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To guarantee proper protection from fecally transmitted pathogen infections, drinking water wells should have a
sufficiently large setback distance from potential sources of contamination, e.g. a nearby river. The aim of this
study was to provide insight in regards to microbial contamination of groundwater under different flow veloc-

SQ;\/[feRitback distance ities, which can vary over time due to changes in river stage, season or pumping rate. The effects of these
Cryptosporidium changes, and how they affect removal parameters, are not completely understood. In this study, field tracer tests
Campylobacter were carried out in a sandy gravel aquifer near Vienna, Austria to evaluate the ability of subsurface media to

attenuate Bacillus subtilis spores, used as a surrogate for Cryptosporidium and Campylobacter. The hydraulic
gradient between injection and extraction was controlled by changing the pumping rate (1, 10 1/s) of a pumping
well at the test site, building upon previously published work in which tracer tests with a 5 1/s pumping rate were
carried out. Attachment and detachment rate coefficients were determined using a HYDRUS-3D model and
ranged from 0.12 to 0.76 and 0-0.0013 h™%, respectively. Setback distances were calculated based on the 60-day
travel time, as well as a quantitative microbial risk assessment (QMRA) approach, which showed similar results
at this site; around 700 m at the highest pumping rate. Removal rates (1) in the field tests ranged from 0.2 to 0.3
log/m, with lower pumping rates leading to higher removal. It was shown that scale must be taken into
consideration when determining A for the calculation of safe setback distances.

1. Introduction

Waterborne disease outbreaks are still a major health issue world-
wide (Beer et al., 2015; Beller, 1997; Rasmuson et al., 2019). To reduce
the risk of these outbreaks, pre-treatment steps such as riverbank
filtration can be used to lower pathogen concentration (Ray et al., 2002;
Sharma et al., 2012). During subsurface flow, the removal of pathogens
is influenced by groundwater flow rate, which can vary due to factors
such as groundwater abstraction, river stage, seasonal changes, city
planning decisions (such as stream rehabilitation) and effects of climate
change. Furthermore, water level fluctuations can lead to higher con-
centrations of pathogens (Derx et al., 2013).

In many countries, an adequate removal of pathogens is usually
assumed when subsurface travel times are 60 days or more, and setback
distances for drinking water wells are often calculated on this basis
(Schijven and Hassanizadeh, 2002). However, in contrast to this 60-day
time of travel (TOT) approach, the World Health Organization (WHO)
has recommended that a quantitative microbial risk assessment (QMRA)
approach should be used for defining safe setback distances for drinking
water production (WHO, 2011, 2017). To be able to carry out a QMRA,
reliable transport and removal parameters describing subsurface flow
are needed. To accurately quantify these parameters, tracer tests should
be carried out at the site of interest, using surrogates that experience
similar transport and removal as pathogenic microorganisms.
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Studies in columns show that faster flow rates can lead to less
removal (Choi et al., 2007; Ryan and Gschwend, 1994; Walshe et al.,
2010), and attachment and detachment rates have been shown to vary
with decreasing pore velocity (Bradford et al., 2006; Hendry et al.,
1999). An explanation for this is that lower velocity leads to longer
residence times, which increase the probability of microbes to diffuse
over the energy barrier, as well as leading to lower hydrodynamic forces,
decreasing detachment (Sasidharan et al., 2017). Furthermore, Colloid
Filtration Theory (CFT) predicts that the attachment efficiency () is
dependent on the single-collector contact efficiency (1), which in turn
depends on the flow velocity, because it affects, among other processes,
the particle deposition rate due to interception (Tufenkji and Elimelech,
2004; Yao et al., 1971). This shows that velocity is an important factor
affecting bacterial removal in groundwater. However, most tracer tests
in the field are carried out within natural (i.e. unforced) gradient flow
conditions, which makes it difficult to observe the effects of different
flow rates on microbial removal directly (DeBorde et al., 1999; Mallén
et al., 2005; Pang et al., 2005). Comparing removal rates at different
flow velocities is usually done by comparing tests in different aquifers,
and few tests have been carried out with varying flow rates at the same
test site (Kvitsand et al., 2015; Pang, 2009). Therefore, it is not well
understood at the field scale if and how changes in flow velocity affect
microbial removal and the parameters that govern it.

In order to compare setback distances at the various flow rates, a
QMRA was carried out for Cryptosporidium and Campylobacter, as well as
calculations of the traditional 60-day TOT. Both pathogens considered in
this study are commonly found in human and animal waste, and can
cause gastrointestinal illnesses leading to severe and prolonged diar-
rhea, which might pose significant health risks, especially for vulnerable
and immunocompromised patients (Hoogenboezem et al., 2001; Per-
cival and Williams, 2013; Teunis et al., 2005; Teunis et al., 2002; WHO,
2011). Campylobacter are fecally borne bacteria that have led to
numerous waterborne disease outbreaks in the past years, even in
developed countries (Craun, 2012; Guzman-Herrador et al., 2015).
Cryptosporidium are protozoa, usually present in the form of oocysts
which resist degradation, and are generally more persistent in the
environment, not unlike spores of B. subtilis (Headd and Bradford, 2016).
Campylobacter is removed more readily, as it is not spore- or oocyst-
forming and therefore experiences more die-off and inactivation, pro-
cesses whereby the organism either dies or is unable to infect (Schijven
et al., 2013).

The groundwater flow rates in this study were controlled by chang-
ing the pumping rate of an abstraction well in the area, where tracer
tests were carried out using spores of Bacillus subtilis. These endospore-
forming bacteria are very persistent during transport and are therefore
regarded as worst-case scenario microbial tracers to study the removal
of bacteria in the subsurface (Li et al., 2018; Pang et al., 1998; Setlow,
1995). B. subtilis (~1.5 pm long) is of similar size when compared to
many important bacterial pathogens such as Salmonella spp. and
Campylobacter spp., and is also used as a surrogate for Cryptosporidium
spp. (which is up to 7 pm long), even though there are differences in size,
surface charge and hydrophobicity (Bradford et al., 2016a; Emelko and
Huck, 2004; Cools et al., 2003); Chen et al., 2010).

This study builds upon a previous study by Oudega et al. (2021), by
performing additional field tracer tests at different pumping rates, which
are modeled in HYDRUS-3D to attain reliable parameters for the
assessment of alluvial aquifers. Furthermore, this study adds a com-
parison of the 60-day TOT versus the QMRA approach for defining the
setback distances from a drinking water well, using Cryptosporidium and
Campylobacter as reference pathogens.

2. Materials and methods
2.1. Field site

The study was carried out at the Obere Lobau test site located near
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the River Danube in Vienna, Austria, and contains alluvial sediments of
mostly gravel and sand (dsp = 4 mm, Cy = 38.4). The effective porosity
of the material is 0.12 and the hydraulic conductivity is 7.510 7> m/s.
The groundwater at the site is not in direct contact with Danube river
water due to the presence of a dam, and contains little to no oxygen, a
near-neutral pH and a high iron content. A more extensive description of
the study site, sediment and groundwater characteristics is given in
Oudega et al. (2021). The site contains an injection well (P24) and a
pumping well (LB13) at a distance of 25 m, which also serves as the
sampling point (Fig. 1). There are additional pumping wells north and
south of the study site, which together create a drawdown of hydraulic
head and a predominantly west to east groundwater flow. The injection
well has a well screen from 8 to 14 m depth, the pumping well has a well
screen from 5 to 23 m depth, and both well screens are located fully in
the saturated zone.

