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Abstract17

Biofilms are ubiquitous bacterial communities that grow in various porous media includ-18

ing soils, trickling and sand filters. In these environments, they play a central role in ser-19

vices ranging from degradation of pollutants to water purification. Biofilms dynamically20

change the pore structure of the medium through selective clogging of pores, a process21

known as bioclogging. This affects how solutes are transported and spread through the22

porous matrix, but the temporal changes to transport behavior during bioclogging are not23

well understood. To address this uncertainty, we experimentally study the hydrodynamic24

changes of a transparent 3D porous medium as it experiences progressive bioclogging.25

Statistical analyses of the system’s hydrodynamics at four time points of bioclogging (0,26

24, 36 and 48 hrs in the exponential growth phase) reveals exponential increases in both27

average and variance of the flow velocity, as well as its correlation length. Measurements28

for spreading, as mean-square displacements, are found to be non-Fickian and more in-29

tensely superdiffusive with progressive bioclogging, indicating the formation of prefer-30

ential flow pathways and stagnation zones. A gamma distribution describes well the La-31

grangian velocity distributions and provides parameters that quantify changes to the flow,32

which evolves from a parallel pore arrangement under unclogged conditions, toward a33

more serial arrangement with increasing clogging. Exponentially evolving hydrodynamic34

metrics agree with an exponential bacterial growth phase, and are used to parameterize a35

correlated continuous time random walk model with a stochastic velocity relaxation. The36

model accurately reproduces transport observations and can be used to resolve transport37

behavior at intermediate time points within the exponential growth phase considered.38

1 Introduction39

Porous media flows are strongly affected by the ubiquitous structural heterogeneities40

of porous networks. Heterogeneity stems from wide distributions of pore sizes and length41

scales, which induce non-Gaussian or anomalous transport. This phenomenon is respon-42

sible for incomplete mixing or enhanced spreading, persistently spanning scales from the43

pore to the field [Berkowitz et al., 2000; Gouze et al., 2008; Le Borgne and Gouze, 2008;44

Dentz et al., 2011; Le Borgne et al., 2011a; Edery et al., 2014]. At the pore-scale, anoma-45

lous transport exhibits many different characteristics such as non-Gaussian velocity distri-46

butions [Bijeljic et al., 2013; Matyka et al., 2016], high temporal correlation of Lagrangian47

velocities forming a spatial Markov process [Le Borgne et al., 2011b], intermittency of ve-48

locities along trajectories [de Anna et al., 2013], and super-diffusive spreading [Kang et al.,49

2014; Holzner et al., 2015]. The intensity of the anomalous transport is related to the het-50

erogeneity of the porous medium and has been investigated in media of different complex-51

ities, ranging from simple beadpacks to fractured sandstones and carbonates [Bijeljic et al.,52

2013; Siena et al., 2014; Meyer and Bijeljic, 2016; Morales et al., 2017].53

The distributions of pore sizes and length scales present in porous media can have54

a dynamic component driven by biological or physico-chemical processes, such as the de-55

velopment of bacterial biofilms [Stoodley et al., 1994; Seymour et al., 2004, 2007], mineral56

dissolution and precipitation [Daccord and Lenormand, 1987; Noiriel et al., 2013; Menke57

et al., 2015; Linga et al., 2017], particle filtration in particle-laden flows [Bianchi et al.,58

2018; Shen and Ni, 2017], or gas exchange in multiphase flows [Klump et al., 2007; Datta59

et al., 2013; Kazemifar et al., 2016; Jiménez-Martínez et al., 2016]. The resulting structural60

changes (e.g. porosity and permeability changes) influence the pore-scale hydrodynamics61

(e.g. pore-scale velocity distributions) and alter the system’s anomalous transport inten-62

sity. In this work, we focus on the clogging of pores by bacterial biofilms. These sessile63

bacterial communities are of interest due to their ubiquitous presence in natural or indus-64

trial systems [Costerton et al., 1999; Hall-Stoodley et al., 2004]. Their relevance regarding65

porous media flows is in applications such as bioremediation [Bouwer and Zehnder, 1993],66

microbial enhanced oil recovery [Head et al., 2003; Lazar et al., 2007], and water treat-67

ment [Gujer and Boller, 1986; Leverenz et al., 2009].68
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Biofilm development influences these different applications on a wide range of scales69

[Ginn et al., 2002; Battin et al., 2007; Morgenroth and Milferstedt, 2009]. Therefore, differ-70

ent experimental approaches have been used to study the impact of these systems. At the71

field scale, the influence of biofilm development is generally monitored with geophysical72

techniques [Atekwana and Atekwana, 2010] or with the use of tracer tests [Li et al., 2010].73

At the Darcy scale, several authors considered the influence of biofilm development on74

macroscale properties (e.g. porosity, permeability etc.) using soil columns [Taylor and75

Jaffé, 1990; Cunningham et al., 1991; Vandevivere and Baveye, 1992; Lappan and Fogler,76

1996; Thullner et al., 2002]. At the pore scale, the use of optical visualization techniques77

revealed how biofilm development altered the properties of two-dimensional pore networks78

[Stoodley et al., 1994; Dupin and McCarty, 1999; Kim and Fogler, 2000].79

Recently, Coyte et al. [2017], showed that the growth of biofilm patches locally re-80

duced the size of specific pores, which significantly affected the flow field. Biofilms were81

experimentally [Seki et al., 2006; Durham et al., 2012; Nadell et al., 2017] and numerically82

[Pintelon et al., 2009; Bottero et al., 2013] observed to induce the formation of preferen-83

tial flow pathways and stagnation zones in two-dimensional (2D) systems. Numerically,84

