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Riverbank filtration is an effective process for removing pathogenic viruses from river water.
Despite indications that changing hydraulic conditions during floods can affect the efficacy of
riverbank filtration to remove viruses, the impact on advection and dispersion of viruses in the
riverbank is not well understood. We investigated the effects of fluctuations in river water
level on virus transport during riverbank filtration, considering 3-D transient groundwater
flow and virus transport. Using constant removal rates from published field experiments with
bacteriophages, removal of viruses with distance from the riverbank was simulated for coarse
gravel, fine gravel and fine sandy gravel.
Our simulations showed that, in comparison with steady flow conditions, fluctuations in river
water level cause viruses to be transported further at higher concentrations into the riverbank.
A 1–5 m increase in river water levels led to a 2- to 4-log (log10 reduction in concentration
relative to the initial concentration in the river) increase in virus concentration and to up to 30
% shorter travel times. For particular cases during the receding flood, changing groundwater
flow conditions caused that pristine groundwater was carried from further inland and that
simulated virus concentrations were more diluted in groundwater. Our study suggests that the
adverse effect of water level fluctuations on virus transport should be considered in the
simulation of safe setback distances for drinking water supplies.

© 2013 Published by Elsevier B.V.
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1. Introduction

Riverbank filtration is widely used as a treatment step for
drinking water production, e.g., at the Ohio River (Weiss et al.,
2005) and the Danube River (Homonnay, 2002). While water
passes through the subsurface and travels to pumping wells,
viruses undergo filtration and inactivation processes, which are
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determined by both the properties of aquifer media and the
viruses (Schijven and Hassanizadeh, 2000). Virus concentrations
in aquifer media were found to be strongly influenced by the
aquifer heterogeneity (Maxwell et al., 2007), hydraulic conduc-
tivity, porosity and virus attachment (Barth andHill, 2005). Virus
removal processes may also be affected by pH, ionic strength
(Sadeghi et al., 2011; Torkzaban et al., 2010), the redox
conditions in groundwater (Schijven et al., 2000) and pore
water velocity (Pang, 2009). In near-river aquifers, pore water
velocity can vary significantly with a change in river water level,
e.g., due to snowmelting in spring and floods after heavy rainfalls
(Shankar et al., 2009). Derx et al. (2010) demonstrated that
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fluctuations in river water level can lead to a larger dispersion of
solutes in groundwater along the Danube riverbank. They
explained the larger dispersion by spatially and temporally
variable pore water velocities in the responding groundwater.
The effect of riverwater level fluctuation on virus transport is yet
unknown. We suspect that transient conditions of groundwater
flow at riverbank filtration sites may affect the transport of
viruses from the river water towards a pumping well. We
hypothesize that an increase in river water level would lead to a
larger dispersion of virus particles and thus to further transport
during riverbank infiltration, similarly as found by Derx et al.
(2010) for solutes. In addition, drainage and imbibition due to
variable water tables or variable water saturation may
remobilize previously deposited virus particles (Torkzaban et
al., 2006).

Virus transport in heterogeneous gravel aquifers is signifi-
cantly different from uniform sand media (e.g., beach sand
aquifers). Virus transport in alluvial gravel aquifers occurs
predominantly along preferential flow paths (Pang et al., 2005)
and is faster and less dispersed than conservative chemical
tracers due to size exclusion (Flynn, 2003). Riverbank alluvial
deposits are typically non-uniform in grain sizes with a very
wide particle size distribution, containing clay, silt, sand and
gravel. Pang et al. (2005) found that the collision efficiency based
on a singular grain size (Yao et al., 1971) did not apply well for
describing virus transport in gravel aquifers. They recommended
that it is best to use a first order removal rate rather than collision
efficiencies to describe virus transport in heterogeneous gravel
aquifers. First order law is the concept of numerous conventional
transport models, implying concentration declines with distance
exponentially and the reduction rate is a constant. Fitting a large
amount of published field data on microbial transport in
groundwater with both a first order law and a power law, Pang
(2009) found that 70% of the datawere better describedwith the
first order law but 30% of the data (specially those from fine
sediments) were better described with a power law (implying
reduced removal rate with transport distance). The first order
law was found to be applicable for (bio)colloid transport in
gravel aquifer media Pang (2009).

Previous field studies on virus transport in groundwaterwere
conducted to most parts under more or less steady flow
conditions (Bales et al., 1995; Blanford et al., 2005; DeBorde et
al., 1998, 1999; Pieper et al., 1997; Schijven et al., 2000, 2005;
Woessner et al., 2001, see also Pang, 2009). In contrast to this
previouswork, this paper aims to contribute in examining virus
transport during flooding events and specifically the role of
varying pore water velocities on virus removal during
riverbank filtration and aquifer passage. The secondary objec-
tive was to investigate the time scale at which river fluctuation
affected virus transport. To achieve these objectives, we
simulated virus transport into gravel and sandy gravel aquifers
limited by a large river with high variations in river flow
discharge, while keeping the rates of virus attachment,
detachment and inactivation constant. Effects of clogging of
the riverbed and pumping were studied as well. Finally, we
discussed the general implications of the assumed scenarios.

