well documented in previous column studies. Bacteriophage φX174 (ATCC 13706-B1), and its host Escherichia
coli (ATCC 13706), are currently available from the American
Type Culture Collection (ATCC). It is a hydrophilic, singlestranded DNA phage ranging in diameter from 25 to 27 nm,
and has an isoelectric point (pHIEP) of 6.6 (26).

steady-state saturated flow
R

CO (pfu mL-1)

recovery (%)

R

6.20
6.33
6.77
6.43
14.4

4.35 ×
4.64 × 106
5.17 × 106
4.72 × 106
8.73

56.9
19.2
20.2
32.1
66.9

11.9
5.80
6.96
8.22
38.3

106

Methods regarding the culture and handling of φX174
and its host bacteria were based on information provided by
ATCC. All experiments were conducted at room temperature
(∼20 °C), and all virus samplings were performed in duplicate.
Viruses were enumerated using the agar-layer assay technique
described by Adams (27). In brief, a solution containing
viruses is serially diluted and added to nutrient agar that
contains a lawn of host bacteria. As the viruses replicate,
clearings in the lawn known as plaques appear indicating
dead bacteria. Each plaque forms from a single virus particle
referred to as a plaque forming unit (pfu). The plaques are
then counted and calculations made to determine the
number of pfu’s in the original solution. The error associated
with this procedure is (20% (10). Mass recovery was
calculated by dividing the total number of viruses eluted
from a column by the total number of viruses input to that
column.
Transient Unsaturated Flow Experiments. A 0.2 m long
horizontal column with an inside diameter of 20.5 mm
constructed of clear polyvinyl chloride (PVC) was used for
the three replicate transient unsaturated flow experiments.
The column was scored in 10 mm increments using a pipe
cutter to facilitate rapid segmentation of the column at the
end of the experiment. The empty column was weighed, then
packed with air-dry Memphis Aquifer sand using a standard
tap and fill method (28). The mean Fb of the columns used
in these experiments was 1.61 Mg m-3 ((0.003). Both ends
of the packed column were equipped with a PVC fitting that
contained a sintered stainless steel plate with an average
pore size of 100 µm and a rubber gasket to seal the tube and
steel plate. This allowed a phosphate buffer saline (PBS)
solution containing viruses (∼1 × 106 pfu mL-1, Table 1) to
enter the column and air to exit at the other end as the solution
infiltrated. The PBS is composed of Na2HPO4 (20 mM), NaCl
(100 mM), and KCl (3 mM), has an ionic strength of 0.163
M and pH of 7.5, and is commonly used in virus transport
experiments (29). Teflon tubing was used throughout the
apparatus, except for the influent fitting which was PVC. The
column materials were tested for virus interaction by slowly
pouring 300 mL of PBS containing ∼1 × 106 pfu mL-1 of virus
through an empty column and collecting the effluent. The
concentration of φX174 in the effluent showed no measurable
change from the influent concentration, thus indicating
minimal interaction between the viruses and the materials
used in the apparatus.
The PBS and virus solution were introduced to the packed
column under zero pressure head from a Marriotte bottle
equipped with a bubbling tube (Figure 1). Movement of the
wetting front into the column by capillarity caused a
diminution of the matric potential gradient over time
ensuring variable flow rates. The wetting front was allowed
to infiltrate a distance of ∼150 mm before the supply was
stopped. This left at least four air-dry column segments to
act as controls. At the end of the experiment the column was
detached from the Marriotte bottle and sealed at the influent
end to minimize PBS and virus redistribution within the
column.
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FIGURE 1. Column design for the transient unsaturated flow experiments.
The sealed column was immediately segmented using a
pipe cutter, and each segment was weighed to determine
the gravimetric water content, w. Sand from each segment
was then washed into 15 mL polypropylene centrifuge tubes
with beef extract solution (BEX). BEX is commonly used to
desorb viruses from soil (30, 31). Each sample was shaken
by hand for five seconds to mix the BEX, sand, and PBS. The
samples were then allowed to equilibrate for two hours at
room temperature, after which they were serially diluted in
PBS and added to borosilicate glass tubes containing 0.5 mL
of high concentration E. coli stock and 4 mL of 0.6% top agar
maintained at 40 °C. The glass tube was vortexed briefly and
poured into a Petri dish warmed to 37 °C and containing
2.3% bottom agar prepared according to ATCC instructions.
The plate was rocked to spread the 0.6% top agar, allowed
to cool, then placed in an incubator. Plaques became visible
after ∼5 h, at which point they were counted. Multiplying
the number of plaques on a plate by the dilution factor yields
the concentration of virus in the sampled volume of liquid. The number of viruses in the sampled PBS solution
relative to the number of viruses initially input to each tube
was determined by multiplying the number of pfu’s on a
plate by the volume of liquid in the tube.
The relative water content or relative saturation, Sr ≡ θ/θs
(where θ is the volumetric water content) of each segment
was calculated from the measured w, Fb and Fs values using
the expression Sr ) w/F1/Fb – F1/Fs, with Fl assumed to be 1
Mg m-3. The resident virus concentration, C (pfu m-3), was
determined from the total (free and retained) number of
viruses eluted from each column segment (pfu segment-1)
divided by the volume of each column segment (m3 segment-1). The C is related to the virus concentration in the
pore water, Cw (pfu mL-1), and the sorbed virus concentration,
Cs (pfu g-1), by
C ) θCw + FbCs