Graf von der Schulenburg et al. [2009] combined lattice Boltzmann simulations with an85

individual-based biofilm model to investigate the growth of biofilms in a 3D porous me-86

dia. By comparing 2D and 3D results, the authors underlined the necessity of considering87

three-dimensional systems, as the results in 2D or 3D differed substantially. For instance,88

they showed that the variance of velocity distributions increased more slowly in 3D than89

in 2D and the formation of preferential flow pathways was strongly delayed in 3D, war-90

ranting experimental data to corroborate the findings. Ultimately, biofilms were shown to91

cause an increase of non-Fickian transport dynamics [Seymour et al., 2004, 2007; Knecht92

et al., 2011; Kone et al., 2014].93

The pioneering work by Seymour et al. [2004, 2007] provided direct access to pore-94

scale velocity distributions in a progressively bioclogged porous medium. Additionally,95

this work revealed a transition from Gaussian to non-Gaussian transport dynamics due to96

biofilm development in a homogeneous beadpack. The authors used magnetic resonance97

microscopy to quantify the evolution of propagators (i.e. displacement probability density98

functions). The transition of the propagators was then modeled qualitatively for different99

degrees of bioclogging using a conceptual continuous time random walk based on a power100

law Lévy wait time and a Gaussian jump length distributions. However, this approach101

does not honor the temporal correlation of the intermittent pore-scale flow, and thus does102

not account for the spatial Markovian nature of porous media flows which was known to103

be critical for accurate transport modeling [de Anna et al., 2013]. The importance of this104

temporal correlation is expected to increase with the heterogeneity induced by increasing105

bioclogging [Le Borgne et al., 2011b].106

The goal of this study is to experimentally quantify the influence of biofilm growth107

on pore-scale hydrodynamics to better understand and model flow and transport processes108

in bioclogged systems. Lagrangian data from 3D Particle tracking velocimetry is used to109

determine velocity distributions, mean square displacement and particle displacement dis-110

tributions of flow particles at different bioclogging stages. Then, the hydrodynamic quan-111

tities are statistically analyzed and their temporal evolution linked to expected trends of112

biofilm growth. Lastly, these quantities are used to parameterize a correlated continuous113

time random walk model that accurately captures transport observations and quantifies114

flow transition from uniform to preferential.115
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2 Materials and Methods116

2.1 Porous Media and Working Fluid117

The porous medium used in this study consisted of Nafion pellets (NR50 1100 EW,118

Ion Power, Munich, Germany) of diameter dN ≈ 2.5 mm, with similar physico-chemical119

properties to that of sand grains [Leis et al., 2005; Downie et al., 2012]. The refractive in-120

dex of the Nafion pellets was matched with a working fluid made up of 11% w/v glucose121

aqueous solution. The optimal glucose concentration was defined using a protocol simi-122

lar the one presented in Downie et al. [2012]. To ensure unlimited bacterial growth, the123

working solution was saturated with oxygen, nutrients (nitrogen, phosphorus) and electron124

acceptors (NaNO3, K2HPO4 and NaH2PO4·2(H2O) resulting in an influent solution with125

C:N:P molecular ratio of 1000:1:1. In order to optimize the refractive index matching, ca.126

20 g of the Nafion pellets used were heated up in 250 mL of the glucose solution to 65127

°C for one hour and cooled in a fresh solution overnight. This cycle was repeated three128

times.129

2.2 Biofilm Growth and Hydrodynamic Conditions130

The bacterial inoculum used in this study was isolated from the Chriesbach River131

(Dübendorf, Switzerland) [Desmond et al., 2018]. Frozen bacterial stock contained in 2132

mL Eppendorf tubes was added to 100 mL of the growth medium and incubated for 20-133

24 h at 30°C while stirring at 200 rpm until a midlogarithmic growth phase was reached134

(OD600 0.52 ± 0.096). Subsequently, 10 mL of the inoculum were added to 90 mL of135

fresh growth medium. This incubation procedure was repeated three times for the bacte-136

ria to adapt to the synthetic carbon source of the growth medium. An effective exponen-137

tial growth rate of 0.097 ± 0.012 1/h was measured by considering the OD600 (0.0505 ±138

0.011) initially and once midlogarithmic phase was reached. The Nafion grains prepared139

following the protocol described above were added to the inoculum for the last incuba-140

tion cycle to allow uniform initial bacterial attachment on the surface of the grains. A141

custom-built PMMA flow cell (inner dimensions: 38x38x16 mm3) with point inlet and142

outlet openings at the bottom and top of the cell, respectively, was wet-packed with the143

inoculated Nafion grains.144

A biofilm was allowed to grow in the fully water saturated packed flow cell for 48145

h under a constant volumetric flow rate (10 mL/min, corresponding to an initial average146

residence time of ca. 40 s), which was set with a peristaltic pump (Ismatec, Glattbrugg,147