2. Methods

For simulating virus transport during riverbank filtration
and aquifer passage, we adapted the model setup outlined in
Derx et al. (in press). In the following we describe this model
setup in detail.

2.1. The hypothetical river and aquifer system

We considered shallow unconfined sandy gravel and gravel
fluvial aquifers. These aquifers were assumed to be fully
connected to the river or overlaid by a clogging layer on top of
the riverbank and bed. A large river was simulated exhibiting
large fluctuations in water levels with a maximum increase by
5 m. The corresponding river flow discharges ranged between
100 and 5700 m3/s. Such flooding events could occur at large
rivers on average once a year (e.g., at the River Danube, (via
donau, 1997). These conditions are typical to riverbank
filtration sites underlaid by fluvial gravel aquifers (Hoehn,
2002; Homonnay, 2002; Schubert, 2006;Weiss et al., 2005). See
Section 2.4 for the adopted range of aquifer properties).

2.2. Water flow model

Groundwater flow and virus transportwere simulatedwith a
3-D groundwater model (SUTRA2.1, Voss and Provost, 2008),
coupled with a 1-D surface water model (HEC-RAS, U.S. Army
Corps of Engineers, 2008). The near-river groundwater flow
direction responded to a floodwave in the direction parallel and
perpendicular to the river axis and in the vertical direction, as
shown by the groundwater flow direction after 20 d of
simulation time (Fig. 1). The 3-D governing equation for the
transient variably saturated water flow is given below.

Θwρsop þ Θρ
∂Θw

∂p

� �
⋅ ∂p∂t −∇ ρK Θwð Þ

μ
∇pþ ρ⋅gð Þ

� �
þ qw ¼ 0: ð1Þ

Notations are given in Table 1.
The aquifer comprised an area of 9 by 4 km, limited by a

straight river stretch of 9 km length (Fig. 1, left). The river
boundary was 150 m wide, between the river center line and a
steep river embankment. The dimensions of the aquifers were
chosen large enough to avoid errors induced from boundary
effects. The horizontal discretization of the numerical elements
varied between 1.5 m and 100 m. Along the riverbanks and in
the center of the assumed aquifers (gray shaded area in Fig. 1,
left), smaller cell sizes were used to minimize the effect of
numerical dispersion on transport simulations. The aquifer
beneath the riverbed was 10 m deep and was discretized into
20 layers at an interval from 5 to 35 cm in the upper layers and
1.2–1.5 m in the lower layers (Fig. 1, right). Hydraulic
conductivity (which represents conductance of the riverbed)
was set homogeneously isotropic or vertically anisotropic
(Section 2.4). To consider clogging processes, the uppermost
3 elements of the riverbed and riverbank were assigned to a
fixed vertical cell size of 10 cm and a very low hydraulic
conductivity of 10−5 to 10−6 m/s (Section 2.4). The model
consisted of approximately 850,000 elements in total.

2.3. Boundary and initial conditions

In our simulations, a hydraulic gradient of 3 m/km was
used to allow infiltration of river water to groundwater. A
production well was placed at a distance of 100 m from the
river (Fig. 1). The well consisted of horizontal collector pipes



Fig. 1. Hypothetical aquifer scenario with boundary conditions (see legend) and simulated groundwater flow directions after 20 d (blue arrows). Map view
shows the numerical mesh and detailed section (left); cross section A–A1 shows the maximum and minimum river levels together with simulated groundwater
levels; The element sizes in vertical direction are indicated with fine solid lines (right).

Table 1
Notation.

C Concentration of free viruses in groundwater (pfu/l) (pfu/l)
C0 Concentration of free viruses in the river (pfu/l)
D 3-D dispersion matrix (m2/s)
dreq required distance to achieve a certain virus log reduction (m)
g Gravity vector [0,0,−9.81] (ms−2)
h Aquifer depth (m)
Δd Maximum element size (m)
Δh Total difference in river level (m)
i Hydraulic groundwater gradient (m/km)
K 3-D aquifer permeability matrix (m2)
Kf Hydraulic conductivity (m/s)
Kf,v/h
∗ Anisotropy ratio of hydraulic conductivity (−)

nvg van Genuchten (1980) model parameter (−)
p Hydraulic water pressure (kN/m2)
pe Peclet number
pfu/l Plaque forming units per liter
qw Fluid mass sink (mass fluid per time and volume

aquifer, kg/m3 s)
r2lin Linear correlation coefficient (-)
ss Scaled sensitivity (-)
sop Specific pressure storativity (kg/ms2)−1

t Simulation time (d)
v Pore water velocity (m/d)
αl Longitudinal dispersivity (m)
αt Transversal dispersivity (m)
αv/h
∗ Anisotropy ratio of dispersivity (−)