2.2. Experimental design

To allow for direct comparison of transport processes at different
flow rates, duplicate tracer tests were performed in a forced gradient
system with pumping rates of 1, 5 and 10 1/s (Table 1). These pumping
rates are about an order of magnitude lower than the maximum
extraction rates in drinking water wells downstream of the study site.
However, due to regulations, higher pumping rates were not allowed.
The flow rates given in this table are averages over the transport dis-
tance, but not uniform, as they increase towards the pumping well. All
experiments were done with spores of B. subtilis and a conservative
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Fig. 1. Location of the tracer studies conducted in 2018 and 2019. The model
domain and boundary conditions are shown in red. Circles (LB) are pumping
wells, squares (P) are piezometers. The map of the boundary conditions is taken
from Oudega et al. (2021), in which the modeling is described in more detail.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 1
Field experiments carried out with spores of B. subtilis.
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Test Date Pumping Rate (I/s) Gradient (—) Average Flow rate (m/h) Conservative Tracer B. subtilis injected (CFU/ml)
lpre 06.12.18 1.09 0.0045 0.102 Both -

la 07.01.19 1.20 0.0023 0.098 Uranine 1.33 x 10°

1b 18.02.19 0.99 0.0028 0.079 Uranine 9.13 x 108

5a’ 24.04.18 5.05 0.0194 0.615 Bromide 1.10 x 10°

5b* 28.05.18 4.65 0.0189 0.557 Bromide 7.73 x 108

10a 21.01.19 9.57 0.0311 1.015 Uranine 5.64 x 108

10b 28.01.19 9.45 0.0318 0.977 Uranine 7.87 x 108

@ Published in Oudega et al. (2021).

tracer; either uranine or bromide. Tests 5a-b were done with bromide
using a pumping rate of 5 1/s (results published in Oudega et al., 2021).
The additional tests for this study were carried out with uranine: tests
la-b with a 1 1/s pumping rate and tests 10a-b with a 10 1/s pumping
rate. Test 1pre was carried out with both bromide and uranine to check
whether the transport behavior of the two conservative tracers was
comparable to one another. The absolute difference in gradient between
duplicate experiments was never >2.8%o.

2.3. Characteristics, culture and essay of the tracers

2.3.1. Bacillus subtilis

All tests were carried out with B. subtilis endospores (strain ATCC
6633), which are rod-shaped, aerobic and non-pathogenic bacteria
present in low-temperature environments (Harden and Harris, 1953;
Headd and Bradford, 2016; Wightman et al., 2001). In the spore state,
B. subtilis bacteria are well protected against damage and survive for a
long time (Setlow, 1995; Setlow and Johnson, 2019). Using an electron
microscope (FEI Company, Hillsboro, USA), the spores were measured
to be 1.5 pm in length and 0.5 pm in width. They have an isoelectric
point of pH 2.2 and are strongly hydrophilic (Bradford et al., 2016b;
Harden and Harris, 1953).

Preparation and assay was described in Oudega et al. (2021). The
spores were injected in a concentration of approximately 10° spores/ml.
The suspension of 1.5 1 groundwater was injected in 1.5 min at 7 m depth
by using a peristaltic pump.

Samples of 12 ml were taken by an autosampler from a flow-through
cell linked to pumping well LB13, and stored in glass test-tubes. An
initial interval of 5 min between samples was used in tests 5a-b and 10a-
b, and 60 min in tests 1a-b. These intervals were extended after the peaks
passed. Depending on the expected concentration, sample volumes of 1,
2, 3, 6 or 9 ml were used on one or up to three petri dishes. The lower the
expected concentration, the higher was the sample volume analyzed,
using the pour plating technique and PC-Agar (Merck, Darmstadt,
Germany).

2.3.2. Bromide

According to the maximum concentration of 100 mg/l NaBr
permitted by the government, the bromide (100 g) was injected in a
volume of 1000 1 groundwater to ensure sufficient concentration in the
samples. The bromide solution was injected by fuel pump 2 min after the
injection of the B. subtilis spore suspension and took approximately 15
min. We assumed no mixing between the two tracer solutions. The
samples were analyzed at the TU Wien with HP/LC Chromatography
(Metrohm ECO IC, Herisau, Switzerland).

2.3.3. Uranine

Uranine was used in tests 1a-b and 10a-b in a concentration of 10 g/1
and a volume of 10 1 groundwater, using the same injection method as
for bromide. The fluorescence of the water was measured directly in the
flow-through cell using a GGUN-FL24 flow-through field fluorospec-
trophotometer (Albillia Co, Neuchatel, Switzerland).

2.4. Modeling

2.4.1. Hydrus

The field tests were modeled using HYDRUS-3D software (Simtnek
et al., 2016). The three-dimensional domain was defined as a cuboid
with a depth of 24 m, which is the top of a clayey aquitard in the study
area. Constant heads were assigned to the domain boundaries upstream
and downstream as well as on the main pumping well, as to maintain
perfect control over the hydraulic gradient (Fig. 1). No flow conditions
were assigned to the north and south boundaries on either side of the
flow line, except for two pumping wells on these boundaries, which were
modeled by constant discharge. The values for hydraulic conductivity
were found by calibration on the basis of the measured water levels in
the piezometers during tests. The injection solution was assumed to be
mixed in the entire well screen. Calibration of dispersivity values was
done by fitting the modeled breakthrough curves (BTCs) of conservative
tracers to the measured data. More details about the model and its pa-
rameters can be found in Oudega et al. (2021). To calculate the model-
derived 60-day TOT distances, the modeled hydraulic gradient was
extrapolated in space for each test. Darcy's equation was then employed,
using the calibrated values for hydraulic conductivity and porosity.

The subsurface flow was simulated in 3 dimensions with the
Richards' equation (Simunek et al., 2012):

w_ 0 {K(h) <Kf*.a—h+1(f;>] (@9

Eia_x, Uan

where 0 is the water content (—), t is time (T), x; is the spatial coordinate
(L), K is the hydraulic conductivity (L/T), h is the pressure head (L) and
Kf} are components of a dimensionless anisotropy tensor.

The transport of spores of B. subtilis was modeled using the following
advection-dispersion equation and two-site attachment-detachment
model (Schijven and Siminek, 2002):
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where C is equal to the concentration of free spores of B. subtilis (M/LB),
D is spatial dispersion (L2/T), v is the pore-water velocity (L/T, whereby
x is the direction of flow), py is bulk density (M/L3) and S is the con-
centration of attached particles (M/L3). Values for kqe and kqer (1/T),
attachment and detachment rate coefficients, respectively, were found
by calibrating the model to the BTC of each test.

2.4.2. QMRAspot

QMRAspot is a computational tool to analyze and conduct a quan-
titative microbial risk assessment (QMRA) for drinking water. It was
used for this study site to calculate the necessary removal of Crypto-
sporidium oocysts and Campylobacter during subsurface transport. The
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model uses Monte Carlo simulations to calculate the risk of infection,
based on the distribution of the input data, as well pathogen-specific
dose response parameters (Schijven et al., 2011). This is done in order
to reach a health based target which is the criterion to minimize the risk
of infection below 10~4/person/year, based on recommendations by the
WHO (WHO, 2011). To reach this target, QMRAspot was calibrated by
trial and error for the necessary subsurface removal. The input param-
eters for the program are given in Table 2. The source concentrations of
Cryptosporidium and Campylobacter were obtained from Demeter et al.
(2021), who used a probabilistic-deterministic water quality model of
the Danube, which considered the major wastewater sources upstream
of the study site. This water quality model produced a mean and 95th
percentile concentration for each pathogen, from which the program
created a distribution to run 10.000 Monte Carlo simulations, resulting
in a specific risk (infections/person/year). Two separate inactivation
rates were used for Campylobacter, because of large differences in the
literature. For Cryptosporidium, these differences were smaller and
therefore of less influence on the resulting setback distances, which is
why only one value was used. Dose-response curves for each pathogen
are included in the program (Schijven et al., 2011; Teunis et al., 2005;
Teunis et al., 2002).