Switzerland). Note that the flux was kept constant. At this flow rate, the initial (prior to148

biofilm growth) Darcy velocity q was of 0.274 mm/s and the average interstitial pore ve-149

locity vp was measured to be ≈ 1 mm/s, which yields an effective porosity φ = q/vp150

of 0.27. This results in an initial Reynolds number of Re = vpdN/ν ≈ 0.5, where ν is151

the kinematic viscosity of the fluid. At the peak of observed biofilm growth, an observed152

threefold increase in vp only raised Re to ≈ 1.5, which is still within Darcy’s law validity153

range (Re ≤ 10). In this system, the Péclet number, defined as the ratio between advective,154

vp , and diffusive transport rates, DH2O/dN , was determined to be Pe = vpdN

DH2O
≈ 2500,155

where DH2O is the molecular diffusion coefficient of water.156

2.3 3D-PTV Measurements157

In this work, three-dimensional particle tracking velocimetry (3D-PTV) measure-158

ments were performed in a refractive index matched (RIM) [Budwig, 1994] porous medium159

to characterize the evolution of pore-scale hydrodynamics during biofilm growth. The160

open source 3D-PTV code employed here allows to quantitatively characterize different161

kind of flows by providing position, velocity and acceleration of tracer particles along tra-162

jectories ([Lüthi et al., 2005; Hoyer et al., 2005; Gülan et al., 2012; Michalec et al., 2015;163

Schmidt et al., 2016]). 3D-PTV was first used to study flows in porous media by Moroni164
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and Cushman [2001]. Holzner et al. [2015] and Morales et al. [2017] used 3D-PTV to165

study the intermittent nature of flows in heterogeneous 3D synthetic sandstone packings.166

Shen and Ni [2017] used 3D-PTV to study the dynamics of filtration and clogging by par-167

ticulate matter. Here, 3D-PTV was used to perform measurements over the course of the168

biofilm growth, providing a quantitative description of the influence of biofilm growth on169

flow and transport.170

3D-PTV measurements were performed at time points T = 0, 24, 36 and 48 h of171

biofilm culturing [Carrel et al., 2018a]. To perform the 3D-PTV measurements, a syringe172

connected to the flow cell was mounted on a syringe pump (Lambda Vit-Fit, Lambda,173

Baar, Switzerland). Fluorescent tracer particles (Red Polyethylene Microspheres, Cospheric,174

Santa Barbara, CA USA) of diameter dP ≈ 70 µm, density ρP = 0.995 g/cm3, and neu-175

tral buoyancy (Stokes number Stk � 1), were seeded to the flow and tracked in time and176

3D space with 3D-PTV. The Péclet number of the tracers can be considered to be infinite177

due to the size of the particles and their corresponding negligible diffusivity. The tracer178

particle concentration used was of 0.02 g/L (volume fraction concentration ≈ 0.002 %), to179

which 0.2 ppm of surfactant (Tween, Cospheric, Santa Barbara, USA) was added to pre-180

vent particle agglomeration during the 3D-PTV measurements. We note that the tracer181

particles are too large to enter the sub-micrometer sized inner biofilm channels [Stood-182

ley et al., 1994; Carrel et al., 2017] and that the particle to Nafion pellet diameter ratio183

dN/dP is of ca. 35. Thus, the effective porosity reduction of the porous medium due to184

interception of the tracer particles can be considered to be insignificant [Sakthivadivel and185

Einstein, 1970; Yao et al., 1971]. Additionally, due to the extremely low volume fraction186

concentration, particle-particle interactions can be neglected.187

Once the flow fluid was seeded, the particles were then illuminated with a 100 W188

pulsed Nd-YLF laser (Darwin Duo, Quantronix, Hamden, USA). Images were acquired189

with a Photron Fastcam SA5 at 50 Hz with 1 Mega pixel resolution. An image splitter190

was used to mimic a four camera system that permits stereoscopic viewing of the sam-191

ple. A redundant 4 views system allows highly accurate particle recognition and track-192

ing [Maas et al., 1993; Malik et al., 1993; Lüthi et al., 2005]. For particle recognition, a193

pre-processing step consisting of a running image substraction with a lag of 50 images194

and a high pass filter were applied to improve the signal to noise ratio of individual video195

frames. Subsequent rejoining of fragmented trajectories was achieved with a 6D position-196

velocity search that reconnects trajectory fragments when their velocity and acceleration197

vectors match with a small tolerance [Xu, 2008]. A Savitzky-Golay filter was then imple-198

mented in order to smooth trajectories [Saha et al., 2014]. The final sub-pixel accuracy199

of the particle positions along trajectories was estimated to be of about 50 µm [Holzner200

et al., 2015]. Short or immobile trajectories with total displacement shorter than 1 mm or201

0.5 s, respectively, were discarded from the analysis. This yielded more than O(103) high202

quality trajectories to analyze in the bioclogged porous medium for each time point (4465,203

3604, 1953 and 2660 for the time points T = 0, 24, 36 and 48 h respectively). The veloc-204

ity and Lagrangian acceleration was calculated using centered finite differences of position205

and velocity, respectively, along particle trajectories. Given that pressure transducers were206

not available in the experiment we estimated permeability indirectly as follows. We calcu-207

lated the Laplacian of velocity after interpolating the velocity data onto an Eulerian grid208

with a spacing of 0.2 mm. This allowed estimating the pressure difference ∆p between in-209

and outlet by integrating the local pressure gradient ∇p = −ρ(Dvp/Dt − ν∇2vp) along210

streamlines, where ρ is the density fo the fluid and D/Dt denotes the material derivative.211

The permeability was then estimated from Darcy’s law as k = φvpνLx/∆p, where Lx is212

the length of flow cell. In the course of the experiment, the growing biofilm increasingly213

attenuated the signal emitted by the tracer particles. The experiment was stopped after 48214

h of biofilm growth, as tracer particles could be detected well only up to 50 % of the flow215

cell depth. In order to compensate for the increasing light attenuation and to image parti-216

cle tracers over the whole flow cell depth, images were acquired from both front and back217

sides of the flow cell. Over the course of the experiment, the average trajectory length re-218
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mained relatively constant at around 25 % of the total flow cell length (26, 28, 33 and 22219