αvg van Genuchten (1980) model parameter (kPa−1)
λ Virus temporal removal rate (d−1)
λs Virus log removal rate (log 10/m)
μ Fluid viscosity (1.307x10−3 kg/ms at 10 °C)
∇ Differential operator (−)
ρ Fluid density (999.7 kg/m3 at 10 °C)
Θ Effective porosity (−)
Θr Residual water saturation (−)
Θw Water saturation (−)
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extending radially at the bottom of the aquifer. This type of
production well is commonly used in riverbanks for drinking
water supplies because of its high yield capacities, for
example at the Rhine or the Illinois River (Ray et al., 2002;
Shankar et al., 2009). A constant pumping rate either of 0 or
100 L/s was assumed.

We assumed initial surface water depths of 0.5 m, 3 m and
5.5 m respectively. To generate the initial pressure heads,
simulations were performed over a time long enough
(1.5 years) holding all boundary conditions constant, so that
the initial conditions had no influence on the groundwater flow
results. The head boundary conditions along the river were
based on thewater levels predicted from the 1-D surfacewater
model (blue shading in Fig. 1, left). Flood waves at the river
boundary were simulated as continuous cosine functions with
1 m, 3 m and 5 m increases in river water levels and periods of
40 d (varied from 2 to 16 d for the sensitivity analysis). The
dynamics of river flow and its effect on groundwater flowwere
fully accounted for. At all vertical boundaries, except the river
boundary, the same constant head boundary conditions were
applied as for the initial condition. The vertical boundary along
the river axis was defined to be no-flow because parallel flow
was assumed along this line. Likewise, the top layer in the land
zone was set to no-flow, assuming no groundwater recharge
from precipitation. Even though the slope of the top ground
surface is usually directed towards the river, we chose the land
slope parallel to the initialwater pressure gradients assumed in
the simulations, so that the groundwater level remained just
below the land surface during the flooding events. This was
done in order to avoid dispensable parts of the model. The
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bottom boundary of the domain was defined to represent the
aquitard.

The transition zone along the top surface of the riverbank
between the highest and the lowest water mark alternated
between submerged and dry (green dash–dotted line in
Fig. 1, right). The boundary conditions in this zone were set
according to the model result of the previous time step for a
given node. If the hydraulic pressure of the previous time
step was positive, the head boundary condition was set to the
local surface water level. If the hydraulic pressure was
negative, the boundary conditions were set to no-flow since
the soil was unsaturated (Derx et al., 2010). All boundary
conditions are shown in Fig. 1. The water flow model was
tested for a field site at the Austrian Danube with transient
flow conditions during several flooding events. The mean
differences between measured and observed groundwater
levels were always less than 7 cm (Derx et al., 2010). The
transient groundwater flow situation during flooding events
can be reproduced. The virus concentration C was simulated
relative to the initial concentration in the river C0. The aquifer
was therefore assumed to be initially free of viruses. As
concentration boundary condition at the river a constant
virus concentration reduction of 0-log was assumed (Fig. 1,
the river is shaded blue).

2.4. Aquifer properties/characteristics

Alluvial gravel aquifers near rivers often have hydraulic
conductivity 10−3–10−2 m/s (e.g., the River Rhine, Schubert,
2006 and Shankar et al., 2009). This range was used in the
scenario simulations, including a clogging layer at the top
30 cm of the riverbank. In the sensitivity analysis a range in
aquifer hydraulic conductivity from 10−4 to 10−2 m/s was
considered. As clogging layers are typically rich of organic
sediments, substantially higher virus removal rate coefficients
were previously observed than in the surrounding aquifer
sediments (Schijven and Hassanizadeh, 2000). In order to
account for a substantial part of the virus log removal, we
therefore assigned an extremely low hydraulic conductivity
value of 10−7 m/s to this clogging layer. In addition, scenarios
with a clogging layer at the uppermost 30 cm of the riverbed
were also assumed with hydraulic conductivity of 10−6 m/s
(referred to as internal clogging by Blaschke et al., 2003).

