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Abstract

Due to public health or environmental concerns, examining the effects of preferential flow processes on the transport of
pathogenic microorganisms or contaminants of emerging concern must be studied in the laboratory. However, the resulting
transport parameters cannot be directly applied to field-scale groundwater models. This research explores how an upscaling
relationship, with removal as a function of distance, can be found using B. subtilis spores and microspheres as colloidal trac-
ers in saturated flow-through experiments at three different scales. The study investigates transport processes in a 4-m-tall
undisturbed gravel column and compares the results with previously published data. Results showed that colloidal removal
(log-removal, attachment rate/efficiency) in heterogeneous porous media follows a power law as a function of travel distance,
rather than an exponential relationship, which is normally assumed in removal equations. It was found that by using a power
function, it was possible to decrease the difference between the attachment coefficients so that the meso-scale value was
closer to the small-scale value. To the contrary, using a dual permeability model increased the difference between attachment
rates at these two scales. Groundwater transport modeling may benefit from taking this power law relationship into account,
instead of using a constant first-order removal rate, as most tracer tests are performed at a smaller scale than the scale that
is being modeled. The meso-scale column provides insights into upscaling processes by incorporating an intermediate step
when comparing groundwater transport at the column scale to the field scale.

Keywords Heterogeneity - Scale effects - Tracer tests - Colloidal transport - Preferential flow

Introduction
This article originates from the International Association of A conundrum in groundwater modeling, and hydrological
Hydrogeologists (IAH) 50th Worldwide Groundwater Congress, modeling in general, is the paradox created by requiring a
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2 Interuniversity Cooperation Centre Water and Health, particular drinking water well at a particular location. There-
Vienna, Austria fore, the spatial extent of a groundwater model depends on
3 TInstitute for Hygiene and Applied Immunology, Medical the specific objectives of the study, rather than capturing
University of Vienna, Kinderspitalgasse 15, 1090 Vienna, the natural processes, such as preferential flow paths. The
Austria process scale is what drives and creates the groundwater
*  Institute for Land and Water Management Research, flow paths and is defined by nature itself. In a perfect world,
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however, the field measurement scale for groundwater con-
taminant transport is usually on the order of magnitude of
10-1000 m (Fogg and Zhang 2016), while the modeling
scale required is usually 0.1-100 km (transport distance).
On the extreme end of the spectrum, even global ground-
water models exist (de Graaf et al. 2015). The process scale
is variable and site-dependent, but could also be on the
order of magnitude of 0.1-100 km. Therefore, there is the
problem that the measurement scale does not reflect what
is required for modeling, nor what is happening in nature.
This begs the question: can groundwater transport processes
be observed at the measurement scale and upscaled to the
modeling scale?

This lofty goal may be achievable in a perfectly isotropic,
homogeneous aquifer with spherical, smooth sand grains. Of
course, no such natural aquifer exists, and some degree of
preferential flow is inevitably present, demonstrated by con-
servative tracer tests exhibiting asymmetrical breakthrough
curves with tailing, even in fairly homogeneous aquifers
(Harvey et al. 1993; Mackay et al. 1994). It may be reason-
able to assume that preferential flow in the subsurface is
possibly the rule, rather than the exception. Preferential flow,
defined as non-equilibrium flow behavior due to bypass flow
that is caused by physical cracks or zones of relatively higher
conductivity, was first mentioned in a publication by Lawes,
Gilbert and Warington in 1882 (Gish and Shirmohammadi
1991). Later, Theis, wrote: “It seems obvious that mixing
processes are involved in real aquifers that are not repro-
duced in dispersion experiments in the laboratory. It also
seems obvious that the heterogeneous character of clastic
sediments and other porous rocks must be involved in these
mixing processes.” (Theis 1967).

Traditional groundwater modeling is done with the finite
difference or finite element method (Freeze and Cherry
1979), and is based on the assumption of the ergodic behav-
ior of groundwater in the subsurface and the concept of a
representative elementary volume (REV), also called a rep-
resentative volume element (RVE). This is considered the
smallest area or volume for which a measurement can be
considered representative (Du and Ostoja-Starzewski 2006).
The volume at which the REV is representative depends
on the scale being considered, and the threshold at which
fluctuations of the property value at the microscopic scale
stabilize, and the value becomes constant at the macro-
scopic (Darcy) scale. For heterogeneous material, this value
diverges again with distance (Bear 1972). For practicality of
groundwater modeling, this usually means making generali-
zations about the extent of porosity and measured hydraulic
conductivity values, the area of which is assumed to be large
enough to take minor heterogeneities into account but, at the
same time, small enough to represent major heterogeneities
(minor and major being undefined but subject to opinion), or
for which the area is homogeneously heterogeneous (Smith
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and Freeze 1979). For homogeneous porous material, these
assumptions may hold true; however, non-ergodic behavior
seems to be prevalent in highly heterogeneous porous mate-
rial, and this results in stagnant areas and fingering due to
non-equilibrium flow or preferential flow (Fiori et al. 2019).
The state-of-the-art for modeling heterogeneity is using a
stochastic distribution of hydraulic conductivity to make an
educated guess about what is happening in the subsurface,
based on measurements and geological knowledge of the
field site, but this may not be effective due to lack of a proper
method for modeling preferential flow at various scales
(Fogg and Zhang 2016). To make the situation more com-
plicated, preferential flow may not only follow connected
areas of high conductivity but may also travel through areas
of low conductivity, in order to connect the high-velocity
zones (Bianchi et al. 2011).

The distribution of aquitards and low-permeability mate-
rials, which can be easily assessed with laboratory tests such
as permeability tests of cores or grain-size distribution curve
methods (Hazen, Bayer, etc.), or borehole flowmeter meas-
urements (Fogg and Zhang 2016), are key to understanding
the extent of connected flow regions. Interconnectivity is
especially important for colloid transport in groundwater.
Perhaps the exaggerated preferential flow paths that are
observed in colloidal transport, due to size exclusion from
small pore spaces, can shed light on solute transport as well,
for which preferential flow may be more elusive and not
apparent at first glance, with dye tracers being the exception
(Ghodrati and Jury 1990).