2.5. Analytical methods

BTCs for the conservative tracers and B. subtilis were plotted as
sample concentrations over time, normalized by the initial concentra-
tion. From this data, spatial removal rates A (1/L) for B. subtilis spores
were calculated for each test as per Eq. 5, which is valid for three di-
mensions if the flow rate is constant (Kretzschmar et al., 1997; Pang,
2009):

. (2 Ji Cloyar ) gl (& 1y cwar) -
x x

where Q is the flow rate in the well (L3/T), Np is the total amount of
microbial tracer injected (M), C(t) the concentration at a given time, t,
after injection (M/L3), tr is the final time of the test (T), and x the dis-
tance traveled to the pumping well (L). The integration was approxi-
mated by dividing the time series into sampling intervals, of which it
was assumed that the sample concentration was an average value for
that time interval.

The setback distance for the QMRA method was calculated by the 1D
advection-dispersion equation coupled with the removal, A, and inacti-
vation rate (modified from Blaschke et al., 2016):

2aylog(F)
1— /1 + day (=

x=23 (6)

)

where F is calculated by QMRAspot and is the necessary removal of
Cryptosporidium or Campylobacter by subsurface transport (as a fraction)
to meet the health based target, oy is the longitudinal dispersivity (L),
and p is the inactivation rate (1/T).

Table 2
Pathogen-specific input parameters used for QMRAspot and calculation of
setback distances.

Pathogen Parameter Unit Value Reference

Cryptosporidium  River conc. (mean, n/1 0.15, (Demeter et al.,
95th %) 0.8 2021)
First order day’1 0.011 (Sidhu et al., 2010)
inactivation

Campylobacter River conc. (mean, n/1 0.8, (Demeter et al.,
95th %) 4.64 2021)
First order day! 5 (Sidhu et al., 2010)
inactivation 0.11 (Ross and

Donnison, 2006)

Journal of Contaminant Hydrology 251 (2022) 104080

As a comparison to the model-derived 60-day TOT described above,
the setback distance based on the Austrian 60-day TOT regulation was

calculated by trial and error as per Eq. 7 (OVGW, 2004):

0.462 @ 0.045K; (0] xoUehgy 21
= - 142 20w 22t
! U I U.thozn'l"( * 0 )} )

where K¢ is the hydraulic conductivity (L/T), U is the Darcy velocity (L/
T) and hgy is the height of the water column in the aquifer (L).

2.6. Upscaling of A

In this study, the values for A were found for a distance of 25 m and
may not be representative for larger transport distances, as A has been
reported to decrease with an increase in travel distance (Hornstra et al.,
2018; Kvitsand et al., 2015; Schijven and Simtnek, 2002). Explanations
for this phenomenon include distance-related straining processes,
reduction of the ionic strength of the input solution over time due to
dilution, blocking of favorable attachment sites, and bacterial hetero-
geneity (Bradford et al., 2007; Pang, 2009; Camesano et al., 1999).
Because the necessary setback distances are likely an order of magnitude
larger than this distance, the obtained values for A from the experiments
might yield setback distances that are too small, which could lead to
potential health hazards. To solve this problem, an upscaled A was
estimated using the literature comparison in Oudega et al. (2021), from
which a relationship between travel distance and A can be formulated
(Fig. 2). The relationship of y (corresponding to Afield/Acolumn) and X
(corresponding to transport distance) was then used to calculate the
ratio of Afeld/Acolumn at larger transport distances. Because the value of
Acolumn 1S known, Ageiq can be calculated at a different transport distance.
Because the relationship as found in Fig. 2 has no data points with a
transport distance larger than 97 m (Harvey et al., 2008), scaling beyond
this point would be unreliable. Therefore, a transport distance of 96 m
was chosen as a characteristic length for upscaling .

Since this relationship is merely a first step to understanding the
upscaling relationship at different transport distances, the resulting A
values have a very high uncertainty. Therefore, the upscaling of A is used
here only to showcase how setback distances could change if tracer tests
are performed at different distances, highlighting the importance of
reliably determining A.

Schijven, 1999, MS2
= This study, B. subtilis
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-Harvey et al., 2002, S. guttula-HE
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Hijnen et al., 2005, MS2 © Knappett et al., 2014, E. coli

Field transport distance (m)
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Fig. 2. Comparison of the ratio of Ageld/Acolumn Detween studies with different
transport distances. Modified from Oudega et al. (2021).
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3. Results
3.1. Comparison of bromide and uranine as conservative tracers

To ascertain that direct comparisons were possible between bromide
and uranine, a test with both conservative tracers was carried out. The
results show that bromide and uranine behave similarly in terms of peak
timing and change in concentration (Fig. 3). Note that bromide was
injected in a 100 times larger volume than uranine, hence the 2-log
difference in C/Cy. This might also change flow properties (such as
dispersion) between the tests, leading to slightly differing results. A
further explanation of the differences between the two conservative
tracers is that uranine might experience sorption to aquifer grains during
subsurface flow (Dollinger et al., 2017). As bromide does not experience
sorption, a higher concentration may be transported to the pumping
well. Lastly, the difference in sampling and measurement methods might
cause differences between the BTCs: bromide was sampled by an auto-
sampler, while uranine was measured in the flow-through cell with a
fluorescence meter, which is an advantage over sampling because of the
high temporal resolution. The recovery rates were ~ 67.7% for bromide
and ~ 63.3% for uranine. The similarities were considered sufficient to
approve using uranine at this study site as a conservative tracer.

3.2. Bacillus subtilis spores breakthrough and model results

In tests 1a-b, the B. subtilis concentrations are in the range of the limit
of quantification due to the low concentrations in the zed samples
(Fig. 4-1a and 1b). At t =~ 30 h, B. subtilis peaked earlier than the con-
servative tracer, showing that pore-size exclusion is an important pro-
cess in the study area (Grindrod et al., 1996; Pang et al., 2005). This, in
turn, affects the dispersivity values in the model, which were lower for
B. subtilis than for the conservative tracers (Table 3). This is because the
microbial tracers travel predominantly through larger and better-
connected pores, leading to a more advective and less dispersive trans-
port than the conservative tracers (Pang et al., 1998). The peak C/Co
breakthrough was 4.2 x 10~°, showing a peak reduction of just under 9-
log. The very early breakthrough in test la was assumed to be
contamination. Both tests exhibit significant tailing, as well as break-
through of higher concentrations after the initial peak has passed (the
high concentration in spore samples at t = 60 h in both tests 1a and 1b).

In tests 5a-b, peak concentrations were around 4 times higher than in
tests la-b. Furthermore, peak time was much earlier than the conser-
vative tracer peak. The reduction in peak concentration was approxi-
mately 8-logs. The outliers were likely a product of sample
contamination.

In tests 10a-b, BTCs were less irregular than in the lower pumping
rate tests, which can be attributed to the higher concentrations in the
analyzed samples. Concentrations peaked at approximately t = 4.69 h
with C/Cq at 3.75 x 10’8, around 3-4 times higher than tests 5a-b. An
overview of the tests is shown in Table 3, with the removal rates for
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Fig. 3. Comparison of conservative tracers. Outliers between brackets.
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B. subtilis as calculated per Eq. 5, and values for Ky and Kget taken from
the modeling study.