(1)

The relative virus concentration was calculated as Cr ≡ C/Co
(where Co is the virus concentration of the input solution
(pfu m-3)). These quantities were then expressed as functions
of the relative transport distance (x ≡ d/dmax water, where d is
distance from the inflow end (m) and dmax water is the maximum
distance the wetting front moved (m), as indicated by the
occurrence of the first dry column segment).
The effective virus retardation coefficient, R, was estimated
from the ratio of the centroids for the relative water content
and relative virus concentration functions. This approach
was originally proposed by Smiles et al. (32) for the
hydrodynamic dispersion of an inert solute during convective
replacement of resident pore water by an invading solution.
It was subsequently extended to the reactive transport of
cations and anions in unsaturated soils (33–35), and has
recently been applied to the sorption of hydrophilic organic
1104
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FIGURE 2. Column design for the steady-state saturated flow experiments.
compounds (36–38). Here, we employ it to quantify virus
retardation during infiltration of a virus-spiked solution into
an initially dry porous medium (i.e., zero resident pore water).
The integral expressions defining the centroid of each
function are given below:
Smax

λw

∫ x dS ) ∫ S dx
r

r

0

0

Cmax

λv

∫ x dC ) ∫ C dx
r

0

r

(2a)

(2b)

0

where Smax is the maximum saturation as x f 0, λw is the
centroid of the relative water content function, Cmax is the
maximum relative virus concentration as x f 0 and λv is
the centroid of the relative virus concentration function. The
areas under the curves were computed by numerical
integration, and the centroids determined by finding the
values of d/dmax water that divided each area into two equal
halves. The retardation coefficient was then calculated using
the following expression (33)
R )

λw
λv

(3)

Steady-State Saturated Flow Experiments. Three replicate, steady-state saturated flow column experiments were
conducted for comparison with the transient unsaturated
flow experiments. A 0.2 m segmented PVC column was
packed with air-dry Memphis aquifer sand to the same Fb as
the transient unsaturated flow columns. The column was
then positioned vertically and saturated from the bottomup overnight with autoclaved, deaired PBS to expel any
entrapped air. Next, the bottom of the column was attached
to a Harvard Apparatus programmable PHD 2000 nonpulsing
syringe pump, which injected PBS and virus solution (∼1 ×
106 pfu mL-1, Table 1) at a constant flux of 0.21 mm s-1
(Figure 2). The duration of pumping was 12 min, which was
approximately the same as the duration of the unsaturated
transient flow experiments. At the end of the experiment,
the column was segmented and sampled for viruses as
described for the transient unsaturated flow experiments.