Removal of colloids during subsurface transport has
become an important area of research, being a pre-treat-
ment step in water treatment technologies as well as an
important aspect of riverbank filtration. Colloids are
defined as any particle in the micron and sub-micron scale
that can be transported in a fluid. These could include,
for example, clay particles, microorganisms, sediment, or
microplastics, all of which are important to study due to
potential environmental and human health concerns. Col-
loidal particles can behave quite differently under varying
chemical conditions (Stevenson et al. 2015). Attachment
and detachment of colloids in groundwater are extremely
complex and poorly understood because it depends on sev-
eral physiochemical properties of the colloid (size, surface
charge, surface macromolecules, density, and morphology)
and the porous media (grain size, heterogeneity, chemical
composition, and angularity), as well as the groundwa-
ter chemistry (i.e., ionic strength and pH). Few studies
directly focus on colloidal transport at different scales.
Hijnen et al. (2005) conclude that the removal of microor-
ganisms in small-column tests cannot be simply extrapo-
lated to the field, while Knappett et al. (2014) see promise
in using laboratory-scale results for predicting field trans-
port if reversible and irreversible attachment of colloids
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is incorporated in the modeling. In an extensive review,
Pang (2009) hypothesizes that varying rates of colloidal
removal may depend on organic matter content, reversible
attachment, microbial population heterogeneity, ground-
water chemistry (ionic strength) and straining.
Dispersivity of solutes increases with scale (Gelhar et al.
1992), most likely due to fractal geometry in the subsur-
face (Wheatcraft and Tyler 1988) and heterogeneity caus-
ing velocity field fluctuations (Ptak et al. 2004). Moreover,
hydraulic conductivity increases with scale in heterogene-
ous aquifers (Boggs and Adams 1992; Schulze-Makuch
et al. 1999), although this theory has been questioned
(Hunt 2003). It has been proposed that what is lacking in
the field of research on colloidal transport in groundwater
are studies at an appropriate scale, representing field condi-
tions and heterogeneities in the underground (Bradford and
Harvey 2017). In field-scale studies, there is a decrease in
the removal rate of colloids with distance (DeBorde et al.
1998; Dong et al. 2006; Pieper et al. 1997), as well as at the
laboratory scale, using small columns (Harter et al. 2000).
It is noteworthy that even in small columns of artificially
homogeneous glass beads, the removal of colloids decreases
with distance, even with influent solutions at various ionic
strengths (Tufenkji 2006). Schijven and Hassanizadeh
(2000) conclude that virus removal rates decrease with dis-
tance and possibilities to upscale need to be investigated.
Not only is the present discussion relevant to colloidal trans-
port, the famous MADE experiment (Boggs et al. 1992) in
a highly heterogeneous aquifer, using a conservative tracer,
found increasingly incomplete tracer breakthrough with dis-
tance and asymmetrical breakthrough curves, with heavy
tailing. Initially, the measured conservative tracer mass was
higher than expected near the injection point, and the tracer
recovery decreased with distance (Boggs and Adams 1992),
similar to what is observed with colloidal transport. When
no single scale is the correct scale and no representative or
characteristic transport distance can be found, meaning the
transport distance is not finite and extraordinarily long flow
times and paths are possible, the flow path may be fractal
(Redman et al. 2001; Wheatcraft and Tyler 1988). This is
possibly due to the release of solutes from immobile zones
having a waiting time (Schumer et al. 2003). A fractal is a
pattern that can repeat itself to infinity at various scales,
which means that fractals are scale-free and are mathemati-
cally described by the power law. The power law implies that
a certain variable quantity is proportional to another vari-
able quantity raised to a power, £, such that # cannot be an
integer and the data points of such a relationship, plotted on
a log—log graph, follow a straight line. Traditional one-site
kinetic models of solute transport in groundwater, derived
from small-column experiments (Cameron and Klute 1977,
Lapidus and Amundson 1952), which follow an exponential
law (i.e., a constant is raised to a variable), may be outdated.

It has already been established that colloidal removal pro-
cesses (attachment rate) are not constant and that a dynamic
attachment rate (following a power law) is necessary (John-
son and Elimelech 1995). Traditionally, this is thought to
be due to physical and chemical heterogeneity of the porous
media and population heterogeneity and motility of micro-
organisms (Lutterodt et al. 2009; Schijven and Hassanizadeh
2000; Simoni et al. 1998). Although several studies have
done colloidal transport experiments in meso-scale (> 1 m)
columns (Close et al. 2006; Lutterodt et al. 2009, 2011), the
studies did not compare the results to similar porous media
at multiple scales. Close et al. (2006) concluded that the
removal rate in a meso-scale saturated gravel column (1-8
m) was constant and, therefore, the removal rate could be
used to calculate setback distances, which may be mislead-
ing, as the experiment was not compared to another scale.
The aim of this paper is to explore the possibilities of upscal-
ing colloidal transport and to elucidate the potentially domi-
nant process involved, for example, whether preferential flow
is causing the apparent scale-dependent behavior of colloidal
removal. There are three ways to do upscaling: deterministic
(dimensional techniques), stochastic (statistical techniques),
and fractals (Bloeschl and Sivapalan 1995). This paper deals
with deterministic scaling (i.e., finding similarities at differ-
ent scales), in order to show that colloidal removal follows a
power law in heterogeneous porous media.

Methods
Colloids

Bacillus subtilis (ATCC 6633) spores (henceforth referred
to as B. subtilis), a non-reactive surrogate, were used for
tests Lys1 and Lys2. The spores are rod-shaped and the
measured size of the B. subtilis used was 0.5 X 1.5 um. B.
subtilis is commonly used as a conservative surrogate for
C. parvum for subsurface transport studies (Bradford et al.
2016), and aerobic spores have been included by the U.S.
Environmental Protection Agency as an indicator for C. par-
vum in groundwater under the direct influence (GWUDI) of
surface water. Additionally, 1-um YG carboxyl polystyrene
microspheres (Polysciences Inc., Warrington, PA, USA)
were injected separately for tests Lys3 and Lys4. The zeta
potentials of the B. subtilis and the microspheres were meas-
ured in order to compare potential attachment differences
due to surface charge. For the zeta potential measurements,
the water was filtered through 0.20 um filters before each
measurement, and three replicates were done using a Zeta-
sizer Nano ZS (Malvern Panalytical, Worcestershire, UK).
The background matrix used was the same as that used dur-
ing the flow-through lysimeter experiments, which was tap
water from the town of Petzenkirchen, Austria (pH of 7.8
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and an electrical conductivity of 550 uS/cm). Enumeration
of B. subtilis was done by the pour plate cultivation method
(Plate Count Agar, ArtNr. 1.05463.0000, Merck, Germany;
incubation 36 +2 °C, 44 +4 h) and enumeration of micro-
spheres was done with solid-phase cytometry using a Chem-
Scan RDI (bioMérieux, Marcy I’Etoile, France), following
the method outlined in (Stevenson et al. 2014).

Large-column experimental procedure

Five tracer tests were performed on a saturated 4-m-high
(0.78 m in diameter) column of undisturbed (not repacked)
gravel material (porous media details in Table 1).

A detailed description of the column installation can be
found in (Stevenson et al. 2021a, b). In short, two 2-m high
sections were extracted in situ from a gravel pit in central
Austria and transported to a laboratory in Petzenkirchen,
Austria. The two 2-m sections were fitted together to cre-
ate an undisturbed 4-m-high gravel column. A video of the
installation process is provided in Stevenson (2021b). The
lysimeter (large 4-m column) is pictured in Fig. 1b. The
small-column test set-up is shown in Fig. la, and the field
site in Fig. 1c.