% for the time points T = 0, 24, 36 and 48 h respectively). With the growth of biofilm the220

transparacy of the media decreased which led to a decrease in the number of reconstructed221

particle tracks. The RIM quality was not affected significantly. We assessed the RIM by222

placing a pattern of straight lines behind the test sample and by calculating the scaled root223

mean square error of linear fit regressions. Before biofilm growth, RIM was excellent and224

comparable to results in Downie et al. (2012). During bioclogging, the RIM quality de-225

creased only slightly, i.e. from about 50 µm at T=0 hrs to about 70 µm at T=36 hrs. This226

decrease is not substantial and on the same order of the accuracy of the 3D determination227

of tracer particle locations. It therefore did not significantly affect the particle tracking. Fi-228

nally, to account for entry effects at a point inlet, data at the first advective time scale τA229

of each trajectory was discarded. Here, τA = λi/〈υ〉, where λi is the length scale of the230

system and 〈υ〉 is the average velocity (see Table 1).231

3 Results232

3.1 Experimental pore-scale characterization of the progressive bioclogging233

Figure 1 top row shows photographs of the flow cell during biofilm culturing (top)234

after 0, 36 and 48 h. The photographs illustrate how the biofilm progressively develops in235

the flow cell. Note that the transparency of the flow cell decreases with biofilm growth.236

Figure 1 bottom row shows equivalent projections of 3D-trajectories (more than 106 data237

points for each case) color-coded with the logarithm of the norm of the velocity vector.238

Figure 1. Photographs illustrating progressive changes in the porous media with increasing bioclogging of
the flow cell (top) and particle trajectories obtained by 3D-PTV (bottom) for the time points T = 0, 36 and 48
h. The bright spot in the upper right corner of the photographs is a reflection by a teflon-coated plastic screw
that is used to close the opening of the flow cell. The trajectories are color-coded with the logarithm of the
norm of the velocity vector.

239

240

241

242

243

The trajectories display intermittent Lagrangian velocities inherent to fluid flows in244

porous media [de Anna et al., 2013; Kang et al., 2014; Holzner et al., 2015; Morales et al.,245

2017], accelerating at pore throats and decelerating at pore bodies [Holzner et al., 2015].246

The flow cell is operated with a constant flow rate, so that biofilm growth in the system247

increases the average longitudinal velocity, as illustrated by the increasingly darker color-248
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coding of the trajectories. Note that the photographs and the trajectories of Figure 1 are249

only qualitatively aligned for visual comparison. As larger amounts of biofilm form in the250

flow cell, tracer particles are confined to fewer channels in the domain. Mass conservation251

corroborates such channel formation as it is observed in the ca. 3 fold increase in longi-252

tudinal velocity (see table 1). Consequently, regions not sampled by the particles can be253

considered to be stagnation zones occupied by biofilm or newly formed stagnant zones,254

and thus do not contribute to carrying the flow. With increasing bioclogging, more of255

these stagnation zones appear. It is visible qualitatively that these stagnant zones in Fig-256

ure 1 (trajectories for T = 48 h) correlate with the opaque bioclogged regions in Figure 1257

(photograph for T = 48 h).258

3.2 Lagrangian velocity probability density functions259

In order to quantitatively investigate the influence of progressive bioclogging on
porous media flow, we first consider probability density functions (PDFs) of isochronic
Lagrangian velocities (t-Lagrangian) along the trajectories [Moroni and Cushman, 2001;
Moroni et al., 2007; Holzner et al., 2015; Morales et al., 2017]. Under ergodic conditions
and for incompressible flow, the t-Lagrangian velocity PDF is equivalent to the Eulerian
velocity PDF [Dentz et al., 2016]. The PDFs of t-Lagrangian velocities Pt (υ) are obtained
by

Pt (υ) =
1

Np

Np∑
i=1

1
Ti

Ti∫
0

dt
I[υ ≤ v(t; ai) < υ + ∆υ]

∆υ
, (1)

where Np is the number of trajectories, ai is the initial point of the ith trajectory, Ti is its260

duration. v(t; ai) denotes the longitudinal or transverse components of the particle veloc-261

ity, v(t; ai) is its magnitude, and ∆υ is the sampling interval.262

The PDFs of the t-Lagrangian velocities in longitudinal and transverse directions as263

well as for the velocity magnitude for the four time points during biofilm growth are illus-264

trated in Figure 2 (a) and (b). As listed in Table 1, upon biofilm growth and subsequent265

effective porosity reduction, the average velocity in the system increases due to fluid mass266

conservation.267

As Figure 2 (a) and (b) shows, the PDFs of the longitudinal velocity component and277

of the velocity magnitude exhibit a substantial increase in variance and tailing heftiness.278

The variance increase of the velocity magnitude (see σ2
υ in Table 1) reflects the forma-279

tion of preferential flow paths of high velocities, as the variance σ2
υ is dominated by the280

contribution of velocities much higher than the mean 〈υ〉. Therefore, we also report the281

variance of the natural logarithm of the velocity (see σ2
ln(υ)

in Table 1), which increase282

nearly three fold and give insight on the increase of width toward low velocities. Higher283

probability of finding low velocities is a result of the formation of zones of almost stag-284

nant flow.285

3.3 Velocity auto-correlation functions291

The spatial auto-correlation length of Lagrangian velocities has previously been292

identified to reflect the spatial Markovian nature of flows in porous media [Le Borgne293

et al., 2008]. We therefore determine the Lagrangian velocity magnitude auto-correlations294

during progressive bioclogging. An increase in spatial correlation is indicative of persis-295

tent fast velocities along trajectories, and suggests the formation of preferential flow paths.296
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Figure 2. Probability density functions of the t-Lagrangian (a) longitudinal velocity component and (b)
magnitude obtained at different time points. (c) shows the auto-correlation function of the velocity magnitude,
indicating the corresponding correlation lengths (characteristic length of the system) in the legend. (d) illus-
trates the temporal evolution of the average velocity 〈υ〉, the variance of the natural logarithm of the velocity
σ2
ln(υ)