4. Discussion
4.1. HYDRUS-3D modeling

The ratio of Cpax/Co for B. subtilis spores in the tracer tests was
generally 1078-107° compared to 1072 for the conservative tracers
(Table 3). This shows that removal processes are important for colloid
transport in this area. Many studies have ascertained that no significant
inactivation of B. subtilis spores took place after time periods from 7 days
up to 45 days (Greskowiak et al., 2006; Li et al., 2018; Pang et al., 1998;
Pike et al., 1969; Ratcliffe, 1995), and because the fraction of colloid size
to median grain size (0.0003 in our experiments) is smaller than 0.0017,
straining should not occur (Bradford et al., 2002). For these reasons, the
removal of B. subtilis in this study was assumed to be governed by
attachment.

Two attachment and detachments rate coefficients were necessary to
accurately model the tailing of the B. subtilis BTCs. In this model, Kqa1
mainly controls the height of the peak concentration, while Kytto, Kdet1
and Kgerp mainly control the shape of the falling limb of the BTC
(Schijven et al., 2001). Table 3 shows the attachment and detachment
rate coefficients that were found for each experiment. The difference
between attachment sites can be explained by microbial population
heterogeneity; i.e. certain B. subtilis spores within the colloidal popula-
tion are inherently more or less likely to attach to sorption sites due to
differences in their surface structure or charge (Foppen and Schijven,
2006; Schijven and Hassanizadeh, 2000). However, the more widely
accepted explanation is that physical heterogeneity is more important; i.
e. certain attachment sites are more likely to capture B. subtilis spores
than others. This could depend on multiple factors, for example the
extent of the favorable attachment sites, or their charge (i.e. iron con-
tent) (Ginn et al., 2002; Knapp et al., 1998; Schijven and Simunek,
2002).

It was found that K,; was lowest for the lowest flow rate tests (1 1/s),
but in the middle and highest flow rate tests (5 and 10 1/s respectively),
Katr1 was similar. Other studies have also found an increase in attach-
ment rate with pore-water velocity (v) on both the column and field
scale (Hendry et al., 1999; Hijnen et al., 2005; Schijven et al., 2001).
Kget1, Kattz and Kgero were also found to increase with v. This shows that
the ratio of reversibly attached particles increases with v, which affirms
previous findings (Bradford et al., 2016b). More reversible attachment
might be an important mechanism that causes removal to decrease with
an increase in flow rate.

Even though the attachment rate coefficients increased with flow
rate, overall removal decreased due to shorter residence times; a
pumping rate change from 1 to 10 1/s decreased the removal rate (A) by
>30% (Table 3). This is supported by the literature on field tracer
studies, which generally states that an increase in flow rate decreases
removal (Camesano and Logan, 1998; Kvitsand et al., 2015; Pang,
2009), which in this study ranges from 0.19 to 0.28 log/m. Typically,
values for ) are in the range of 1072-10"! log/m for sand and gravel
aquifers, but in gravel aquifers with a flow rate > 11 m/d, can be as low
as 10732 log/m (Pang, 2009). The values for A in this study are on the
higher side of this range, which might be due to the high amount of fine
material present at this study's field site; the Dsg is 4 mm versus, for
example, 18 mm at the Burnham test site (Pang et al., 2005). Another
explanation is that there could be differences in sphericity and/or sur-
face roughness of the material, which can influence attachment (Saiers
and Ryan, 2005; Shellenberger and Logan, 2002). Lastly, the high iron
content in the groundwater of our study site points to the presence of
iron-oxides, which can function as attachment sites, leading to enhanced
microbial attachment (Ginn et al., 2002; Knapp et al., 1998).
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Fig. 4. The BTCs of the tracer tests and modeling study, where ct stands for conservative tracer test, and a and b are duplicates of the microbial tracer test. Asterisks
(*) stand for outliers with concentrations above the maximum y-axis value. Figures 5ct, a and b modified from Oudega et al. (2021).

Table 3
Results of field tests and modeling study.
Test 1 Pre la 1b 5a" 5b* 10a 10b

Pumping rate (1/s) 1.09 1.20 0.99 5.05 4.65 9.57 9.45
Average flow rate (m/d) 2.44 2.36 1.90 14.75 13.36 24.36 23.45
Gradient P24 — LB13 (%o) 7.51 5.30 5.85 13.16 12.61 24.66 25.34

Bromide Peak concentration (Cpax/Co) 4.30 x 1073 - - 3.34 x 1073 7.40 x 1073 - -
Recovery (%) 67.7 - - 71.2 93.2 - -
Time to peak (h) 33.0 - - 8.0 10.0 - -
Longitudinal dispersivity (m) 1.8 - - 1.8 1.8 - -
Transverse dispersivity (m) 0.18 - - 0.18 0.18 - -

Uranine Peak concentration (Cmax/Co) 3.62 x 10°° 2.66 x 107° 293 x 10°° - - 311 x10°° 2.87 x 107°
Recovery (%) 63.3 58.1 51.3 - - 74.8 84.0
Time to peak (h) 35.5 48.0 39.2 - - 5.8 6.1
Longitudinal dispersivity (m) 2.9 2.9 2.9 - - 2.9 2.9
Transverse dispersivity (m) 1.1 1.1 1.1 - - 1.1 1.1

B. subtilis Peak concentration (Cpax/Co) - 2.33 x 107° 5.96 x 107° 1.09 x 1078 2.03 x 1078 3.81 x 1078 3.69 x 1078
Recovery (Moue/Min) - 713 x 1074 6.93 x 107* 1.08 x 1073 1.75 x 1073 9.33x10°° 7.47 x 1073
Time to peak (h) - 36.0 22.0 4.8 5.7 6.5 4.3
Longitudinal dispersivity (m) - 1.2 1.2 1.2 1.2 1.2 1.2
Transverse dispersivity (m) - 0.15 0.15 0.15 0.15 0.15 0.15
A (log/m) - 0.284 0.274 0.273 0.257 0.189 0.198
Kaa (hr™) - 0.18 0.12 0.76 0.60 0.53 0.66
Kgenn (hr™) - 0.0008 0 0.0040 0.0008 0.0001 0.0013
Katez (hr™1) - 0.12 0.09 0.20 0.12 0.42 0.22
Kgerz (hr™h) - 0.10 0.03 0.21 0.20 0.37 0.40

# Values taken from Oudega et al. (2021).

4.2. Setback distances

The computations with QMRAspot showed that to reach the health
based target, the necessary total subsurface removal was 5.6 log for
Cryptosporidium and 6.8 log for Campylobacter. The setback distances
needed to realize this were calculated as per Eq. 6. In this equation, the
values of A found by the microbial tracer tests were used, as well as the
values for the estimated upscaled-\. As an additional comparison, a high
and low value were used, taken from the range of A for sand and gravel in
the literature (Pang, 2009).