Table 1 Lysimeter material characterization: porosity, D, and Dy,
(grain sizes at which 10% and 50% of material passes, respectively)

Material Depth Porosity D Dy,
(cm) ) (mm) (mm)

1 0-75 0.11 0.2 8.5

2 75 -220 0.18 0.8 8.6

3 220 - 245 0.18 0.6 8.0

4 245 - 400 0.11 0.6 6.4

The entire column, or indoor lysimeter installation, is
housed in a cool room, allowing the column to be kept at
a temperature typical of groundwater, 11-12 °C. Ceramic
cup tensiometers (UMS GmbH, Munich, Germany) were
installed for taking samples along the length of the 4-m col-
umn, but only the lowest sampling point at 3.6-m depth was
used for the current analysis, since the other sampling points
did not have a difference of scale of one order of magnitude
with the small column and field site, which is the focus of
this study. Ceramic candles, which are appropriate for col-
lecting E. coli and phages (Florent 2022) have a pore size
of 20 um, which is suitable for sampling the colloids used
in this study. The method assumes that the volume of the
sample removed from each sampling point (100 ml) every 10
min is minimal compared to the total flow volume (one pore
volume ~ 500 1) and does not affect the results. Flow-through
experiments from the top of the column to the bottom were
run using tap water from the town of Petzenkirchen, Austria,
as this is representative of the groundwater in the area from
which the lysimeter material was taken. The column was
initially filled slowly from the bottom up over a period of
approximately 24 h to ensure that the air in the column could
escape freely to the atmosphere. After reaching a water level
of about 2.5 cm above the porous media surface, the fill-
ing was stopped and the valve at the bottom was opened,
while water was applied at the surface to keep the water
level constant. Once a constant flow rate was established,
the column was rinsed for 1 day under these conditions
before tracer application. Before each test, samples were
taken to confirm that there were no colloids from previous
experiments still coming through. The tracers were added
to the column by pouring the influent pulse on the stable
water surface at the top of the saturated lysimeter. This took
between 30 s to 1 min, for the small influent volumes used.

Fig. 1 Schematic of deterministic upscaling concept. Small column (a), meso-scale column (b), and field site (c)
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Bromide was measured in the effluent using an ion-selective
electrode for Br™. The ion-selective electrode was calibrated
and compared to several data points for which bromide was
quantified using ion chromatography. Bromide is consid-
ered a conservative tracer due to low background concen-
trations and lack of sorption to aquifer material (Kasnavia
et al. 1999). The experimental conditions are summarized
in Table 2. After each test, the large column was flushed for
several days, to ensure that a minimal number of colloids
remained in the column.

Field and small-column tests

Methods for the current and previous field tests and small-
column tests are described in detail in Oudega et al. (2021).
The field site is located in the Lobau National Park, south-
east of Vienna, Austria, and the small-column tests were
done using material from the drilling cores that were saved
when installing the piezometers at the site. One field test
using 1-um YG carboxyl microspheres (as described in
the section Colloids) diluted in a 1-1 bottle to 4.55 x 108
particles/ml (4.55 x 10'! particles in total) was done by
injecting in a piezometer that was 25 m from the pumping
well. In previous studies by Oudega et al. (2021), B. subtilis
were injected in a higher amount (~10'? in total) but that
amount was cost-prohibitive with commercially available
microspheres.

For the current study, three small 50-cm column tests
were done using repacked (disturbed) aquifer material and
injecting 1-um YG carboxyl microspheres (described in Col-
loids). Two tests were done using material from the Lobau
site, taken at a depth of 11 m from the gravel aquifer (Col3
and Col4), and one test with aquifer material taken at a depth
of 3 m, from the site where the lysimeter material was taken

(Col5). Stones larger than 3 cm were removed because the
column was only 7 cm in diameter. The aquifer material
was undisturbed in the 4-m-high lysimeter, and larger stones
were therefore not removed. The small-column tests used
fresh aquifer material for each test, whereas the lysimeter
was only flushed between tests (i.e., the aquifer material was
not changed).

Data analysis
Calculation of log-removal rate

The log-removal rate for a pulse input is calculated using the
following formula (Kretzschmar et al. 1997):

Q 1,
ln<[70 OfC(t)dt)

X

A= ey

where Q is the flow rate [L3T1], N, is the total amount of
tracer injected [M], C(¢) is the concentration at time, ¢, after
injection [M/L?], #, is the final time of the test after the pulse
has passed through [T], and x is the distance from the injec-
tion point to the sampling point [L] (M, L and T represent
mass, length and time units, respectively). A constant log-
removal per distance can be used to determine the required
setback distance for protection of a drinking water well
(Blaschke et al. 2016).

Numerical modeling

Modeling with the advection—dispersion equation was done
with a one-site attachment model and a colloid filtration theory
(CFT) model, using HYDRUS (Simunek et al. 2013), which
solves the Richards equation for flow in the saturated and

Table 2 Summary of lysimeter experiments using B. subtilis spores and microspheres and additional microsphere experiments in the small col-

umn and field

Test Tracers Measured flow Porosity Colloidal pulse  Bromide Number of colloids Influent con-

rate (m/day) (-) volume (1) mass centration of
(€9) colloids

(particles/ml)
Col3 1-um spheres/NaBr 9.95 0.22 0.4 0.04 2.51E10 6.27E7
Col4 1-um spheres/NaBr 6.73 0.17 0.8 0.08 3.90E9 4.88E6
Col5 1-um spheres/NaBr 6.81 0.24 1 0.1 4.19E9 4.19E6
F1d3 1-um spheres/NaBr 14 0.12 1 100 4.55E11 4.55E8

Pre KBr 8.21 0.18 30 30 - -

Lys1 B. subtilis/KBr 9.04 0.18 1.5 1.5 2.75E11 1.83E8
Lys2 B. subtilis/KBr 8.44 0.18 2.0 4 9.20E10 4.60E7
Lys3 1-um spheres/NaBr 8.14 0.18 2.0 4 6.05E11 3.03E8
Lys4 1-um spheres/NaBr 9.04 0.18 1.0 2 5.26E11 5.26E8

Pre represents a pre-test done with KBr alone. Coll, Col2, Fld1, and Fld2 are not listed because the results of these tests were published in
Oudega et al. (2021)
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unsaturated zones. The one-site attachment transport model
implemented in HYDRUS follows the theory for kinetically
sorbing solute outlined by Cameron and Klute (1977). For
the models in the current work, the 1-D and 2-D equations
were used (2-D shown here, also applicable to transport in the
field-scale model):

oc 5%c 5%c ¢ PpoS

X -p2Eyp TE_yo D2

5t e T Ve Vax  Tear &
Pr0S Po

961 = k€ — gkdets (3

where c represents the concentration of mobile colloids [M/
L3, Dis dispersivity [L] (in the x, and y directions), v is
the pore water velocity [L/T] p, is the bulk density [M/LY,
S is the concentration of sorbed colloids [M/M], O is the
volumetric water content for this saturated system [-], and
k. and k4., are attachment and detachment rate coefficients
[1/T], respectively.