, the correlation length λ, and of the characteristic velocity v0, as normalized by their value at the time
point T = 0 h. The dashed line shows an exponential fit with growth rate c = 0.015 h−1. The evolution of α
(with dotted line representing the corresponding exponential fit with cα = 0.012 h−1) and of the effective
porosity φ are illustrated on the same y-axis. The evolution of the normalized velocity variance σ2

υ/σ
2
υ0 is

shown on the secondary y-axis (with the dashed-dotted line showing the corresponding fit, cσ2
υ
= 0.045 h−1).

268

269

270

271

272

273

274

275

276

The auto-correlation functions of the s-Lagrangian velocity magnitude vs(s; a) [Dentz297

et al., 2016] sampled equidistantly along a trajectory are defined as:298

χυυ(∆s) =

Np∑
i=1

Rυυ(∆s; ai)

Np∑
i=1

σ2
υυ(ai)

, (2)

where the velocity covariance along a single trajectory is defined by

Rυυ(∆s; ai) =
1
Li

Li∫
0

ds
[
υs(s + ∆s; ai) − 〈υs(s)〉

] [
υs(s; ai) − 〈υs(s + ∆s)

]
. (3)
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Table 1. Average velocity magnitude〈υ〉, velocity magnitude variance σ2
υ , correlation length scale λ of the

t-Lagrangian velocity magnitudes, scale parameter v0 expressing a characteristic velocity, shape parameter α
informing the system connectivity, porosity and permeability for all time points T = 0, 24, 36 and 48 h. ci is
the exponential coefficient and R2

i is the coefficient of determination for the exponential change in time of the
listed hydrodynamic parameters.

286

287

288

289

290

T = 0 (h) T = 24 (h) T = 36 (h) T = 48 (h) ci (1/h) R2
i

〈υ〉 (mm/s) 1.3 1.4 2.2 2.9 0.015 0.85
σ2
υ (m2/s2) 9.82E-07 1.35E-06 3.16E-06 9.91E-06 0.045 0.86

σ2
ln(υ)

(-) 0.651 0.825 0.975 1.686 0.017 0.81
λ (mm) 1.38 2.1 2.1 2.7 0.013 0.92
v0 (-) 0.518 0.616 0.705 1.093 0.013 0.79
α (-) 1.929 1.619 1.418 0.914 0.012 0.95
φ (-) 0.27 0.24 0.19 0.12 0.012 0.89
φ/φ(t = 0) (-) 1 0.89 0.70 0.44 0.012 0.89
k (cm/s) 1.74 1.40 1.03 0.50 0.014 0.92
k/k(t = 0) (-) 1 0.80 0.60 0.29 0.014 0.92
∆s (mm) 0.0138 0.021 0.021 0.027 - -

where υs(s; a) is the velocity magnitude along the trajectory which starts at a, measured299

in distance s traveled along the trajectory, and L is the length of the trajectory. The veloc-300

ity variance along the trajectory is given by σ2
υυ(a) = Rυυ(0; a). Finally, the correlation301

length, λ, is obtained by integration of χυυ .302

Figure 2 (c) shows the auto-correlation functions of the s-Lagrangian velocity mag-303

nitudes obtained from the 3D-PTV measurements for all time points and the correspond-304

ing correlation lengths obtained by integration for the different data sets. As these results305

show (see Figure 2 (c) and Table 1), the correlation length measured along trajectories in-306

creases from approximately λ ≈ dN/2 to λ ≈ dN , where dN ≈ 2.5 mm is the average307

nafion pellet diameter. This implies that with increasing growth of biofilm, the pore struc-308

ture of the medium becomes more spatially correlated.309

3.4 Approximation of the velocity magnitude with a gamma distribution310

Hereinafter, we consider the t-Lagrangian velocity magnitude for all time points pre-
sented in Figure 2 (b). We find that the PDF of the t-Lagrangian velocity magnitude can
be approximated by the following gamma distribution

P(υt ) =
υα−1

v0αΓ(α)
e
−υ
v0 (4)

This function captures the increasing heterogeneity in the system upon biofilm growth in311

the evolving function parameters α, the exponent, (probability weight at low velocities,312

refer to Table 1 for values for each time point) and v0, the scaling parameter (a character-313

istic velocity reflecting the increase in the average velocity). The reader is refered to Table314

1 for parameter values at each time point).315

Figure 3 shows the 3D-PTV velocity magnitudes for all time points and the corre-319

sponding gamma distributions with shape and scale parameters estimated by maximum320

likelihood estimation (MLE). As listed in Table 1, the exponent α which represents the321

connectivity of the pore network [Holzner et al., 2015] decreases substantially. Holzner322

et al. [2015] presented a theoretical consideration that the maximal and minimal values323
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Figure 3. Probability density functions of the velocity magnitudes obtained with 3D-PTV, the correspond-
ing MLE gamma distributions and the PDFs of the velocity obtained from the CTRW model for all time
points.