Relative saturation and relative virus concentration were
calculated for each column segment and expressed as
functions of d/dmax water. Because the columns were fully
saturated, θ/θs ) 1 for all of the segments. Therefore, dmax water
was calculated as the maximum distance the influent solution
traveled into the column based on the porosity and volume
of water input to the column over the duration of the
experiment. It follows that λw ) dmax water/2. Equation (3) was
then used to calculate R with λν determined using the same
method as described previously.
Batch Experiments. Batch experiments were conducted
to determine the partitioning of bacteriophage φX174 when
exposed to Memphis Aquifer sand. All the batch experiments
were performed using PBS solution containing approximately
1 × 104, 1 × 105, 1 × 106, and 1 × 107 pfu mL-1 concentrations.
This range of inputs was chosen because the input virus
concentration used for the column experiments was ∼1 ×
106 pfu mL-1. Conditions for the batch experiments were
designed to be as similar as possible to those for the column
flow experiments regarding time, temperature, and sampling
protocol. Three replicate batch experiments were performed.
Five grams of Memphis Aquifer sand were added to sterile
15 mL polypropylene centrifuge tubes, each containing 4
mL of PBS with viruses at a concentration equal to one of
the four concentrations given above. Adding sand to the PBS
ensured complete saturation of the sand. The samples were
allowed to equilibrate for 20 min, and then the liquid
supernatant was sampled. The sampled supernatant was
serially diluted in PBS and assayed as described for the
transient unsaturated flow experiments. Next, the number
of viruses sorbed to solids was calculated by difference,
assuming there was no loss of viruses due to inactivation.
This gave virus partitioning between the liquid and solid
phases of the soil and PBS solution under saturated, zeroflux conditions.

Results
Transient Unsaturated Flow Experiments. The relative
saturation, θ/θs, and relative virus concentration, C/Co, versus
normalized distance, d/dmax water functions for the three
replicate transient unsaturated flow columns are shown in
Figure 3a-c. Results are plotted on a semilog scale so the
differences between θ/θs and C/Co can be readily seen. The
C/Co data were also examined on a linear scale (plots not
shown), and it was clear that the distribution of viruses within
the column could be reasonably approximated by an
exponential decay function.
The θ/θs values ranged from 6.68 × 10-1 to 7.72 × 10-1
in the transmission zone adjacent to the inlet and between
1.94 × 10-3 and 3.89 × 10-3 immediately preceding the wetting
front. The virus front consistently lagged behind the wetting
front. The two dashed vertical lines in Figure 3a–c indicate
the centroids of the θ/θs, and C/Co, functions. The centroids
divide the area under each curve into two equal parts,
although this is not immediately apparent because of the
semilog scale. The centroids’ λ values are labeled.
Viruses did not travel farther than d/dmax water ≈ 0.35 in any
of the unsaturated transient flow column experiments (Figure
3a-c). Most of the viruses were greatly retarded in the first
few mm’s of the columns. Relative virus concentrations in
the first two segments were much greater than unity for
replicates 2 and 3 (panels b and c in Figure 3). Replicate 1
was the first column to be run, and it is possible that the
lower C/Co values at the influent end (Figure 3a) were partly
related to initial inexperience with the segmentation and/or
virus assay procedures.
Steady-State Saturated Flow Experiments. Relative saturation and relative virus concentration expressed as functions
of d/dmax water for the three replicate steady-state saturated
flow columns are graphed in Figure 3d-f. Again, the results

are plotted on a semilog scale and the centroid of each curve
is indicated. In this case, θ/θs ) 1 for all of the segments
because the columns were fully saturated. Linear plots of the
C/Co data (not shown) suggested that virus transport during
steady-state saturated flow also follows an exponential decay
function.
When graphed in terms of normalized distance, the C/Co
profiles for the steady-state saturated flow experiments
(Figure 3d-f) were virtually identical to those observed in
the transient unsaturated flow experiments (Figure 3a-c).
Most of the viruses were again greatly retarded in the first
few millimeters of the columns. The C/Co values within this
zone were consistently greater than unity (Figure 3d-f).
Viruses never traveled beyond d/dmax water ) 0.4 in the steadystate saturated flow experiments.
Batch Experiments. An adsorption isotherm was constructed for virus partitioning between the solid and liquid
phases in the presence of PBS. The partitioning of φX174 in
PBS was nonlinear, so the data were fitted to a Langmuir
isotherm (39) using nonlinear regression analysis in the SAS
software package:
Cs )

BKLCw
1 + KLCw

(4)

where B is the maximum concentration of sorbed viruses
and KL is a constant related to the binding energy. The
resulting parameter estimates ranged from 2.25 × 107 to 6.61
× 107 pfu g-1 and from 1.95 × 10-5 to 2.82 × 10-5 mL g-1 for
B and KL, respectively. The narrow ranges of variation
observed in the parameter estimates indicate the batch
experiments were quite reproducible.