The CFT attachment rate coefficient, k,,, was modeled fol-

lowing the equation from (Tufenkji and Elimelech 2004):

3(1-0)
2d

kot = ar, v 4
Here d is the representative grain size diameter [L] (nor-
mally ds is used), a [-] is the attachment efficiency, and 5, [-]
is the single-collector contact efficiency. The small column
was modeled in 1-D, while the 4-m-high column was modeled
in 2-D using 15,600 elements. Constant-head boundary condi-
tions were applied at each end of the column (to represent the
stable free surface at 4 m at the top and 0 m at the bottom),
with a homogeneous hydraulic conductivity. The initial head
conditions were also set to 4 m at the top of the column, 0 m
at the bottom, and linearly interpolated between the top and
bottom. A 2-D model was used for the lysimeter experiments
to allow more degrees of freedom (Fiori and Jankovic 2012).
A 3-D equilibrium flow model with homogeneous hydraulic
conductivity was employed for the field experiments (the dual
permeability module in Hydrus is not available in 3-D).

The value of k,, in Eqgs. (3) and (4) assumes a constant
rate of removal. A depth-dependent straining coefficient was
employed in Eq. (3) in order to account for non-exponential
removal. In this case, the value of &k, in Eq. (3) was multi-
plied by an artificial depth-dependent straining function, y,,
(artificial because the goal was not to account for straining,
but rather non-exponential removal) given as (Bradford et al.
2003):

dey+x\7*
m=<ﬂ ) ®)
50
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where ds [L] is the median grain size (in the case of this
study, d;, was used due to reasons that will be mentioned in
the section Colloid filtration theory equilibrium flow model),
and p is an empirically fitted parameter with a recommended
value of 0.43 (Bradford et al. 2003).

Although Eq. (5) is normally used when retention profile
information is available, one intention of this study was to
test the hypothesis that colloidal removal follows a power
law function. Fractal relationships are often used in hydro-
logical systems (Schiavo et al. 2022; Tarboton et al. 1989).
A fractal form of the attachment rate coefficient could be
written as:

ko (X) = @ P ke (- %) (6)

where y represents a ratio of the large scale to the small
scale (e.g., (dsy+x)/ds, in the depth-dependent straining
function), f is an empirical fitted parameter, and x is the
travel distance (or scale) from inlet to outlet or sampling
point, regardless of the path traveled. Other studies use this
fractal (power law) relationship to correlate, for example,
hydraulic conductivity and porosity (Hergarten et al. 2014),
or the emergence of increasing solute concentration organi-
zation within preferential flow pathways with increasing
variance in hydraulic conductivity (Edery et al. 2014).

A 1-D homogeneous dual permeability model was also
used to account for physical non-equilibrium flow in the
lysimeter experiments. This model employs advection—dis-
persion equations in regions of faster (subscript f) and slower
(subscript m) flow (Gerke and Vangenuchten 1993):

oce 8¢ ocy  ppoSy I

= =i Vi T T o (N
ot ox ox 6t Ow

ocy, 8¢, oc,  PpoSy I,

= = Pns5 Ve T - ) ®)
5t 5x2 sx 0,6t 6,(1—w)

I, = ol =W, (c; — cp) + Ty )

The mass transfer coefficient, I’ [M/(L3~T)], allows for
exchange between the fast and slow flow zones, I, is a
water transfer term [1/T], w [-] represents the fraction of
the porous media with fast flow (0 <w < 1), and w [1/T]
is a first-order diffusive mass transfer coefficient. For val-
ues of I', > 0, ¢* is equal to ¢,, and for I, < 0, ¢* is equal
to ¢y In the dual permeability model, the attachment rate
is accounted for with a first-order sink term. That is, :’b—?,
defined in Eq. (3), is represented with subscripts f and m
for fast and slow zones, Eqgs. (7) and (8), respectively. The
boundary conditions used to solve the equations were a con-
stant head boundary condition at the top of the column, with
the concentration of the influent, and a zero gradient at the

bottom of the column.
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Moments of the breakthrough curves

In order to investigate the extent of heterogeneity in the
porous media, the moments of the breakthrough curves were
estimated according to the following formulas (Riva et al.
2008):

_ /5 te(nde
1= W (10)
[ 2
-T d
T, = M an
[ et
[ =1 eyt w 172
Cs = 0 [/0 C(l)dt:l (12)

ol rewal

T, [T] is the first moment and represents the mean arrival
time of the center of mass of the tracer. 7, [T?] is the second
moment and is related to the spreading or dispersion of the
tracer, and C; [-] is an indication of the skewness or asym-
metry of the breakthrough curve (higher skewness indicates
a higher degree of heterogeneity).

Results

The zeta potentials of the colloids used in the experiments
were similar in the background matrix, which was filtered
Petzenkirchen tap water. B. subtilis, suspended in the back-
ground matrix, had a zeta potential of — 22.42 mV +0.67,
the 1-um microspheres had a zeta potential of — 24.72 mV
+0.70. In the column test 4 (Col4), the zeta potential and
size of the microspheres were measured in the influent at
the beginning of injection and at the end, as well as in the
effluent, to see if there was preferential attachment of micro-
spheres. It was found that the zeta potential and size of the
colloids were stable in the influent and effluent solutions,
indicating a lack of attachment due to heterogeneity amongst
the colloids (i.e., surface charge and size). Additionally,
Col4 was excavated and 98% of the colloids were recovered
either in the effluent or from the porous media. This was
done in order to demonstrate that an accurate mass balance
could be achieved according to the methods used for the
small-column tests. For the lysimeter tests, it was not pos-
sible to excavate the column. In the field, B. subtilis were
detected at a travel distance of 25 m, by taking samples from
the pumping well, but not the 1-um microspheres. As previ-
ously stated, a lower number of microspheres were injected
in the field due to cost constraints (i.e., 1.65 X 102 and 1.16

x 10'2 B. subtilis were injected in total for tests Fld1 and
F1d2 (Oudega et al. 2021), versus 4.55 X 10! microspheres
in total for Fl1d3). Therefore, a second injection test using
microspheres in the field was not done.

As the focus of this paper is the meso-scale, only the
modeling results for the lysimeter are shown here (1-site
kinetic equilibrium flow model, Fig. 2). The transport at 3.6
m depth was comparable for the 1-um microspheres and B.
subtilis, both of which not only had a similar zeta potential
but also analogous sizes.