Similar characteristics of clogging layers have been observed
e.g., at the Elbe River (Fischer et al., 2005) or at a bank filtration
site near the Lake Tegel (Grünheid et al., 2005). In most cases,
clogging processes may consist of several clogging cycles of a
fewweeks each initiated by floods until a stable state is reached
(Blaschke et al., 2003). If the suspended load in the river is low,
clogging will establish slowly and during long time periods. For
simplicity, the clogging layers were therefore assumed to
remain constant over time in the simulations. Anisotropy ratios
of hydraulic conductivity and dispersivity of 0.1 were assumed
for the scenarios and from 0.01 to 1 for the sensitivity analysis
(Chen, 2000; Gelhar et al., 1992). We assumed a constant
effective porosity of 0.1 in the scenarios and a range from 0.1 to
0.2 for the sensitivity analysis because only a fraction of the total
porosity is effective for groundwater flow and transport
(deMarsily, 1986).Water saturation and hydraulic conductivity
in the unsaturated zone were calculated by using the model of
van Genuchten (1980). The parameters αvg, nvg and the residual
water saturation Θr were set to 0.36 kPa−1, 3.18 and 0.14, as
obtained by theRosetta Liteprogram(Schaap et al., 2001) for the
sand textural class of the USDA triangle. We additionally
considered values for gravel, of 1.53 kPa−1, 2 and 0.18,
respectively, as determined from lab experiments by the
Institute for Land and Water Management Research in Austria
(unpublished data).

2.5. Virus transport model

Virus transport was simulated based on the advection–
dispersion equation coupled with a first order removal rate
(λ) by using SUTRA2.1:

∂ΘΘwρC
∂t ¼ −∇ ΘΘwρvCð Þ þ∇ ΘΘwρD∇Cð Þ−λΘΘwρC: ð2Þ

Notations are given in Table 1. The dispersion tensor D
in Eq. (2) is a product of the pore water velocity (v), the
longitudinal (αl) and transversal dispersivity (αt, Voss and
Provost, 2008, Eq. 2.39d–2.40b). As a performance target, an
8-log reduction in virus concentration was selected, reducing
enteric viruses from 100 pfu/l in wastewater to 10−6pfu/l in
groundwater (notations are given in Table 1). This level of
reduction will approximately meet a health risk of 10−4

infections per person per year (Schijven et al., 2005). A 4-log
reduction in virus concentration was also considered as a
pretreatment step for drinkingwater production (USEPA, 2004).

Field experiments conducted in gravel and sandy gravel
aquifers showed that virus surrogates were less dispersed
than solute tracers because viruses travel through a narrower
pore-network, e.g., by up to a factor of 3.5 (Pang et al., 2005).
Thus the dispersivity values used in the simulations in this
study were kept small to less than 5 m. Field experiments are
preferably conducted in controlled steady flow conditions.
Thus the dispersivity values used in the simulations in this
study were kept small to less than 5 m to comply with what
was observed in the field. Despite that the dispersivity remained
constant during the simulations, the virus dispersion coefficients
could vary due to variations in simulated pore water velocities.
The transport behavior of virus surrogates during flooding may
therefore be affected by additional dispersion in the near-river
groundwater. The transversal dispersivity (αt) was set to 0.2 αl.
In order tominimize numerical dispersion and ensure numerical
stability, the following criterion was fulfilled: pe=vΔ d/D≤2
(Kinzelbach, 1987), notations are given in Table 1. This criterion
was valid for small ratios of αl/αt(b10) and for the
three-dimensional case. As dispersivity values in gravel at the
field scale are quite uncertain, a range of αl=5−50 m was
additionally considered (Section 2.6). Note that the dispersivity
remained constant during the simulations, but the dispersion
coefficient could vary due to variations in river water levels and
pore water velocities.

Virus removal rates (λ) were adapted from the removal
rates of MS2 and PRD1 bacteriophages that Pang (2009)
derived from 11 published field experiments conducted in
fine gravel aquifers (Table 2). We selected MS2 andPRD1 as
model viruses, as they are about equally conservative for
attachment (Schijven and Hassanizadeh, 2000). In order to
use these rates in model simulations, the spatial removal
rates (λs) reported in Pang (2009) were converted to temporal



Table 3
Hypothetical aquifer scenarios assumed and corresponding figures for
simulation results. Each scenario was simulated in coarse gravel, fine gravel
and fine, sandy gravel, with an increase of river water level by 0, 1, 3 and
5 m.

Pumping rate Clogging αl Figures

0 No ≤5 4 (top), 2
100 No ≤5 4 (middle)
0 Yes ≤5 4 (bottom)
0 Yes 20 5
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removal rates (λ) by λ=2.3vλs (Pang, 2009, Eq. (3)), where v
were the minimum pore water velocities reported in the
published field experiments. A factor of 2.3 was added for the
conversion of λ from log/d into ln/d. This gave the virus removal
rates, ranging from 0.07 d−1 to 10.15 d−1, with a median of
0.9 d−1 (Table 2). The removal rates were assumed to be
constant. The respective minimum pore water velocities ob-
served during these experiments ranged from0.2 m/d to 147 m/
d (Table 2). The respective values demonstrate that there is a
clear relationship of virus removal rates to pore water velocities
which is in accordance with the colloid filtration theory (Yao et
al., 1971).