316

317

318

of α were 2 and -2 for completely serial or parallel pore arrangements, respectively. The324

decrease of α observed in Table 1 from 1.929 to 0.914 therefore suggests that the struc-325

ture of the pore network evolves from a predominantly parallel pore arrangement towards326

a more serial pore arrangement. The characteristic velocity v0 increases substantially, sim-327

ilar to the average velocity increase upon biofilm growth and the corresponding reduc-328

tion of the void space. This finding is in agreement with other studies at the column and329

catchment scale, which have also observed gamma distributed velocity and residence times330

[Wen and Li, 2017; McGuire et al., 2005].331

3.5 Temporal evolution of the hydrodynamic quantities332

The temporal evolution of various hydrodynamic characteristics of the system is pre-333

sented in Figure 2d. We expect that the measured changes of these quantities mirror the334

exponential increase of biomass in the system over time. The growth of biomass equates335

to porosity reduction. This structural change, combined with mass conservation of a sys-336

tem at constant flux, explains the exponential increase in average pore velocity given that337

〈υ〉 = q/φ where q is the fixed Darcy flux and φ is the effective porosity. A similar ex-338

ponential evolution in the velocity variance, correlation length scale, and gamma function339
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parameters (v0 and α) is observed and justified by the same logic. Table 1 summarizes the340

exponential coefficients associated with each hydrodynamic quantity following the expres-341

sion X(t) = X0eci t , where X0 is the value of the considered quantity at the time point T342

= 0 h and ci is the corresponding exponential constant. The structural changes that lead343

to increased flow heterogeneity also affect the average flow properties through a gradual344

reduction of permeability, which, however, decreases more sharply than porosity (see Ta-345

ble 1 and compare relative values of k/k(t=0) and φ/φ(t = 0)). This indicates a gradual346

reduction of pore connectivity due to bioclogging (Carrel et al. [2018b]).347

3.6 Correlated continuous time random walk348

To investigate the influence of the formation of preferential flow paths and stagna-349

tion zones on transport processes, we employ a correlated continuous-time random walk350

(CTRW) model that simulates pore-scale particle motion [Le Borgne et al., 2011b; de Anna351

et al., 2013; Holzner et al., 2015]. CTRW models provide an efficient modeling approach352

for transport in velocity fields that vary over a characteristic length scale [Dentz et al.,353

2016]. As discussed in the previous section, s-Lagrangian particle velocities vary over354

a correlation scale λ, or in other words particle velocities persist over the characteristic355

length scale λ, which changes according to the growth of the biofilm. We assume that the356

evolution of λ is much slower than the typical particle transport scales. Thus, particle mo-357

tion is modeled by the following recursion relation.358

sn+1 = sn + ∆s, tn+1 = tn +
∆s
vn

(5)

Here, vn = vs(sn) and ∆s a space increment. The velocity series {vn} is modeled by a
stochastic relaxation process [Dentz et al., 2016] to account for the correlation of veloci-
ties inherent to the spatial Markovian nature of flows in porous media [Le Borgne et al.,
2008, 2011b; de Anna et al., 2013]. The steady state PDF Ps(υ) of the spatial Markov
chain {vn} is obtained from Pt (υ) through flux-weighting as [Dentz et al., 2016]

Ps(υ) =
υPt (υ)

〈υt〉
. (6)

Particles can maintain or change their velocity at turning points after n steps accord-359

ing to a Bernoulli process with persistence probability p = exp[−∆s′/(2λ′T )] or randomly360

sample from the velocity distribution by Ps(υ) according to 1 − p. The single quotation361

mark indicates the normalization of the spatial increments ∆s (see Table 1) and of λT by362

the reference length scale λT (for T = 0, 24, 36 and 48). The persistence of the velocity p363

over the spatial increments is based on an exponential decorrelation over twice the com-364

puted correlation length in order to account for incomplete mixing at pore throats. In the365

following, particle transport is simulated by Equation 5 for the different time points and366

the corresponding correlation lengths λT . The PDFs of the t-Lagrangian velocity magni-367

tude obtained from the correlated CTRW in figure 3 show good agreement with the exper-368

imental data and with the fitted gamma distributions.369

3.7 Displacement statistics370

The displacement s(t) at a given time t is given in terms of the CTRW model by
s(t) = snt , where nt = max(n|tn ≤ t). We study the mean and centered mean squared
displacements

m(t) = 〈s(t)〉, σ2
s (t) = 〈s(t)

2〉 − m(t)2, (7)

obtained from the 3D-PTV data, and interpret them in the light of the correlated CTRW371

model discussed above This gives some insight into the heterogeneity of the porous medium372
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and the role of biofilm growth for particle dispersion. The angular brackets denote the av-373

erage over all particles.374

Figure 4. (a) Experimental (3D-PTV) and numerical (CTRW) mean m and mean-squared displacements
σ2 obtained for all time points. The spatial moments presented here are dimensionless, as they are rescaled
by the corresponding length scales (λ or λ2). The time is rescaled by the advective time scale τA. (b) CTRW
mean-squared displacements for all the different time points. (c) Magnification of (b) illustrating a moderate
increase in superdiffusive behavior with increasing biofilm growth. The continuous lines in (a) or (b) and (c),
respectively, indicate Fickian scaling (σ2

s (t) ∝ t).