After fitting, by trail-and-error, the 2-D numerical model
of the lysimeter to the bromide breakthrough curves by
adjusting the flow velocity (listed in Table 5), dispersivity
and porosity for Materials 1—4 (materials listed in Table 1),
these values were used to model the colloidal breakthrough
curves. In Fig. 2, it is visually apparent that the colloidal
transport experiments are in heterogeneous material because
the breakthrough curves of the colloids arrive before the
bromide curve, and the bromide curve is very asymmetrical,
with heavy tailing, which indicates preferential flow (Fogg
and Zhang 2016). Also, quantitatively (see Table 3), the
skewness coefficients for the breakthrough of bromide in
all experiments were above + 1, indicating a heavier front
to the left of the curve with tailing towards the right. The
highest values for the skewness coefficient were calculated
for the lysimeter data, suggesting that the porous media in
the lysimeter is more heterogeneous than the Lobau material
in the field and in the small columns. In the case of the small
columns, this may be because large stones had to be removed
for practical reasons.

The porosity values (measured for small columns gravi-
metrically and otherwise estimated before calibration) for
all the experiments are shown in Table 2, as well as the
measured flow rates. The dispersivity in the lysimeter tests
was found to be 30 cm for bromide and 21 cm for both types
of colloids in all test runs, using the equilibrium flow model.
Dispersivity of microbes and other colloids is less than for
conservative solute tracers due to colloidal transport being
constrained to coarser flow paths (Grindrod et al. 1996; Pang
et al. 2008). In regards to the question of flow rate, the small
columns were run between 6.72 and 9.95 m/day, the lysim-
eter between 8.14 and 9.04 m/day, and the field tests were
run at three different flow rates: 2, 14, and 24 m/day (Oudega
et al. 2022); however, the comparison in this paper is with
the ~ 14 m/day results (Oudega et al. 2021), as this flow rate
was closest to the flow rate of the lysimeter tests.

Colloidal removal
Table 4 shows the results for the log-removal rate calcula-
tions, according to Eq. (1), and the moment analysis. Results

are similar for the spores (tests Lys1 and Lys2) and micro-
spheres (tests Lys3 and Lys4).
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Fig.2 Breakthrough curves of B. subtilis (plot a is test Lys1, and plot
b is test Lys2) and 1-um microspheres (plot ¢ is test Lys3, and plot
d is test Lys4) in the lysimeter (the measured bromide data are the

The average log-removal for B. subtilis in the two lysim-
eter tests is 1.73 log/m. The log-removal rates of B. subtilis
in the field were the same order of magnitude for all the
flow rates tested in Oudega et al. (2022) (0.19-0.28 log/m).
For the current study, the log-removal rates in the field for
the middle flow rate (14 m/day) were used for comparison
(i.e., 0.22 log/m on average) since the flow was closest to
the flow rates in the small columns and the lysimeter. In the
small-column tests from Oudega et al. (2021), the average
log-removal for B. subtilis was 19.38 log/m. Therefore, for a
difference of one order of magnitude for each measurement
scale (0.1, 1 and 10 m), the log-removal rate is approxi-
mately 20, 2, and 0.2 log/m, respectively. The product of
each being 2 (i.e., 0.1 x20, 1 x 2, 10 x0.2) means that they
have an inversely proportional relationship. As the study by
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dashed grey lines and B. subtilis spores are the blue scattered data
points while microspheres are red). The modeled lines are from the
Hydrus 2-D equilibrium flow model

Oudega et al. (2021) already found a difference of two orders
of magnitude between log-removal at the small column and
field scale, the current study with a meso- (intermediate)
scale column brings insight and strengthens the hypothesis.

Numerical modeling
Attachment-detachment equilibrium flow model

The attachment—detachment model in Hydrus 2-D was used
to model the breakthrough curves of the tracers at the 3.6-m
depth sampling point in the lysimeter with R values ranging
from 0.84 to 0.97 for bromide and from 0.95 to 0.98 for the
colloids (Table 5). Comparing the K values to those in the
small columns and field also found an order of magnitude
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Table 3 Calculated 1st moment, 2nd moment, and skewness coeffi-
cient for bromide experiments

Scale Test Tracer T, T, C,
(m) (h) (hr?) ©)
0.1 Coll B. subtilis 0.77 0.66 1.14
Col2 B. subtilis 0.79 0.69 1.16
Col3 1-um spheres 0.51 0.30 1.29
Col4 1-um spheres 0.76 0.64 1.13
Col5 1-um spheres 0.73 0.64 1.23
1 Lysl B. subtilis 2.11 6.23 1.53
Lys2 B. subtilis 1.80 4.05 1.41
Lys3 1-um spheres 2.30 8.35 1.85
Lys4 1-um spheres 2.86 12.38 1.59
10 Fld1 B. subtilis 13.58 215.04 1.22

Fld2 B. subtilis 11.42 142.00 1.13

pattern, shown in Table 5 and also in Fig. 3, on a log—log
plot. Table 5 illustrates how the K, value can be increased,
almost to the value of the small columns, by introducing a
depth-dependent straining function, v, (which is multiplied
by K, in Eq. (3)). In this way, small-column tests could
be run, using a pathogen, and the K, from the small scale
could be used in a model at the meter scale, by using a simi-
lar depth-dependent function (even if there is no straining)
when field-scale tracer test data are not available. As the
field tests were modeled in 3-D, it was not possible to use
the depth-dependent straining function, which is not avail-
able in Hydrus 3-D.

Colloid filtration theory equilibrium flow model
For the modeling done with CFT (Eq. 4), d;, was used

instead of ds (listed in Table 1) because the finer material
is more important for colloidal removal in heterogeneous

porous media (Pang et al. 2005). Martin et al. (1996) found
that a decreases with travel distance in different-sized porous
media, and concluded that using d, as the representative
grain size diameter gives the best match to the data.

For the small column and field material (Lobau National
Park), the d,;, was 0.150 mm and for the lysimeter it was
0.520 mm, on average. Additionally, one small-column test
(Col5) was run using material taken from the same site as
the lysimeter, but the material had a ds of 3.92 mm, and the
do was 0.03 mm, which was less similar to the lysimeter
than the Lobau material. This had an impact on # and a,
however, one can still see the order of magnitude pattern on
alog—log plot (Fig. 3c), with the data point from Col5 being
the outlier. The value, 7, is the single-collector removal effi-
ciency (Tufenkji and Elimelech 2004) and represents the
rate at which suspended particles or colloids making con-
tact with a grain of aquifer material leads to attachment.
This is not to be confused with 7, the rate that they strike
the collector. In the current study, # is considered to be the
actual single-collector removal efficiency, which is lower
than 7, the single-collector contact efficiency (Tufenkji and
Elimelech 2004), and «, the empirical attachment (collision)
efficiency, where a=#/n,, the ratio of the rate that particles
stick to the rate they strike the collector (Logan et al. 1995).