Table 4 shows setback distances calculated for each pumping rate,

based on the 60-day TOT (as per Eq. 7, as well as extrapolated from
model results), and based on the QMRA (Eq. 6) for each pathogen. The
results show that a pumping rate increase from 1 to 10 1/s can lead to a
1.0-3.8 times greater setback distance, depending on the method used.
Setback distances for Campylobacter were similar or smaller than for
Cryptosporidium due to the higher inactivation rates (0.11-5 versus
0.011 log/day, respectively) (Sidhu et al., 2010). However, Cryptospo-
ridium is larger than B. subtilis and might therefore experience additional
removal processes such as straining and/or wedging (Headd and Brad-
ford, 2016; Li et al., 2006; Tufenkji et al., 2004). Therefore, the setback
distances for Cryptosporidium can be regarded as conservative. For low
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Table 4
Calculated setback distances based on a 60-day TOT, as well as setback distances based on the QMRAspot for different values of A.
Test la 1b 5a 5b 10a 10b
Experimental A (log/m) 0.284 0.274 0.273" 0.257¢ 0.189 0.198
Estimated A" (log/m) 0.028 0.027 0.027 0.025 0.018 0.019
Setback distances (m) based on 60-day TOT
Model-derived® 477 523 585 524 736 657
Austrian regulation® 176 174 372 322 493 473
Setback distances (m) based on QMRAspot
Cryptosporidium spp. (4 = 0.011 log/d)
Using experimental A 57 59 59 62 81 78
Using estimated A 471 487 496 525 709 678
Using A = 10~ log/m 142 142 143 143 143 143
Using A = 1073 log/m 7752 7723 8153 8036 8394 8860
Campylobacter spp. (p = 5-0.11 log/d)
Using experimental A 41-69 39-70 62-72 63-76 84-98 81-94
Using estimated A 65-479 58-488 168-556 160-576 231-785 221-754
Using A = 107! log/m 55-164 50-163 109-171 106-170 124-172 123-172
Using A = 1073 log/m 70-2146 62-2111 206-2819 190-2634 278-3176 266-3686

@ Values taken from Oudega et al. (2021).

b The estimated (or upscaled) A is the value acquired by the upscaling procedure based on Fig. 2, while the experimental A is the value measured in this study.

¢ As calculated from the modeled groundwater gradient.
4 As per Eq. 7.

values of A, setback distances varied more with pumping rate than for
higher A. This is because at lower 2, inactivation becomes more impor-
tant due to the longer travel times.

Compared to the 60-day TOT method, the setback distances as
calculated by QMRA can be either smaller or larger, depending on the
pathogen and the chosen value of A (Table 4). The setback distances for
both pathogens, as calculated with the estimated upscaled-A (~700 m
for the highest pumping rate), are similar to the model-derived 60-day
TOT setback distances. This shows that, at least in this study, the best
estimates for setback distances based on QMRA do not differ greatly
from the 60-day TOT distance, and highlights that the TOT method is
still viable if the necessary data for QMRA is not available, especially
when considering its greater ease of use. However, whereas the 60-day
TOT method is considered to be sufficient for all pathogens, the QMRA
in this study was only done for Cryptosporidium and Campylobacter.
Other pathogens might have different source concentrations, removal
parameters and dose-response curves, which could lead to vastly
different setback distances. Still, these results are in contrast with
findings by Schijven et al. (2006), who calculated by QMRA that pro-
tection zones of 1-2 years were needed to reach the same health-based
target. However, Schijven et al. (2006) did their analysis for viruses in
raw sewage water leaking through a pipe into a uniform sand aquifer.
The situation in this study is very different, as it assumes infiltration of
river water through the riverbank. Even though pathogen concentra-
tions in a river can increase drastically after heavy rainfalls, strongly
affecting setback distances, this study accounts for this variability in
source concentration by using results from a probabilistic-deterministic
water quality model (Demeter et al., 2021).

Important parameters in the calculation of setback distances by
QMRA are A and inactivation rate (p). Because it is not easy to find ac-
curate values for these parameters, literature values are often used
instead. A challenge is that a large range of values exists in the literature,
even for the same aquifer type as is the case for A in gravel aquifers
(Pang, 2009). This is shown in Table 4, where using different A for al-
luvial gravel aquifers can yield vastly different setback distances. In the
case of Campylobacter, setback distances varied by 1-2 log, depending on
which value of 1 was chosen, which shows that the effect of p on setback
distance is greater than that of pumping rate (or flow gradient). This
underlines the importance of obtaining reliable p and A values for the
calculation of setback distances with QMRA. In-situ batch tests and field
tracer tests are the most reliable methods to determine these parameters;
however, besides the practical difficulties inherent in carrying out these
tests, interpreting the resulting A values poses further difficulties
because A can change with pumping rate as well as with scale. Therefore,

it is additionally important to consider scaling for the calculation of
setback distances with QMRA. Unfortunately, our methods of upscaling
are not yet adequate for reliably estimating A at larger scales. Ideally,
there would be multiple sampling points to capture the effects of
changing A with distance, or microbial tracer tests would be done from
the furthest possible point from the drinking water well, such as a river.

To be able to accurately calculate setback distances based on QMRA,
it is important not only to obtain reliable transport parameters, but also
to understand the hydrogeological setting. If the source of pathogens is a
river, there might be additional inactivation due to sunlight exposure
(Bambic et al., 2015; Rosa and Giuseppina., 2016). If the river has a
static riverbank, a colmation layer might be present at the river-aquifer
interface, which would dramatically increase removal (Derx et al., 2014;
Derx et al., 2010). On the other hand, if the riverbank is natural, or if the
likely source of pathogens is from a pipe located near the saturated zone,
this attenuation effect would be largely diminished.

5. Conclusions

This study shows that when removal, 2, is low, varying the flow rate
can have a large influence on setback distance calculations. Inactivation,
1, is also an extremely important parameter when the value of A is small
and setback distances are calculated with a QMRA approach. The
literature range of A (and in the case of some pathogens, ) is very broad,
which can lead to inaccurate setback distances. For this reason, tracer
tests with surrogates should be performed at the site of interest, but care
should be taken as to which surrogates are used, as well as which
transport distance should be used to reliably determine A. Unfortunately,
it is not always possible to carry out tracer tests over large enough dis-
tances, and thus, it is important to create better and more reliable
upscaling methods. To be able to do so, not only are more studies with
microbial tracer tests needed at the column and field scale, but also more
studies comparing different field scales (i.e. field studies in the same
aquifer, but with different transport distances), as well as studies at the
mesoscale, for example, in large (> 1 m) columns.

Funding

This work was supported by the Vienna Science and Technology
Fund (WWTF) (Grant ESR17-070, “Giardy”, and Grant ESR20-013,
“Faterisk Aqua”), the Austrian Science Fund (FWF) as part of the DKplus
(Vienna Doctoral Program on Water Resource Systems, W1219-N22)
and the Austrian Academy of Sciences (Grant JF_2019_15, “Swim
City”). M.E.S. received funding from the Austrian Science Fund (FWF)



T.J. Oudega et al.

(Grant T970-N29). Additional support came from the Vienna Water
Resource Systems Project (ViWa 2020+), a research cooperation be-
tween Vienna Water (Municipal Department 31) and the ICC Water &
Health.

CRediT authorship contribution statement

Thomas J. Oudega: Conceptualization, Methodology, Software,
Writing — review & editing. Gerhard Lindner: Formal analysis, Meth-
odology. Regina Sommer: Methodology. Andreas H. Farnleitner:
Methodology. Georg Kerber: Methodology. Julia Derx: Conceptuali-
zation, Funding acquisition. Margaret E. Stevenson: Conceptualiza-
tion, Funding acquisition, Methodology, Supervision, Writing — review
& editing. Alfred P. Blaschke: Conceptualization, Funding acquisition,
Methodology, Supervision, Writing — review & editing.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Julia Derx, Gerhard Lindner reports financial support was provided
by Vienna Science and Technology Fund. A.P. Blaschke reports financial
support was provided by Austrian Academy of Sciences. Margaret Ste-
venson reports financial support was provided by Austrian Science
Fund. Thomas Oudega, Gerhard Lindner reports equipment, drugs, or
supplies was provided by Vienna Water Resource Systems Project.

Acknowledgements

We thank Vienna Water for their permission, assistance and
continued support during the tracer test studies.

References

Bambic, Dustin G., Kildare-Hann, Beverly J., Rajal, Veronica B., Sturm, Belinda S.M.,
Minton, Chris B., Schriewer, Alexander, Wuertz, Stefan, 2015. Spatial and hydrologic
variation of Bacteroidales, adenovirus and enterovirus in a semi-arid, wastewater
effluent-impacted watershed. Water Res. 75, 83-94.