375

376

377

378

379

380

Figure 4 (a) shows the evolution of the first and second centered displacement mo-381

ments of the 3D-PTV experimental data and of the CTRW for all time points. The mean382

displacement is consistently well captured by the CTRW model. All experimental mean-383

squared displacements (MSDs) σ2
s (t) show a transition from a ballistic regime (σ2

s (t) ∝ t2)384

to a superdiffusive regime with a temporal scaling greater than the expected asymptotic385

Fickian regime (σ2
s (t) ≈ t1.5). Here, a transition between ballistic and superdiffusive386

regimes occurs at about one advective time scale. Both regimes as well as the transition387

are captured by the CTRW model. Note the discontinuity and interruption of the experi-388

mental data after 5 to 10 advective time scales τA due to the finite size of the experimen-389

tal field of view and of the trajectory lengths. In Figure 4, the insets (b) and (c) show the390

evolution of the mean-squared displacements obtained from the CTRW (b) and a magni-391

fication of the superdiffusive regime (c). The vertical shift of the MSDs with progressive392
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bioclogging is due to the increasing variance of the velocity magnitude (see Figure 4 (b)393

or refer to Table 1). The exponent of these MSDs slightly increases with bioclogging (see394

Figure 4 (c)), suggesting that the formation of preferential flow pathways and stagnation395

zones upon biofilm growth leads to an increase of anomalous transport.396

Figure 5. Conditional displacement probability density functions for the 3D-PTV and the CTRW data for
all the different time points. The semi-logarithmic insets shows that the propagators never reach a fickian
regime where they would follow a Gaussian distribution.

397

398

399

3.8 Conditional displacement PDFs400

In order to further investigate how well the presented model captures transport pro-401

cesses, we consider the conditional displacement PDFs along particle trajectories (also402

known as propagators), defined as P(s+∆s |s,∆t) from s to s′ for a given time lag ∆t. Fig-403

ure 5 illustrates the 3D-PTV and the CTRW propagators obtained for all time points in the404

porous medium considered. These propagators were computed for normalized time lags405

corresponding to 1, 2.5 and 5 advective time scales. The semi-log propagators in the inset406

show that the transport regime remains superdiffusive for all the time lags considered for407

all time points, and that a Gaussian displacement distribution is not reached for the time408

lags defined. Interestingly, the skewness (i.e., third spatial moment) of the propagators409

increases with progressive bioclogging, as the hetereogeneity of the flow and anomalous410

transport in the system increase as well. The CTRW model performs very well for the411

clean porous medium (T = 0 h). For later time points, however, the increased skewness of412

the propagators is less well captured by the model.413
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4 Discussion414

In this study, 3D-PTV measurements were performed during biofilm growth in a415

porous medium to quantify how biofilm growth affects pore-scale hydrodynamics and416

the resulting transport behavior. The growth of biofilm induced an increase of anomalous417

transport in the considered system. A correlated continuous time random walk model pa-418

rameterized by the gamma distributed pore-scale velocity magnitudes accurately captures419

the mean and mean-squared displacement changes, and qualitatively reproduces displace-420

ment probability density functions with lesser skewness.421

The average velocity and further hydrodynamic quantities follow an exponential evo-422

lution with biofilm growth, which for all quantities except the variance σ2
υ can be de-423

scribed by an exponential time scale of approximately 0.015 h−1. We conjuncture that424

this behavior is due to the exponential growth of the bacteria in the considered system.425

During incubation, the effective growth coefficient of the bacteria was measured to be of426

approximately 0.09, which is about one order of magnitude larger than the exponential427

coefficients observed for the hydrodynamic quantities. However, this difference could be428

attributed to the fundamental differences in growth kinetics of planktonic and sessile bac-429

teria. Additionally, detachment of bacteria might also have induced a lower exponential430

growth coefficient. It is logical to expect that the effective porosity, and consequently the431

average velocity, will increase at a rate that is imposed by the increase of biomass in the432

porous medium. Similar obtained rates for geometrical parameters of the medium (cor-433

relation length λ and connectivity parameter α) are less trivial to justify physically. We434

nevertheless propose a similar logic to explain their temporal evolution, given that these435

characteristics depend on average pore-scale geometry (i.e. length scale and pore arrange-436

ment) and therefore are proportional to the amount of biomass produced. Differently, the437

rate of change in velocity variance is found to be about three times higher with biomass438

growth. The large increase in variance can be justified by the patchy growth of biomass439

throughout the porespace. This induces blockage to flow in certain pores (which governs440

transitions in slow velocities) and develops preferential paths in others (which governs the441

high velocities). The inclusion of much slower and much faster observed velocities is cap-442

tured in the increase of distribution variance, which is a quantity independent of mean443

velocity.444

In the literature, the flow velocity distribution is often discussed separately for two445

distinct regimes, i.e. the slow flow zones associated with stagnant zones and the fast ve-446

locities or preferential pathways carrying most of the fluid transport. The question on a447

mechanistic understanding between pore-scale organization of the media and the result-448

ing flow velocity distribution for both regimes has been addressed since many years and449

still remains a challenge. Saffman [1959] used Poiseuille’s law as an approximation of the450

flow in individual pores to relate velocity and pore diameter, which gives a map of pore451

diameter to pore velocity. This approach was used in Holzner et al. [2015] to obtain the452

distribution of pore velocities according to a Gamma function, which implies a power law453

behavior for small velocities and exponential decay of fast velocities that is consistent with454

their experiments and other previous studies in heterogeneous media (see references in455

Holzner et al. [2015]). de Anna et al. [2017] recently succeeded in deriving a direct rela-456

tionship between the pore size distribution and the velocity distribution for the slow ve-457

locities. Namely, they showed that the velocity distribution follows a power law where458

the power is half of the power given by the pore size distribution. The fast velocities are459

given by the conductive backbone and its distribution varies from medium to medium (e.g.460