Figure 3 shows graphs over three orders of magnitude
for travel distance versus three orders of magnitude of
log-removal, attachment rate, and CFT removal efficiency.
The blue data points can be compared directly, since these
points represent the same microorganism (B. subtilis). The
red points are bacteriophages X174, with a diameter of
26 nm, (used in the field and small columns (Oudega et al.
2021)) and 1-um microspheres (used in the small columns
and in the lysimeter). With this graphic, it is intended to
illustrate how the removal of colloids can be categorized
according to the scale on which the data were measured,
and that on a log-log plot, the data (being linear) follow

Table4 Calculated log-

Scale Test Tracer Removal, 1 T, 75 s
removal, 1st moment, 2nd (m) (log/m) (h) (hrz) )
moment and skewness
coefficient for colloidal 0.1 Coll B. subtilis 18.55 3.69 16.15 1.20
experiments Col2 B. subtilis 20.20° 2.76 9.98 1.40

Col3 1-um spheres 15.83 2.50 15.30 1.80
Col4 1-um spheres 27.10 3.89 17.20 1.13
Col5 1-um spheres 3.98 0.64 0.50 1.23
1 Lysl B. subtilis 1.95 2.22 9.78 1.92
Lys2 B. subtilis 1.50 2.45 11.45 1.81
Lys3 1-um spheres 1.94 1.91 7.32 2.18
Lys4 1-um spheres 1.69 1.66 6.12 2.38
10 Fld1 B. subtilis 0.23* 14.25 292.54 1.37
Fld2 B. subtilis 0.21* 10.23 131.41 1.35

“Data taken from (Oudega et al. 2021)
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Table 5 Equilibrium flow model results

Scale Test Calibrated K K,* K, ** Ko Bromide Colloid" "o a n=nya
(m) flow rate (m/day)  (1/h) (1/h) (1/h) (1/h) R? R’
0.1 Col1?* 6.72 50.77 - - 0.048 - - 3.99E-2 1.01E-1 4.05E-3
Col2? 6.72 117.82 - - 0.059 - - 3.98E-2 1.86E-1 7.41E-3
Col3 9.95 5040 - - 0.018 - - 2.09E-2  7.80E-2 1.63E-3
Col4 6.77 57.00 - - 0.018 - - 2.48E-2 1.75E-1 4.34E-3
Col5 8.21 1320 - - 0.018 - - 1.55E-1 330E-4  5.12E-5
1 Lysl 9.07 720 252 234 0.012  0.84 0.97 9.04E-3 3.10E-2  2.80E-4
Lys2 8.50 5.88 204 18.6 0.012 097 0.98 9.37E-3 2.50E-2  234E-4
Lys3 8.21 624  21.6 19.8 0.006  0.97 0.95 9.75E-3 2.70E-2  2.63E-4
Lys4 9.07 4.95 16.2 15.0 0.006 091 0.97 9.23E-3 2.00E-2 1.85E-4
10 Fld1* 14.75 095 NA N/A 0.004 - - 5.70E-2  595E-4  3.39E-5
Fld2?* 13.36 1.01 N/A N/A 0.003 - - 5.87E-2  4.09E-4  2.40E-5
N/A not applicable in 3-D model
7, @ and 1 according to (Tufenkji and Elimelech 2004)
“Data taken from (Oudega et al. 2021)
°R? value for 1-site kinetic model without straining factor
*with depth-dependent straining function, f= 0.9
**with depth-dependent straining function, = 0.43 as per (Bradford et al. 2003)
(a) (b) (c)
o o N
i . s
10! ;.
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2 § ° =
E “u, 5 10 B
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R 100 " .
10° 10! 10° 10! 10° 10!

Travel distance (m)

Fig.3 Removal (a), attachment rate (b), and colloid filtration theory
removal efficiency (c) plotted against travel distance for the small lab-
oratory columns, a large intact core and a real-world gravel aquifer.
Blue dots are data points for B. subtilis, for direct comparison, and the
red dots are other (phages and microspheres). The data for the phages
and B. subtilis in the small columns and field experiments were taken

the power law. For this study, the focus is the order of
magnitude only, and from this perspective, one can see
that the type of colloid is not as important. It is often
hypothesized that at smaller colloid sizes (i.e., < 100 nm),
colloid characteristics and chemical conditions are more
dominant than scale effects (Lin et al. 2022). The results of
this study show that over orders of magnitude, regardless
of colloid population or size, a fractal pattern of colloid
removal develops.
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Travel distance (m)

Travel distance (m)

from (Oudega et al. 2021). All parameters exhibit a power law, i.e.,
linear on log—log plot, regardless of colloid type. The attachment rate
graph (b) contains results from the equilibrium and dual permeabil-
ity flow models. Take note that the CFT modeling results do not take
dual permeability into account

Dual permeability non-equilibrium flow model

Additionally, the lysimeter was modeled in Hydrus 1-D
using the dual permeability model, in order to allow for the
influence of preferential flow. Figure 4 shows the modeling
results as well as Table 6. The K, values are slightly lower
than for the equilibrium flow model, but on the same order
of magnitude, as is apparent in Fig. 3, which also contains
the dual permeability K, results.
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Fig.4 Breakthrough curves of B. subtilis (plot (a) is test Lysl, and are the dashed grey line and B. subtilis spores are the blue scattered
plot (b) is test Lys2) and 1-pm microspheres (plot (c) is test Lys3, data points while microspheres are red). The modeled line is from the
and plot (d) is test Lys4) in the lysimeter (the measured bromide data Hydrus 1-D dual permeability model

In Figs. 2 and 4, it is visually apparent that the bromide data Discussion
sets were modeled better with the dual permeability model,
but the colloids were modeled slightly better with the equilib- Power law relationship
rium flow model. This is also reflected by the R? values. The
improved modeling of the bromide breakthrough curve using a The original plan for this project was to inject tracers
dual permeability model may be due to the bromide accessing in other observation wells, the furthest being approxi-

the fast and slow zones, whereas the colloids may only access mately 100 m from the pumping well. However, since the
one flow zone because of size exclusion.
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Table 6 Dual permeability non-equilibrium model results

Test  Cali- w v Vg Bromide model

Bromide  Colloid
R? R?