Discussion
Mass recovery of viruses ranged from 12 to 61% for the
transient unsaturated flow columns and from 19 to 57% for
the steady-state saturated flow columns (Table 1). The fact
that mass recoveries were similar for both sets of experiments
suggests a similar inactivation mechanism. Because air was
absent in the steady-state saturated flow experiments, these
results point to inactivation or irreversible sorption on the
solid phase, which was an untreated natural sample in
these experiments. The recoveries in Table 1 are lower than
those reported by Chu et al. (9) for steady-state transport of
φX174 in four different sandy materials under unsaturated
(36–60%) and saturated (60–166%) flow conditions. In our
experiments, recovery was evaluated by washing viruses from
each column section into a 15 mL centrifuge tube with BEX
solution and then summing the results for all of the sections.
In contrast, previous studies (9, 10, 31) have evaluated
recovery by flushing the entire column with several pore
volumes of BEX to desorb viruses. Reduced exposure of
viruses to BEX in our study may account for the lower
recoveries. Some gravity drainage of PBS solution (and
concomitant loss of viruses) during sectioning and sampling
of the columns may also partially explain the lower recoveries.
Viruses were constantly introduced into the columns in
both types of flow experiment. This explains the high C values
near the influent ends of all of the columns. Viruses continued
to fill available sorption sites on the Memphis aquifer sand
near the influent end, so that as the experiment progressed,
the C of viruses within those segments nearest to the column
inlet increased beyond Co. This is to be expected from eq 1.
Substituting eq 4 into eq 1, inserting the estimated values of
B and KL and setting Cw ) Co and θ ) θs yielded estimates
of C at the influent end of the steady-state saturated flow
experiments of between 55 and 65, as compared to measured
values for the first segment of between 2.2 and 8.7. The
discrepancy is probably related to the poor prediction of
retardation by batch experiments (15), coupled with the fact
VOL. 42, NO. 4, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

9

1105

FIGURE 3. Semilog plots of relative water content and relative virus concentration versus relative distance under (a-c) transient
unsaturated flow conditions and (d-f) steady-state saturated flow conditions in Memphis aquifer sand. Vertical dashed lines
indicate the centroids of the relative water content and virus concentration functions.
that the predictions are for a planar surface at x ) 0 and not
for a column segment of finite length.
Equation 3 was used to compute retardation coefficients,
R, based on the ratio of the centroids of the θ/θs and C/Co,
functions for both sets of experiments. The results are
summarized in Table 1. The average R values for the two
flow systems both indicate that significant retardation
occurred during transport. The low coefficients of variation
indicate that the results were reasonably reproducible from
one column to another. The range of steady-state saturated
flow R values spans the range of transient unsaturated flow
R values for the three replications (Table 1). A two-tailed t
test indicated no significant difference between the virus R
values during transient unsaturated flow as compared to
steady-state saturated flow at P < 0.05. This may be
attributable to the reduced occurrence of AW/AWS interfaces
as the wetting front moves through the sand during transient
unsaturated flow. Relative water contents in the wetted zone
were close to unity in these experiments (Figure 3a-c).
1106
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Apparently, any effects of the time varying flow rate, as
compared to the time constant flow rate, were negligible in
this case.
Retardation coefficients have been reported in several
previous virus transport studies (e.g., 40, 41). To the best of
our knowledge, however, the R values in Table 1 are the first
for virus transport during transient unsaturated flow. Previous
work has compared virus transport under steady-state
unsaturated and saturated flow conditions. Viruses typically
have lower R values, as evidenced by increased breakthrough,
under steady-state saturated flow as compared to steadystate unsaturated flow (15, 16). Increased virus sorption/
inactivation during steady-state unsaturated flow appears
to be due to the presence of AW/AWS interfaces (9–11). The
similar R values between the two flow regimes used in this
study indicate that transient unsaturated flow can produce
virus transport similar to steady-state saturated flow. We
attribute this result to the similar saturation profiles (Figure