Note that the spatial removal rates reported in Pang (2009)
comprised not only attachment and inactivation but also some
effect of dilution. This is because a removal rate was derived
from the slope of log10(Cmax/C0) versus distance plot (excluding
the injection well). When bromide data are available in the
published experiments, the slope of log10(Cmax/C0) versus the
distance plot for bromide reflects the effect of dilution. Thus the
net removal rate induced from the attachment and inactivation
of the virus was then revised by subtracting the bromide
slope from that of the virus (Table 2). No inactivation was
additionally considered in the simulations as it had been
already lumped into the total removal rate. The contribution
of inactivation to total removal is expected to be insignificant
due to the relatively short travel times in the simulations.
Schijven and Hassanizadeh (2000) showed that virus in-
activation could be very low ≤0.1d−1 even at summer water
temperatures for persistent viruses.

The transport model was tested and verified for several
2-D/3-D solute transport problems by Voss and Provost
(2008). In order to test the simulations with the first order
concentration reduction, a simple box model was set up.
Initial solute concentrations at one uniform value were
assigned throughout the box and a first order decay rate
was specified. The concentration reduced exponentially with
time (results not shown).

2.6. Scenarios and sensitivity analysis

Table 3 lists all scenarios that we applied (12 cases). In the
scenarios, river levels were assumed to be constant, fluctuating
with 1 m head difference for 20 times, or two large flow events
Table 2
Calculation of virus removal rates from field data encompassing the full range obs
tracers (Pang, 2009); Bold λ values relate to values after correction for dilution and i
the sensitivity analysis, the considered ranges were extended by a value for poliovi

Reference Source Aquifer Phage

Bales et al. (1995) Sewage Sand, fine gravel PRD-1
Blanford et al. (2005) Sewage Sand, fine gravel PRD-1
Blanford et al. (2005) Sewage Sand, fine gravel PRD-1
Blanford et al. (2005) Tracer Sand, fine gravel PRD-1
DeBorde et al. (1998) Septic tanks Sand, gravel MS2
DeBorde et al. (1999) Tracer Sandy gravel MS2
DeBorde et al. (1999) Tracer Sandy gravel PRD-1
Pieper et al. (1997) Tracer Sand, fine gravel PRD-1
Pieper et al. (1997) Sewage Sand, fine gravel PRD-1
Woessner et al. (2001) Tracer Sand, gravel PRD-1
Woessner et al. (2001) Tracer Sand, gravel MS2
Woessner et al. (2001) Clean Sand and gravel Poliovirus
were simulated, with 3 m and 5 m of maximum head increase
in the river. The flood waves were simulated to last for 20 days
followed by 40 days of steady low flow conditions.

The hydraulic conductivity (Kf) and virus removal rate (λ)
were assigned to coarse gravel (Kf=10−2 m/s, λ=0.07 d−1),
fine gravel (Kf=5·10−3 m/s, λ=0.90 d−1) and fine sandy
gravel (Kf=10−3 m/s, λ=10.15 d−1). The largest virus
removal rate was assigned to the finest material because of a
higher affinity to attach to sediments. Also, higher dispersivity
values, clogging of the riverbank or riverbed and a pumping
rate of 100 L/s were included in the scenarios (Table 3).

In the sensitivity analysis, one parameter at a time was
changed within the range given in Sections 2.4, 2.5 and Table 2,
while holding all other parameters constant at median values. In
order to investigate the effect of the flood duration on virus
removal during riverbank filtration, flood waves were addition-
ally simulated to last for 1, 2, 3, 4 and 8 days. Simulations were
carried out just long enough to simulate 2 cycles of river water
level fluctuation (16 d). The estimated distances for virus
concentration reduction gave the opportunity to compare the
effects of the parameters relatively to each other. The sensitivity
analysis used followed the general procedures described in Hill
(1998). One-percent scaled sensitivities (1%ss) were calculated
which reflect the amount that simulated required distances for
8-log virus concentration reductionwould change if a parameter
value increased by 1% (see Hill, 1998, Eq. 11).

3. Results

As the purpose of this study was to investigate the effects
of fluctuations in river water level on virus transport in
erved in sandy gravel and gravel media with MS2 and PRD1 bacteriophage
ndicate the maximum or minimum values considered in the simulations; For
rus (Section 2.6).

λs

(log10/m)
vmin

(m/d)
λ
(d−1)

rlin.
2

(−)
No.
(−)

Dilution corr.

0.18 0.2 0.07 0.83 6 Yes
0.89 0.5 1.09 lin. 31 No
0.11 0.5 0.13 lin. 21 No
0.12 0.5 0.14 lin. 32 No
0.39 1.0 0.90 0.84 3 No
0.10 23.0 5.26 0.99 4 No
0.09 26.0 5.66 0.98 4 No
0.22 0.8 0.40 0.77 4 No
0.21 0.4 0.20 0.43 4 No
0.01 115 3.19 1 No
0.04 147 10.15 1 Yes
0.14 172 53.80 1 No
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Table 4
Simulation results of the sensitivity analysis; Required distances (dreq) from
the riverbank to achieve an exemplary 8-log virus reduction performance
target after 16 d of simulation time for different values of the most
influential parameters (center); One-percent scaled sensitivites (1% ss,
Section 2.6, right). Two values refer to results for steady flow conditions
(Δh=0 m) and to results with fluctuating river water levels (Δh=3 m).