Colloid model (0] Ko

m
brated (-) (m/day) (m/day)
flow rate
(m/day)

0. 6; D,

(cm)

Dy

m

(cm)

o o . (/) (1/h)

(cm)

l)f
(cm)

m

Lysl
Lys2
Lys3
Lys4

9.14
8.46
7.78
8.80

0.15
0.15
0.15
0.15

7.77
7.19
6.61
7.48

1.37 02 03 45 45
1.27 02 03 45 45
1.17 02 03 45 45
1.32 02 03 45 45

02 03 40 20
02 03 40 20
02 03 40 20
02 03 40 20

0.0003
0.0003
0.0003
0.0003

5.64
3.90
4.80
4.68

0.86
0.97
0.97
0.92

0.96
0.97
0.92
0.95

breakthrough of colloids was already very low at the point
where samples were taken for the initial field tests (25-m
travel distance), it was not even attempted. This points
to the main issue that the scale at which it is possible to
detect colloids does not correspond to the scale at which
data are required in order to be representative. Redman
et al. (2001) alludes to an REV with a filtration length
scale and proposes modeling CFT with a power law func-
tion based on a particle filtration distribution that depends
on scale-free or fractal phenomena (power law); however,
their filtration length scale depends on the scale of meas-
urement, which goes back to the original conundrum.

The power law phenomenon has been previously linked to
dispersivity, which increases as the transport scale increases
(Wheatcraft and Tyler 1988). Neuman (1990) also inves-
tigated dispersivity, as well as hydraulic conductivity, and
how the relationship with scale follows a power law (or frac-
tal scaling) and appears to be independent of porous media,
i.e., the effect is observed for porous and fractured media.
Bloeschl and Sivapalan (1995) also discuss the applications
of fractals in hydrology and the power law is used to analyze
concentration-discharge relationships for surface water run-
off (Wymore et al. 2023). Until now, groundwater flow has
been treated differently than surface water run-off models,
while the processes and transport mechanisms may be simi-
lar (Berkowitz and Zehe 2020), especially in heterogene-
ous, unconfined aquifers, such as alluvial aquifers, which are
often used as a drinking water resource via bank filtration.
The time of concentration in surface water is actually the
opposite for groundwater, which could be called the time of
de-concentration, or dispersal.

Log-removal assumes a constant removal rate regardless
of distance traveled, although this is not what is observed
in experiments at different scales (Oudega et al. 2021). This
illustrates how deterministic scaling methods may be use-
ful in upscaling log-removal from the smaller measurement
scale to the larger scale of practical application. Interest-
ingly, the log-removal graph could be extended to 87 m (for
B. subtilis 3.12E-2 log/m) and 920 m (B. stearothermophilus
3.40E-3 log/m), both measured in a course gravel aquifer
(Pang 2009), with points falling on the same order of mag-
nitude line (linear on log—log plot, Fig. 5).
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Fig.5 Log-removal rates (calculated as log/m) of B. subtilis and B.
stearothermophilus versus travel distance in various heterogeneous
materials. Only these microorganisms are shown in order to make the
comparison as direct as possible. The B. subtilis data from this study
and Oudega et al. (2021) are shown in blue, as well as red data points
taken from Pang (2009) for B. subtilis and B. stearothermophilus at
travel distances of 87 and 920 m, respectively. This graph allows col-
loidal log-removal to be compared over five orders of magnitude

This has implications for colloidal transport modeling
using a constant attachment rate because it is apparent that
this parameter is also dependent on scale and decreases with
distance according to the power law. This non-linear effect
of K, was alluded to in Schijven et al. (2002b), where they
found that it was necessary to have two kinetic sites, a K,
and K, (a fast attachment site and a slow one) because K,
is not constant.

One way to change the attachment—detachment equa-
tion so that the K, follows a power law, is by multiplying
K, by the depth (or transport distance)-dependent strain-
ing coefficient (Bradford et al. 2003). The original meaning
of straining by Bradford et al. (2003) hypothesizes that the
decreasing removal of colloids with distance is due to the
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continuous pore network that is available to those colloidal
particles that succeed at traveling over a longer distance.
Using a traffic analogy, the majority of a tracer mass is lost
in the back streets, possibly with dead-end streets and cul-
de-sacs, and a smaller portion of the mass finds the highway.
The portion of the tracer on the highway becomes trapped
in the middle lane or is going so fast that it misses the exit
ramps. In the case of colloids, due to size, they would be
capable of entering the smaller pores, but they bypass them
as they are going too fast and are also less likely to attach
electrostatically at higher velocities (Oudega et al. 2022).
The tracer mass lost in the back streets may be delayed, like
the solutes having a waiting time in the immobile zones
(Haggerty et al. 2000; Schumer et al. 2003). In terms of
solute transport, one theory as to why the observed tendency
towards self-organized preferential flow may happen is that
decreasing entropy with distance in the transverse direction
occurs due to the second law of thermodynamics and the
required amount of work that is needed to go further dis-
tances (Zehe et al. 2021).

It should be noted that, using an equilibrium flow model,
the small-column tests were modeled in 1-D, the lysimeter
tests were modeled in 2-D, and field tests were modeled in
3-D. Due to the degrees of freedom, it is necessary to model
preferential flow/heterogeneous material in 3-D (Fiori and
Jankovic 2012). The depth-dependent straining function in
HYDRUS is available in 1-D and 2-D only. In this study, it
was possible to adjust the attachment rate using the depth-
dependent straining function, y,, so that the meso-scale
lysimeter has an attachment rate that is closer to the attach-
ment rate in the small-column tests, and the straining func-
tion used a f value of 0.9 (a f value of 0.43, as suggested
in Bradford et al. (2003), produced a lower attachment rate
(Table 5)). This was done in order to show that a depth-
dependent function (not only for straining) could be used
to allow for decreasing removal of colloids with distance,
when field data are not available. Alternatively, in an attempt
to address the existence of preferential flow, the lysimeter
was modeled in 1-D using a dual permeability model that
allows for fast and slow areas of flow. Using the dual perme-
ability model, the K, rates were actually slightly lower and
less similar to the small-column-scale rates. Modeling the
small columns using a 1-D dual permeability model (data
not presented in this paper), increased the K, rates slightly.
Therefore, using the dual permeability model magnified the
difference between the K, rates at different scales. This may
be due to the small columns being repacked, causing the
fast-flowing zone to be relatively slower than in the undis-
turbed meso-scale column.