Beer, Karlyn D., Gargano, Julia W., Roberts, Virginia A., Hill, Vincent R., Garrison, Laurel
E., Kutty, Preeta K., Hilborn, Elizabeth D., Wade, Timothy J., Fullerton, Kathleen E.,
Yoder, Jonathan S., 2015. Surveillance for waterborne disease outbreaks associated
with drinking water — United States, 2011-2012. Morb. Mortal. Wkly Rep. 64 (31),
842-848.

Beller, Michael, 1997. Outbreak of viral gastroenteritis due to a contaminated well.
JAMA 278 (7), 563.

Blaschke, A.P., Derx, J., Zessner, M., Kirnbauer, R., Kavka, G., Strelec, H., Farnleitner, A.
H., Pang, L., 2016. Setback distances between small biological wastewater treatment
systems and drinking water Wells against virus contamination in alluvial aquifers.
Sci. Total Environ. 573, 278-289.

Bradford, Scott A., Yates, Scott R., Bettahar, Mehdi, Simunek, Jirka, 2002. Physical
factors affecting the transport and fate of colloids in saturated porous media. Water
Resour. Res. 38 (12), 63-1-63-12.

Bradford, Scott A., Simunek, Jirka, Walker, Sharon L., 2006. Transport and straining of E.
Coli 0157:H7 in saturated porous media. Water Resour. Res. 42 (12), 1-12.

Bradford, Scott A., Torkzaban, Saeed, Walker, Sharon L., 2007. Coupling of physical and
chemical mechanisms of colloid straining in saturated porous media. Water Res. 41
(13), 3012-3024.

Bradford, Scott A., Kim, Hyunjung, Headd, Brendan, Torkzaban, Saeed, 2016a.
Evaluating the transport of bacillus subtilis spores as a potential surrogate for
Cryptosporidium Parvum oocysts. Environ. Sci. Technol. 50 (3), 1295-1303.

Bradford, Scott A., Kim, Hyunjung, Headd, Brendan, Torkzaban, Saeed, 2016b.
Evaluating the transport of bacillus subtilis spores as a potential surrogate for
Cryptosporidium Parvum oocysts. Environ. Sci. Technol. 50 (3), 1295-1303.

Camesano, Terri A., Logan, Bruce E., 1998. Influence of fluid velocity and cell
concentration on the transport of motile and nonmotile Bacteria in porous media.
Environ. Sci. Technol. 32 (11), 1699-1708.

Camesano, Terri A., Unice, Kenneth M., Logan, Bruce E., 1999. Blocking and ripening of
colloids in porous media and their implications for bacterial transport. Colloids Surf.
A Physicochem. Eng. Asp. 160 (3), 291-307.

Chen, Gang, Driks, Adam, Tawfiq, Kamal, Mallozzi, Michael, Patil, Sandip, 2010. Bacillus
anthracis and bacillus subtilis spore surface properties and transport. Colloids Surf.
B: Biointerfaces 76 (2), 512-518.

Choi, Nag Choul, Kim, Dong Ju, Kim, Song Bae, 2007. Quantification of bacterial mass
recovery as a function of pore-water velocity and ionic strength. Res. Microbiol. 158
(1), 70-78.

Journal of Contaminant Hydrology 251 (2022) 104080

Cools, 1., Mieke Uyttendaele, C., Caro, E., D’'Haese, H.J., Nelis, and J. Debevere., 2003.
Survival of Campylobacter Jejuni strains of different origin in drinking water.

J. Appl. Microbiol. 94 (5), 886-892.

Craun, Gunther Franz, 2012. The importance of waterborne disease outbreak
surveillance in the United States. Annali Dell’Istituto Superiore Di Sanita 48 (4),
447-459.

DeBorde, Dan C., Woessner, William W., Kiley, Quinn T., Ball, Patrick, 1999. Rapid
transport of viruses in a floodplain aquifer. Water Res. 33 (10), 2229-2238.

Demeter, Katalin, Derx, Julia, Komma, Jiirgen, Parajka, Juraj, Schijven, Jack,

Sommer, Regina, Cervero-Arago, Silvia, Lindner, Gerhard, Zoufal-Hruza, Christa M.,
Linke, Rita, Savio, Domenico, Ixenmaier, Simone K., Kirschner, Alexander K.T.,
Kromp, Harald, Blaschke, Alfred P., Farnleitner, Andreas H., 2021. Modelling the
interplay of future changes and wastewater management measures on the
Microbiological River water quality considering safe drinking water production. Sci.
Total Environ. 768.

Derx, J., Blaschke, A.P., Bloschl, G., 2010. Three-dimensional flow patterns at the
river-aquifer interface—a case study at the danube. Adv. Water Resour. 33 (11),
1375-1387.

Derx, J., Blaschke, A.P., Farnleitner, A.H., Pang, L., Bloschl, G., Schijven, J.F., 2013.
Effects of fluctuations in river water level on virus removal by Bank filtration and
aquifer passage - A scenario analysis. J. Contam. Hydrol. 147, 34-44.

Derx, J., Farnleitner, A.H., Bloschl, G., Vierheilig, J., Blaschke, A.P., 2014. Effects of
riverbank restoration on the removal of dissolved organic carbon by soil passage
during floods - A scenario analysis. J. Hydrol. 512, 195-205.

Dollinger, Jeanne, Dages, Cécile, Voltz, Marc, 2017. Using fluorescent dyes as proxies to
study herbicide removal by sorption in buffer zones. Environ. Sci. Pollut. Res. 24
(12), 11752-11763.

Emelko, Monica B., Huck, Peter M., 2004. Microspheres as surrogates for
Cryptosporidium filtration. J. Am. Water Works Associat. 96 (3).

Foppen, J.W.A., Schijven, J.F., 2006. Evaluation of data from the literature on the
transport and survival of Escherichia Coli and Thermotolerant coliforms in aquifers
under saturated conditions. Water Res. 40 (3), 401-426.

Ginn, Timothy R., Wood, Brian D., Nelson, Kirk E., Scheibe, Timothy D., Murphy, Ellyn
M., Prabhakar Clement, T., 2002. Processes in microbial transport in the natural
subsurface. Adv. Water Resour. 25 (8-12), 1017-1042.

Greskowiak, Janek, Prommer, Henning, Massmann, Gudrun, Niitzmann, Gunnar, 2006.
Modeling seasonal redox dynamics and the corresponding fate of the pharmaceutical
residue Phenazone during artificial recharge of groundwater. Environ. Sci. Technol.
40 (21), 6615-6621.

Grindrod, Peter, Edwards, Mark S., Higgo, Jenny J.W., Williams, Geoffrey M., 1996.
Analysis of colloid and tracer breakthrough curves. Journal of Contaminant
Hydrology 21, 243-253. Elsevier B.V.

Guzman-Herrador, B., Carlander, A., Ethelberg, S., Freiesleben De Blasio, B., Kuusi, M.,
Lund, V., Lofdahl, M., MacDonald, E., Nichols, G., Schonning, C., Sudre, B.,
Tronnberg, L., Vold, L., Semenza, J.C., Nygérd, K., 2015. Waterborne outbreaks in
the Nordic countries, 1998 to 2012. Eurosurveillance 20 (24), 1-10.

Harden, Virginia P., Harris, John O., 1953. The isoelectric point of bacterial CELLS.

J. Bacteriol. 65 (2), 198.

Harvey, Ronald W., Metge, David W., Shapiro, Allen M., Renken, Robert A.,

Osborn, Christina L., Ryan, Joseph N., Cunningham, Kevin J., Landkamer, Lee, 2008.
Pathogen and chemical transport in the karst limestone of the Biscayne aquifer: 3.
Use of microspheres to estimate the transport potential of Cryptosporidium Parvum
oocysts. Water Resour. Res. 44 (8), 1-12.