Parameter values dreq 1% ss

[m] [−]
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groundwater, we simulated groundwater flowwith a hydraulic
gradient directed from the river into groundwater and virus
concentrations (C) relative to the river (C0). Fig. 2 shows the log
virus concentration reduction over time. These results can
also be read as a virus concentration relative to C0, where high
reductions are equivalent to low concentrations. In the
scenarios with flood waves, the hydraulic gradients near the
river increased during rising river water levels (days 0–10),
leading to a higher fraction of infiltrated river water in the
aquifer. An increase in river water level by 5 m caused the
simulated virus peak concentrations to be reduced less
effectively than during steady flow conditions, by up to 4-log
at 400 m from the river axis in fine gravel (Fig. 2). The larger
the flood wave, the smaller the virus removal efficacy. The
simulations further showed that flood waves can lead to an
earlier arrival of virus peak concentrations in groundwater. For
example, simulated virus peak concentrations in coarse gravel
at 1000 m from the river arrived by 19 d (30%) earlier than
during steady flow conditions.

In order to investigate the effects of river water level
fluctuations on virus concentration reductions in a more
quantitative way, the volumes below certain thresholds of
concentration reduction for every day of simulation time
were calculated (4-log and 8-log). The results were com-
pared between transport simulations, where the river water
levels were held constant and where river water levels
increased by 1, 3 and 5 m. (Fig. 3). The calculated maximum
volumes for a threshold of 8-log concentration reduction
were 2.4 (coarse gravel), 0.4 (fine gravel) and 0.01·106 m3

(fine sandy gravel) in the case of constant river water levels,
as compared to 2.9, 0.7 and 0.08·106 m3, respectively, for
river water level increases by 5 m (Fig. 3, bottom). This
means that the river water fluctuations increase the size of
the virus concentration volume by a factor of 1.2 to 8.

After a certain simulation time (e.g., 40 d in coarse gravel
at 200 m from the riverbank), the simulated virus concen-
trations at a given distance reached a semi-steady state,
while fluctuating between fixed water levels (Figs. 2 and 3).
For scenarios where river water levels fluctuated only once
during a larger flow event (≥3 m), virus concentrations
reached a steady-state more quickly.

For coarse gravel the simulated virus concentrations were
less influenced by river water level fluctuation as compared
to fine gravel (Figs. 2 and 3). As simulated virus concentra-
tions reached further into groundwater, it took longer in
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Fig. 5. Same as Fig. 4, but for a heterogeneous aquifer (αL=20 m, αT=4 m).
reaching a steady state. This can be seen in Fig. 4 left, where
the minimum simulated virus concentration reductions after
60 d sharply increased at 1500 m from the riverbank.
Obviously, the simulated virus concentrations had already
approached the final, steady-state closer to the riverbank
(0–1500 m), but had not yet approached a steady-state
further away from the riverbank.

During the receding flood, there was a natural ground-
water gradient towards the riverbank, as shown by the
simulated groundwater flow directions after 20 d (Fig. 1).
Such conditions often occur if the river water level decreases
faster than the groundwater levels nearby the river, leading
to a dilution effect of virus contamination (e.g., Derx et al., in
press; Shankar et al., 2009). In our simulations, the simulated
virus concentrations were consequently more affected by
dilution in fine gravel (Fig. 2).

Figs. 4–5 show theminimum virus concentration reductions
in the aquifer with distance from the river axis. For all soil
materials, the simulations showed that the reductions in virus
concentration after increases in river water levels by 1–5 m are
lower than during the steady flow conditions (Fig. 4).