Although it has already been suggested that colloidal
removal may exhibit a power law deposition profile after an
initial threshold of exponential removal close to the inlet of
an experiment, this contradicts the traditional CFT transport

model that is commonly used (Logan et al. 1995; Yao et al.
1971; Matthess et al. 1988). Martin et al. (1996) recommend
scaling filtration rates for different transport distances, using
a dimensionless collision number. Schijven and Simunek
(2002) found that o decreased at least one order of magni-
tude, over 10 m of colloidal transport in dune sand, using a
2-D model, while 5, stayed relatively constant. This is simi-
lar to the results of the current study, which finds orders of
magnitude difference over 25 m for a (0.1-0.0005), while 7,
remained on the same order of magnitude (0.01-0.06). Also
in sand, over a 25-m transport distance in laboratory experi-
ments (Lutterodt et al. 2011) found decreasing o with dis-
tance traveled, although not a full order of magnitude from
the 6-26 m scale. In a different study, small-column tests
(12 cm) using homogeneous sand found decreasing colloidal
removal with depth at high ionic strengths of the influent
water and the authors derived an ionic strength-dependent
power law for CFT (Tiraferri et al. 2011). Schijven and
Simunek (2002) concluded that the relatively small varia-
tion in 7, (single collector efficiency), and high variation in
a (collision efficiency) shows that non-linear removal is not
due to physical heterogeneity, but rather soil grain—colloid
interactions. In the present study, a and # decrease one order
of magnitude for each order of magnitude increase in scale
and, one could argue, represents physical heterogeneity, as it
would be a rather large coincidence if the pattern of chemi-
cal heterogeneity was consistent at the small-column scale,
the meso-scale (lysimeter), and also at the field scale.

The role of preferential flow: what is the physical
process?

Pang (2009) suggested that the non-linear microbial
removal rate may be due to bacterial population hetero-
geneity, however, the present work suggests that it is due
to physical processes, such as preferential flow. Oudega
et al. (2022) hypothesized that as the degree of prefer-
ential flow increases, the velocities in these flow paths
increases, decreasing travel time (and therefore contact
time), which decreases the attachment rate. The missing
puzzle piece is long-distance (scale 100 m or greater) col-
loidal transport in sand, but this is difficult to measure, due
to the high removal of colloids in sand. It would appear
from data in dune sand (Schijven et al. 1999) that the log-
removal of two different bacteriophages (MS2 and PRD1)
at a distance of 30 m is also 0.2 log/m (the same as the
current study’s gravel aquifer site at 25 m) (information
taken from Pang (2009)). It was found that the logarith-
mic reduction of the microorganisms in dune sand was not
linear, and it was hypothesized that the higher colloidal
removal close to the injection point was due to patches of
positive charge because of ferric oxyhydroxides in the first
8 m, which causes higher attachment of negatively charged
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colloids (Schijven et al. 2000). Column experiments were
also done by the authors to confirm that the reason that
more removal of microorganisms was close to the injection
point was due to soil chemical heterogeneity (ferric oxy-
hydroxides) that decreased with distance (Schijven et al.
2002a). It could be that preferential flow paths are also
present in relatively homogeneous sand, due to the previ-
ously mentioned theory of self-organization, entropy, and
work (Zehe et al. 2021). Even artificially homogeneous
glass beads showed more removal of microorganisms close
to the injection point, which was attributed to population
heterogeneity (Tufenkji 2006). The hypothesis of aquifer
material heterogeneity and microorganism population het-
erogeneity could be disproven by testing microspheres in
columns of glass beads.

Regardless of population heterogeneity, the type of col-
loid used, chemical heterogeneity of the porous media,
or ionic strength, the research suggests that well capture
zones based on a constant log-removal are not reliable
without accounting for scale and preferential flow. In
the current study, microspheres were used at the small-
column scale and the meso-scale, and the power law was
still observed, even though commercially produced micro-
spheres should have minimal population heterogeneity
(compared to microorganisms). The observed non-linear
pattern of removal at different scales seems to hold true
in various types of aquifer material, with different water
matrices, and using different types of colloids. In terms of
oxic conditions being present and the precipitation of, for
example, iron causing more removal close to the injection
site in the field, the repacked small-column and meso-
scale experiments have been exposed to oxygen, were not
run under anoxic conditions, and increasing removal with
scale was still observed.

The exact mechanism causing this phenomenon is
unclear. It may be that the repacking of the small columns,
and even the undisturbed gravel column, have disturbed pref-
erential flow paths, artificial clogging areas from the fine
material at the outlet and/or fine material lost during flush-
ing. One theory is that where preferential flow paths are
present, colloids will find the center of fast flow paths and
although, due to size, they could leave the main flow path,
the colloids are transported further and faster than the con-
servative tracer because they choose the easiest flow path.
This process would not be as apparent at the small scale,
due to re-packing, and because the travel distance is not long
enough to demonstrate the effects of momentum. Another
theory is self-organization (as mentioned above), which
requires time and distance to appear; at the smaller scale this
would not be observed. Physically, self-organization may be
due to bypass flow that is caused by physical cracks, zones
of relatively higher conductivity, or other processes, which
are not present at the small-column scale.

@ Springer

Conclusions

As climate change promotes more climate extremes, such as
unexpected flash floods, groundwater may be more at risk for
contamination by surface contaminants such as pesticides,
microplastics, contaminants of emerging concern, and path-
ogens. A large amount of water pushing colloids and solutes
quickly through preferential flow paths and negatively influ-
encing groundwater quality may be one impact that climate
change has on water resources, and extreme rainfall events
could exacerbate the risk to human health. This is especially
a concern when vectors enhancing contaminant transport
(e.g., co-transport of pathogens with microplastics) find a
preferential flow path and is critical when, for example, karst
is the drinking water source and microplastics can be carried
by wind and deposited on isolated areas.

Colloidal transport is helpful for investigating upscaling
relationships for preferential flow in porous media. One goal
of the current study was to find if similar colloidal attach-
ment coefficients could be used at different scales in simi-
lar porous media, by using a power function (such as the
depth-dependent straining function) or a dual permeability
model at an intermediate scale. It was found that by using a
power function, it was possible to increase the attachment
coefficient, K, so that the meso-scale K, was closer to
the small-scale value. Contrarily, using a dual permeability
model increased the difference between attachment rates at
the meso- and small-scales, making K, less similar. The
present study suggests that colloidal removal rates, whether
it be log-removal, attachment rates, or CFT removal effi-
ciency, are dependent on the measurement scale and should
perhaps be a higher-order than first-order equations, since
the removal with distance follows a power law rather than
an exponential law. This has implications for groundwater
transport of emerging contaminants, such as microplastics
and PFAS, as long PFAS chains may behave like a colloid.
Future research should focus on confirming this hypothesis
in other materials and at other sites, and developing new
testing protocols (taking measurement scale into account)
and modeling methods for predicting contaminant transport,
which seems to be highly dependent on preferential flow. We
suspect this also holds true for solute transport and the future
lies in modeling heterogeneous flow with upscaled pore net-
work models using neural network methods, probabilistic
delineation approaches or travel time methods. Stochastic
modeling of heterogeneity assumes randomness of a physi-
cal process that may not be as random as previously thought.
Colloidal transport offers insight about processes that con-
servative tracers may not elucidate. This work shows that we
need to re-evaluate how groundwater testing is done and how
this information is incorporated into numerical groundwater
models for heterogeneous aquifers.
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