Headd, Brendan, Bradford, Scott A., 2016. Use of aerobic spores as a surrogate for
Cryptosporidium oocysts in drinking water supplies. Water Res. 90, 185-202.

Hendry, M.J., Lawrence, J.R., Maloszewski, P., 1999. Effects of velocity on the transport
of two Bacteria through saturated sand. Ground Water 37 (1), 103-112.

Hijnen, Wim A.M., Brouwer-Hanzens, Anke J., Charles, Katrina J., Medema, Gertjan J.,
2005. Transport of MS2 Phage, Escherichia Coli, Clostridium Perfringens,
Cryptosporidium Parvum, and Giardia Intestinalis in a Gravel and a Sandy Soil.
Environ. Sci. Technol. 39 (20), 7860-7868.

Hoogenboezem, W., Ketelaars, H.A.M., Medema, G.J., Rijs, G.B.J., Schijven, J.F., 2001.
Cryptosporidium and Giardia: Occurrence in Sewage, Manure and Surface Water.
Editorial RIWA Publishing, Holanda, pp. 24-25.

Hornstra, Luc M., Schijven, Jack F., Waade, Andrea, Prat, Gemma Serra, Smits, Frank J.
C., Cirkel, Gijsbert, Stuyfzand, Pieter J., Medema, Gertjan J., 2018. Transport of
bacteriophage MS2 and PRD1 in saturated dune sand under Suboxic conditions.
Water Res. 139, 158-167.

Knapp, E.P., Herman, J.S., Hornberger, G.M., Mills, A.L., 1998. The effect of distribution
of Iron-Oxyhydroxide grain coatings on the transport of bacterial Cells in porous
media. Environ. Geol. 33 (4), 243-248.

Kretzschmar, Ruben, Barmettler, Kurt, Grolimund, Daniel, De Yan, Yao,

Borkovec, Michal, Sticher, Hans, 1997. Experimental determination of colloid
deposition rates and collision efficiencies in natural porous media. Water Resour.
Res. 33 (5), 1129-1137.

Kvitsand, Hanne M.L., Ilyas, Aamir, @sterhus, Stein W., 2015. Rapid bacteriophage MS2
transport in an Oxic Sandy aquifer in cold climate: field experiments Andmodeling.
Water Resour. Res. 5957-5973.

Li, Xiqing, Lin, Chen Luh, Miller, Ian D., Johnson, William P., 2006. Pore-scale
observation of microsphere deposition at grain-to-grain contacts over assemblage-
scale porous media domains using x-Ray microtomography. Environ. Sci. Technol.
40 (12), 3762-3768.

Li, Qi, Yang, Jiakuan, Fan, Wei, Zhou, Dandan, Wang, Xiaoyu, Zhang, Leilei,

Huo, Mingxin, Crittenden, John C., 2018. Different transport behaviors of bacillus
subtilis Cells and spores in saturated porous media: implications for contamination


http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0005
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0005
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0005
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0005
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0010
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0010
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0010
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0010
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0010
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0015
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0015
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0020
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0020
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0020
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0020
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0025
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0025
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0025
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0030
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0030
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0035
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0035
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0035
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0040
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0040
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0040
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0045
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0045
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0045
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0050
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0050
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0050
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0055
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0055
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0055
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0060
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0060
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0060
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0065
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0065
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0065
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0070
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0070
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0070
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0075
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0075
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0075
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0080
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0080
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0085
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0090
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0090
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0090
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0095
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0095
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0095
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0100
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0100
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0100
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0105
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0105
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0105
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0110
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0110
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0115
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0115
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0115
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0125
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0125
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0125
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0130
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0130
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0130
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0130
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0135
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0135
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0135
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0140
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0140
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0140
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0140
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0145
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0145
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0150
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0150
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0150
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0150
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0150
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0155
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0155
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0160
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0160
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0165
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0165
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0165
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0165
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0170
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0170
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0170
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0175
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0175
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0175
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0175
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0180
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0180
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0180
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0185
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0185
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0185
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0185
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0190
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0190
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0190
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0195
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0195
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0195
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0195
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0200
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0200
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0200

T.J. Oudega et al.

risks associated with bacterial sporulation in aquifer. Colloids Surf. B: Biointerfaces
162, 35-42.

Mallén, G., Maloszewski, P., Flynn, R., Rossi, P., Engel, M., Seiler, K.P., 2005.
Determination of bacterial and viral transport parameters in a gravel aquifer
assuming linear kinetic sorption and desorption. J. Hydrol. 306 (1-4), 21-36.

Oudega, Thomas J., Lindner, Gerhard, Derx, Julia, Farnleitner, Andreas H.,

Sommer, Regina, Blaschke, Alfred P., Stevenson, Margaret E., 2021. Upscaling
transport of bacillus subtilis endospores and Coliphage PhiX174 in heterogeneous
porous media from the column to the field scale. Environ. Sci. Technol. 55 (16),
11060-11069.

OVGW, 2004. Water-Protection-Areas; Richtlinie W72. Austria.

Pang, Liping, 2009. Microbial removal rates in subsurface media estimated from
published studies of field experiments and large intact soil cores. J. Environ. Qual. 38
(July 2009), 1531-1559.

Pang, L.P., Close, M., Noonan, M., 1998. Rhodamine WT and bacillus subtilis transport
through an alluvial gravel aquifer. Ground Water 36 (1), 112-122.

Pang, Liping, Close, Murray, Goltz, Mark, Noonan, Mike, Sinton, Lester, 2005. Filtration
and transport of bacillus subtilis spores and the F-RNA phage MS2 in a coarse
alluvial gravel aquifer: implications in the estimation of setback distances.

J. Contam. Hydrol. 77 (3), 165-194.

Percival, Steven L., Williams, David W., 2013. Campylobacter, Second Edi. Elsevier.

Pike, E.B., Bufton, A.W.J., Gould, D.J., 1969. The use of Serratia Indica and bacillus
subtilis Var. Niger spores for tracing sewage dispersion in the sea. J. Appl. Bacteriol.
32 (2), 206-216.

Rasmuson, Anna, Erickson, Brock, Borchardt, Mark, Muldoon, Maureen,

Johnson, William P., 2019. Pathogen prevalence in fractured versus granular
aquifers and the role of forward flow stagnation zones on pore-scale delivery to
surfaces. Environ. Sci. Technol. 54 (1), 137-145.

Ratcliffe, T.J., 1995. The Movement of Bacterial Particles through Porous Media.

Ray, Chittanranjan, Grischek, Thomas, Schubert, Jiirgen, Wang, Jack Z., Speth, Thomas
F., 2002. A perspective of riverbank filtration. Journal / American Water Works
Association 94 (4), 149-160.

La Rosa, Giuseppina 2016. Members of the FAMILY Campylobacteraceae: Campylobacter
JEJUNI, Campylobacter Coli.

Ross, C.M., Donnison, A.M., 2006. Campylobacter Jejuni inactivation in New Zealand
soils. J. Appl. Microbiol. 101 (5), 1188-1197.

Ryan, Joseph N., Gschwend, Philip M., 1994. Effects of ionic strength and flow rate on
colloid release: relating kinetics to Intersurface potential energy. J. Colloid Interface
Sci. 164 (1), 21-34.

Saiers, James E., Ryan, J.N., 2005. Colloid deposition on non-ideal porous media: the
influences of collector shape and roughness on the single-collector efficiency.
Geophys. Res. Lett. 32 (21), 1-5.