During the steady flow conditions, the required distances
from the river to achieve a respective 4(8)-log virus reduction
performance target were 1900(2400) m in coarse gravel,
170(410) m in fine gravel and 0(8) m in fine sandy gravel
(Fig. 4). The simulations indicated that an increase in river
water level amplitude by 1, 3 and 5 m can require by 5, 10 and
15% greater distances from the river to achieve a 4- or 8-log
virus reduction performance target in coarse gravel, respec-
tively. For fine gravel the simulations indicated by 10, 50 and
90% greater distances and for fine sandy gravel, by 0, 300 and
500% greater distances than during steady flow conditions
(Fig. 4). When varying the initial river water depth from 0.5 to
5.5 m during steady flow conditions, the simulated virus
concentrations were identical (results not shown).
Δh=0 m 215 0.0
Δh=1 m 215 0.1
Δh=3 m 271 0.8
Δh=5 m 322 1.3
αl=≤5 m 215/271 0.4/0.2
αl=10 m 256/293 0.6/0.4
αl=50 m 392/454 1.6/1.7
αl=100 m 531/600 2.8/2.9
Kf=10−4 m/s 35/85 0.2/0.2
Kf=10−3 m/s 215/271 1.5/1.5
Kf=10−2 m/s 1053/1074 9.3/8.9
λ=0 d−1 215/271 0.0/0.0
λ=0.08 d−1 215/263 0.0/−0.1
λ=1.3 d−1 85/121 −0.7/−0.8
λ=53.8 d−1 2/12 −0.9/-1.1
Θ=0.1 215/271 −1.0/−1.1
Θ=0.15 167/215 −1.1/−1.2
Θ=0.2 140/192 −1.1/−0.9
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A pumping rate of 100 L/s from a well caused hydraulic
gradients to increase in the affected area, thus obviously
enhancing virus infiltration from the river into the bank. The
scenarios with pumping during steady flow conditions showed
that virus can travel consequently further into groundwater
relative to conditions without pumping and that virus
concentrations are reduced less effectively, by up to 0.3-log
in fine gravel and by up to 2-log in fine sandy gravel (Fig. 4).

The effects of riverwater level fluctuation on simulated virus
concentrations were the same as without pumping. Due to the
vicinity of the assumed well to the river and as the simulated
travel distance wasmuch further in coarse gravel, pumping had
no effect for the scenarios in coarse gravel (Fig. 4).

The presence of a 30-cm clogging layer on top of the
riverbank had a negligible effect on the simulated virus
concentrations (not shown). Obviously, most of the river
water infiltrates through the 150 m wide river bed rather
than through the 10 m wide riverbank. When both the
riverbed and the riverbank were assumed to be overlaid by a
clogging layer, virus concentrations were reduced by 1 to 3-log
within this first layer of sediments. For the remaining part of
virus log reductions, the simulations indicate that an increase
in river water level fluctuation can cause virus concentrations
to be reduced less effectively, by up to 5-log at 200 m from the
river axis in fine gravel (Fig. 4, bottom). For more heteroge-
neous aquifer scenarios (larger dispersivity values), the
simulations showed the same effect of river water level
fluctuation on required distances from the river as for scenarios
with small dispersivities (Fig. 4). Viruses were generally
transported 15% further into the riverbank (Fig. 5).

The results of the sensitivity analysis indicated that the
most influential parameters on the required distance from
the river for virus removal are aquifer hydraulic conductivity,
followed by aquifer dispersivity, amplitudes of river water
level fluctuation, virus removal rate and effective porosity
(see 1-% scaled sensitivities in Table 4). The duration of the
flooding events hardly affected the simulated required
distance for virus removal (results not shown). Variations in
anisotropy ratios for Kf,v/h

∗ or αv/h
∗ did not affect the simulated

virus concentrations. Also variations in water saturation and
in the parameters for the unsaturated zone had small effects
on simulated virus concentrations.
The absolute pore water velocities during the simulations
ranged between 0 m/d and 60 m/d (Fig. 6). This is within the
range of pore water velocities observed during the field
experiments that we used for deriving virus removal rate
coefficients for the simulations (Table 2). The effects of pore
velocity on virus removal are thus included in the simulations.

4. Discussion

4.1. Effects on virus removal and transport time scale

The primary objective of this paper was to investigate the
effect of fluctuations in riverwater levels on virus transport and
removal during riverbank filtration and aquifer passage. The
largest effects of river water level fluctuation were generally
shown for the finest gravel. Both higher advection during rising
river levels and more dispersion were responsible for these
effects. Due to the accumulative dispersion effect with travel
distance, the flood waves led to a decreasing virus removal
efficacy with increasing distance from the river. More disper-
sion resulted from the river water level fluctuations, which
caused variations in pore water velocities (Fig. 6), similarly as
found by Derx et al. (2010) for a field site at the River Danube
for conservative tracers. The river water levels increased by
1 m in the study site of Derx et al. (2010), leading to 3 times
greater volumes of tracer plumes infiltrating from the river into
groundwater. At the Danube field site, the presence of bed form
heterogeneities may have additionally facilitated solute trans-
port into groundwater (Storey et al., 2003). As virus transport
in gravelly types of aquifers occurs predominantly along
preferential flow paths, this may additionally affect virus
dispersion in groundwater during floods. We used small
dispersivity values to account for a smaller dispersivity which
was observed for virus surrogates as compared to conservative
tracers (Pang et al., 2005). An alternative approachwould be to
use non-equilibrium transport models and kinetic transfer
rates between mobile-and immobile zones, as e.g., were
used for simulating Salmonella bacteriophage experiments by
Pang et al. (2008). Lu et al. (2009) investigated the effect of the
kinetic transfer rate on solute transport by using a similar
approach as Pang et al.'s (2008), but for coastal aquifers during
tidal fluctuation. Simulations by Lu et al. (2009) showed that
kinetic mass transfer may significantly widen the mixing zone.
Specifically, they showed that the maximum width of the
mixing zone may occur if the mean retention time scale of
solutes in the immobile zone is comparable to the period of
water level fluctuations. In caseswhen virus desorption ismore
relevant and if virus transport occurs predominantly along
preferential flow paths, virus concentrations may therefore be
even more dispersed in the near-river groundwater than
shown in our simulations. This would require further investi-
gation in the future.