3), which minimized the occurrence of AW/AWS interfaces
in both sets of experiments.
Because virus partitioning in the batch experiments was
nonlinear, the retardation coefficient will depend upon Cw
according to (39)
R ) 1+

FbBKL
θ(1 + KLCw)2

(5)

An effective R value for the batch experiments was calculated
for comparison with the steady-state saturated flow experiments by setting Cw in eq 5 equal to the virus concentration
in the pore water at λv, i.e., Cw(λv). Estimates of Cw(λv) were
obtained by inserting (eq 4) along with the measured value
of C at λv and the best estimates of B and KL into eq 1 and
solving the resulting expression for Cw.
On the basis of the Cw(λv) values for the steady-state
saturated flow columns, a mean effective R value of 5096 (CV
) 24.1%) was computed for the batch experiments. Again,
the low coefficient of variation indicates good reproducibility.
The effective batch R value predicts much greater virus
retardation at the modal virus concentrations encountered
than was actually observed in either of the flow experiments.
Powelson and Gerba (15) reported R values for three viruses
based on batch data that were an order of magnitude higher
than those determined from saturated steady-state flow
breakthrough curves for the same viruses. These authors
suggest that batch R values may not be very useful for
modeling virus transport in flowing systems. The large
differences between the flow and batch R values observed
in our experiments support this assertion.
Our results are for infiltration of a wetting front into airdry sand. In the field, a range of materials with varying degrees
of initial saturation will be encountered. Since virus transport
depends greatly on soil properties, similar experiments
conducted using different porous media would be useful.
Because of the similarity between the retardation factors for
transient unsaturated flow and steady-state saturated flow,
however, we do not expect any significant dependency of R
on initial water content for any given material. Increasing
the initial water content of the column would cause a decrease
in flow due to the reduction in the capillary driving force.
Thus, it would take longer to perform the experiments and
there would be a narrower range of water contents over which
to evaluate the centroids, but the results should be similar
when expressed in terms of relative flow and transport
distances.
The ionic strength of the infiltrating solutions employed
(0.163 M) was somewhat elevated compared that of most
potable groundwater. Thus, the electrical double layer
associated with the small amount of fines present was
probably compressed, facilitating enhanced attachment of
viruses relative to field conditions. At the experimental pH
of 7.5, φX174 has a relatively weak negative charge because
of its pHIEP of 6.6 (9). Therefore, one would expect less
repulsion of the virus from negatively charged particle
surfaces as compared to more negatively charged viruses
such as MS2. The presence of metal oxides can overwhelm
this effect. On the basis of the Fe content of 8.7 mg kg-1, we
assumed that metal oxides were relatively low in the Memphis
aquifer sand, although preferential surface coverage of grains
remains a possibility. There was a significant amount of
calcium present, which in some studies has been shown to
increase inactivation and sorption of viruses (42–44). Calcium
ions could have acted as electrostatic bridges between viruses
and negatively charged particles, thereby contributing to the
strong sorption observed in our experiments. Both types of
experiments (saturated and unsaturated) used the same sand
and input solutions, so even though there is some uncertainty
regarding the exact nature of the retention mechanisms

involved, the results still provide a valid comparison of
transport under different flow conditions.
This study described the extent and rate of bacteriophage
φX174 transport under transient unsaturated flow and steadystate saturated flow conditions in Memphis aquifer sand
columns. A new approach to calculating virus retardation
was employed that permits direct comparison between virus
R values for the two different flow regimes studied. This
approach could also be applied to quantify virus retardation
in steady-state unsaturated flow experiments. Convenient
methods for determining R under transient flow conditions,
such as the one reported here, may prove useful for future
research on virus transport.
Our results support the hypothesis that virus retardation
during transient unsaturated flow is similar to virus retardation during steady-state saturated flow. This is likely due to
a reduction in the number of AW/AWS interfaces under both
conditions as compared to steady-state unsaturated flow in
which air–water menisci are distributed throughout the entire
porous medium. This finding has significant implications
for land applications of treated and untreated sewage effluent,
where transient unsaturated flow conditions predominate.
The fact that virus R values for transient unsaturated and
steady-state saturated flows were similar argues against the
notion that the vadose zone provides an additional level of
protection for groundwater resources, over and above that
provided by retardation occurring below the water table.
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