Sasidharan, Salini, Bradford, Scott A., Torkzaban, Saeed, Ye, Xueyan,

Vanderzalm, Joanne, Xingiang, Du, Page, Declan, 2017. Unraveling the complexities
of the velocity dependency of E. Coli retention and release parameters in saturated
porous media. Sci. Total Environ. 603-604 (October), 406-415.

Schijven, J.F., Hassanizadeh, S.M., 2000. Removal of viruses by soil passage: overview of
modeling, processes, and parameters. Crit. Rev. Environ. Sci. Technol. 30 (1),
49-127.

Schijven, Jack F., Hassanizadeh, S.M., 2002. Virus removal by soil passage at field scale
and groundwater protection of Sandy aquifers. Water Sci. Technol. 46 (3), 123-129.

Schijven, Jack F., Simtnek, Jii, 2002. Kinetic modeling of virus transport at the field
scale. J. Contam. Hydrol. 55 (1-2), 113-135.

Schijven, Jack F., Majid Hassanizadeh, S., De Bruin, Ria H.A.M., 2001. Two-site kinetic
modeling of bacteriophages transport through columns of saturated dune sand.
Contam. Hydrol 42 (12), 4589-4594.

Journal of Contaminant Hydrology 251 (2022) 104080

Schijven, Jack F., Miilschlegel, Jan H.C., Hassanizadeh, S.M., Teunis, Peter E.M., de Roda
Husman, A.M., 2006. Determination of protection zones for Dutch groundwater
Wells against virus contamination - uncertainty and sensitivity analysis. J. Water
Health 4 (3), 297-312.

Schijven, Jack F., Teunis, Peter F.M., Rutjes, Saskia A., Bouwknegt, Martijn, Maria, Ana,
de Roda Husman., 2011. QMRAspot: A tool for quantitative microbial risk
assessment from surface water to potable water. Water Res. 45 (17), 5564-5576.

Schijven, Jack, Bouwknegt, Martijn, de Roda Husman, Ana Maria, Rutjes, Saskia,
Sudre, Bertrand, Suk, Jonathan E., Semenza, Jan C., 2013. A decision support tool to
compare waterborne and foodborne infection and/or illness risks associated with
climate change. Risk Anal. 33 (12), 2154-2167.

Setlow, Peter, 1995. Mechanisms For The Prevention Of Damage To DNA In Spores Of
Bacillus Species, Vol. 49.

Setlow, Peter, Johnson, Eric A., 2019. Spores and their significance. In: Food
Microbiology, pp. 23-63.

Sharma, Laxman, Greskowiak, Janek, Ray, Chittaranjan, Eckert, Paul,

Prommer, Henning, 2012. Elucidating temperature effects on seasonal variations of
biogeochemical turnover rates during riverbank filtration. J. Hydrol. 428-429,
104-115.

Shellenberger, Karl, Logan, Bruce E., 2002. Effect of molecular scale roughness of glass
beads on colloidal and bacterial deposition. Environ. Sci. Technol. 36 (2), 184-189.

Sidhu, J.P.S., Toze, S., Hodgers, L., Shackelton, M., Barry, K., Page, D., Dillon, P., 2010.
Pathogen inactivation during passage of Stormwater through a constructed Reedbed
and aquifer transfer, storage and recovery. Water Sci. Technol. 62 (5), 1190-1197.

Simunek, J., Sejna, M., Van Genuchten, M.Th., 2012. Hydrus technical Manual, Version
2.0.

Simiinek, Jiff, Martinus, Th., van Genuchten, and Miroslav Sejna., 2016. Recent
developments and applications of the HYDRUS computer software packages. Vadose
Zone J. 15 (7) vzj2016.04.0033.

Teunis, Peter F.M., Chappell, Cynthia L., Okhuysen, Pablo C., 2002. Cryptosporidium
dose response studies: variation between isolates. Risk Anal. 22 (1), 175-185.
Teunis, Peter F.M., van den Brandhof, W., Nauta, M., Wagenaar, J., van den Kerkhof, H.,
van Pelt, W., 2005. A reconsideration of the Campylobacter dose - response relation.

Epidemiol. Infect. 133 (4), 583-592.

Tufenkji, Nathalie, Elimelech, Menachem, 2004. Correlation equation for predicting
single-collector efficiency in physicochemical filtration in saturated porous media.
Environ. Sci. Technol. 38 (2), 529-536.

Tufenkji, Nathalie, Miller, Garrett F., Ryan, Joseph N., Harvey, Ronald W.,

Elimelech, Menachem, 2004. Transport of Cryptosporidium oocysts in porous media:
role of straining and physicochemical filtration. Environ. Sci. Technol. 38 (22),
5932-5938.

Walshe, Gillian E., Pang, Liping, Flury, Markus, Close, Murray E., Flintoft, Mark, 2010.
Effects of PH, ionic strength, dissolved organic matter, and flow rate on the co-
transport of MS2 bacteriophages with kaolinite in gravel aquifer media. Water Res.
44 (4), 1255-1269.

WHO, 2011. Guidelines For Drinking-Water Quality, 216. World Health Organization,
Geneva, pp. 303-304.

WHO, 2017. Drinking Water Parameter Cooperation Project, pp. 1-228.

Wightman, Peter G., Fein, Jeremy B., Wesolowski, David J., Phelps, Tommy J.,
Bénézeth, Pascale, Palmer, Donald A., 2001. Measurement of bacterial surface
protonation constants for two Species at elevated temperatures. Geochim.
Cosmochim. Acta 65 (21), 3657-3669.

Yao, Kuan-mu, Habibian, Mohammed T., O’Melia, Charles R., 1971. Water and waste
water filtration: concepts and applications. Environ. Sci. Technol. 5 (11),
1105-1112.


http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0200
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0200
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0205
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0205
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0205
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0210
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0210
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0210
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0210
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0210
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0215
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0220
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0220
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0220
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0225
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0225
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0230
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0230
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0230
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0230
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0235
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0240
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0240
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0240
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0245
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0245
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0245
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0245
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0250
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0255
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0255
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0255
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0260
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0260
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0265
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0265
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0265
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0270
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0270
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0270
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0275
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0275
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0275
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0275
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0280
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0280
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0280
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0285
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0285
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0290
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0290
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0295
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0295
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0295
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0300
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0300
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0300
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0300
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0305
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0305
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0305
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0310
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0310
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0310
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0310
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0315
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0315
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0320
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0320
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0325
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0325
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0325
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0325
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0330
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0330
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0335
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0335
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0335
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0340
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0340
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0345
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0345
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0345
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0350
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0350
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0355
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0355
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0355
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0365
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0365
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0365
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0370
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0370
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0370
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0370
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0375
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0375
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0375
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0375
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0380
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0380
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0385
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0390
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0390
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0390
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0390
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0395
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0395
http://refhub.elsevier.com/S0169-7722(22)00128-0/rf0395

	Transport and removal of spores of Bacillus subtilis in an alluvial gravel aquifer at varying flow rates and implications f ...
	1 Introduction
	2 Materials and methods
	2.1 Field site
	2.2 Experimental design
	2.3 Characteristics, culture and essay of the tracers
	2.3.1 Bacillus subtilis
	2.3.2 Bromide
	2.3.3 Uranine

	2.4 Modeling
	2.4.1 Hydrus
	2.4.2 QMRAspot

	2.5 Analytical methods
	2.6 Upscaling of λ

	3 Results
	3.1 Comparison of bromide and uranine as conservative tracers
	3.2 Bacillus subtilis spores breakthrough and model results

	4 Discussion
	4.1 HYDRUS-3D modeling
	4.2 Setback distances

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