A secondary objective was to investigate the time scale at
which river water level fluctuation affected virus transport.
The simulations indicated that the amplitudes of river water
levels are the most important for virus transport and that the
duration and frequency of the river floods are of minor
importance. Similarly, multiple tidal cycles caused enhanced
mixing at a seawater site (Robinson et al., 2006), while one
flooding event sufficed to cause enhanced mixing at a
Danube site (Derx et al., 2010). Two or more consecutive
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flooding events may therefore have similar effects on virus
transport than one single event. Frequent flooding events occur
for example during the monsoon season at the Brahmaputra
River (Sarma, 2005).

Our simulations further indicated that temporary changes in
groundwater flow direction (i.e., from infiltration to groundwa-
ter exfiltration) can compensate the adverse effects of river
water level fluctuation on virus removal during riverbank
filtration. Such effects of dilution occur under conditions that
pristine groundwater is carried from further inland regions.
5. General implications of the assumed scenarios

In this paper, the investigated transient processes are
restricted to water level fluctuations and hydraulic flow
dynamics, so virus removal rates were kept constant. The aim
was to investigate this transient process of water level
fluctuation on the dispersion of the transported virus. River
water level and groundwater level fluctuations, however, may
also lead to remobilization of deposited colloids, including
virus particles (Torkzaban et al., 2006). This requires virus
removal rate to be a function of water saturation, which is
another transient process (Sen, 2011). Unsaturated flow and
transport become more important in the case of major
floodings and inundation of overland areas or during strong
precipitation events. In this paper, however, we focused on
more frequent flooding events at a regulated river and have not
considered overland flows. Virus removal rates may also vary
in time and space due to changes in water chemistry and pore
water velocities. Geochemical conditions can range from
favorable to unfavorable for virus attachment to soil particles
and also geophysical conditions can range, so it is very
important to know the location-specific conditions. The aim
of our simulations, however, was to investigate the process and
effect of hydraulic flow dynamics.

For our scenarios virus concentrations at the river boundary
were also assumed constant in time. Virus concentrations in
the river, however, may be elevated after flooding events, as
observed e.g., in the River Rhine by Schijven and de Roda
Husman (2005). In this case more virus particles could enter
the aquifer and a flood wave would facilitate virus transport
during bank filtration even more. On the other hand, the
dilution during high river water levels can be enormous in
large rivers and may outweigh the greater total number of
viruses in the river.

Our scenarios indicated that the simulated virus transport
into groundwater is the same for constant high or low river
water levels. This is because identical hydraulic pressure
gradients were assumed during steady flow conditions,
which are an important process controlling the river–aquifer
interaction (Storey et al., 2003). While we assumed that the
flow direction is generally from the river into groundwater
for our scenarios, groundwater is often exfiltrating during
low flow conditions or when pumps are turned off (Sheets et
al., 2002). During flood events, however, virus transport is
likely to be most affected by the change in river water level
during the flood, rather than the groundwater situation
before the flood. Our simulations therefore also apply for
situations where groundwater is exfiltrating into the river
during low flow conditions.
6. Conclusion

Our simulations indicate that flooding events cause viruses
to be transported further and at higher concentrations into
groundwater during riverbank filtration and aquifer passage. A
1–5 m increase in river water levels led to an increase in virus
concentration volumes in groundwater by a factor of 1.2 to
8 (or to a 2- to 4-log higher virus concentration) and to up to
30% shorter travel times. A temporary change of groundwater
flow direction during the receding flood can cause pristine
groundwater to be carried from further inland and that virus
concentrations are more diluted in groundwater. The ampli-
tudes of river water levels were the most important for the
simulated virus transport, while the duration and frequency of
the river floods were less relevant. In this paper we considered
groundwater flow and transport in three dimensions, as we
especially focused on the effects of dispersion which may be
smallerwhen considering less dimensions. In order to estimate
the required distance for a given situation, detailed specific
data (pore water velocities, removal rate, virus concentrations
in riverwater) are essential. In future field studies, these effects
and also effects of variations in water chemistry on virus
transport need to be further investigated. It will hence be
important to monitor a change in chemical water composition,
water saturation and flow velocities during floods, as they have
important influence on virus removal.
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