Matyka et al. [2016]). Alim et al. [2017] presented an analytical model, where the local461

correlations between adjacent pores, which determine the distribution of flows propagated462

from one pore downstream, predict the high tail of the flow distribution. They showed463

that, starting from a highly ordered bead pack and increasing the level of disorder, the464

fast velocities transitioned from Gaussian towards exponential distribution. In summary,465

at the pore scale, the distribution of pore sizes controls the low tail [de Anna et al., 2017]466
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and correlations of fluxes between adjacent pores control the high tail of the velocity dis-467

tribution. In our work, the growing biofilm reduces pore spaces in slow velocity zones468

which will increase the probability of small radii and consequently the low tail of the ve-469

locity PDF. Given that low velocity zones become less conductive, more and more flux is470

carried in faster velocity regions, which presumably increases correlations between sub-471

sequent pores along preferential pathways. This non-local effect seems thus at the root of472

the intensification of the high tail of the velocity PDF we observed here in the bioclogged473

media.474

As the pore-space is reduced upon biofilm growth, the velocities in narrowing pores475

increase on average. However, we also observe an increase of the probability of low veloc-476

ities. This increase can be attributed to the narrowing pore size as according to Poiseuille’s477

law for flow through a pipe (an idealization of a single pore throat). In such a case, the478

maximum velocity is proportional to the pore diameter squared for a constant pressure479

gradient. The increase of probability of low velocities due to the narrowing pore size sug-480

gests the formation of almost stagnant zones, which marginally contribute to the total flow.481

Note however that locally, neither the mass flux nor the pressure gradient are fixed and482

therefore, the structural changes caused by the biofilm growth induce an increase of the483

variance of the velocity distributions, whose PDFs become increasingly non-Gaussian.484

Bijeljic et al. [2013]; Datta et al. [2013]; Siena et al. [2014]; Matyka et al. [2016]; Meyer485

and Bijeljic [2016] made similar observations for porous media with different pore net-486

work characteristics (effective porosity, tortuosity, pore size distribution, connectivity etc.),487

showing that the non-Gaussianity of the velocity PDFs was caused by the structural het-488

erogeneity of the porous medium considered or by different degrees of saturation for par-489

tially saturated porous media. Additionally, several authors have also reported increas-490

ing exponents of the superdiffusive regime of the MSDs for porous media or fracture491

networks exhibiting increasing degrees of heterogeneity [Meyer and Bijeljic, 2016; Kang492

et al., 2017].493

Note that porosity-permeability relationships, which have been frequently studied in494

the literature [Taylor and Jaffé, 1990; Cunningham et al., 1991; Vandevivere and Baveye,495

1992; Lappan and Fogler, 1996; Thullner et al., 2002], refer to the relation of the aver-496

age flow velocity to the average pore volume. As shown above, the observed (anomalous)497

transport behavior can be attributed to the low end of the velocity PDF and cannot be un-498

derstood by considering the mean velocity alone. Thus, in order to predict the influence of499

biofilm growth on flow and transport behavior it would be desirable to determine the re-500

lation between flow velocity and pore size distribution, and between pore size distribution501

and biofilm growth. Velocity models based on Poiseuille’s law [Saffman, 1959; Holzner502

et al., 2015; de Anna et al., 2017; Dentz et al., 2018] relate the behavior of the velocity503

PDF at low velocities to the distribution of small pore sizes and provide possible starting504

points for such an analysis. Poiseulle’s law would imply that uniform biofilm growth leads505

to a rescaling of the low-end of the velocity PDF. Figure 3, however, shows that the PDF506

at low velocities does not follow a simple scaling for growing biofilm. An analysis of the507

relation of biofilm growth and the evolution of the velocity PDF along these lines is be-508

yond the scope of this paper and postponed to future work.509

The results presented here were obtained for four different time points during the510

early stages of the bioclogging process. Due to the observed exponential evolution of the511

hydrodynamic quantities in the bioclogged system, the CTRW presented here could be512

parameterized for any time point whithin the duration of the experiment (i.e. the bacte-513

rial exponential growth phase). Exponential growth of biofilms in porous media has been514

observed previously [Graf von der Schulenburg et al., 2009; Pintelon et al., 2012; Bottero515

et al., 2013; Hassanpourfard et al., 2015], and studied both experimentally and numeri-516

cally. The work by Bottero et al. [2013] and Hassanpourfard et al. [2015] found that the517

exponential growth phase is finite, and that biofilm growth asymptotically approaches a518

steady state (in terms of biofilm surface coverage or effective porosity, medium permeabil-519
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ity etc.). Bottero et al. [2013] pointed out that steady state biofilm growth is the result of520

a balance between biomass decay/detachment and growth. The transition from exponential521

to steady state growth observed by Bottero et al. [2013] and Hassanpourfard et al. [2015]522

can be described by a logistic model. In the present study, it was not possible to collect523

data at long enough temporal scales to observe the transition from exponential growth to524

steady state.525

Interestingly, the propagators obtained in Seymour et al. [2004, 2007] exhibited a526

substantially stronger peak for very small displacements than in the data presented in Fig-527

ure 5. This could be partially attributed to the Péclet number of our system, which was528

computed from 3D-PTV data and can be considered to be infinite. Simply, the diffusion529

experienced by the tracer particles is negligible, meaning that diffusive displacements are530

not captured in the data presented here. Another aspect lies within differences intrinsic to531

the experimental approaches used in both studies. Due to the limitations of the 3D-PTV532

method used in this work, we are only able to sample flow in pores corresponding to the533

effective porespace and outside the biofilm structure. As a result, completely stagnant or534

dead end pores, which do not participate in flow and are not filled with biomass are not535

sampled. Similarly, the tracer particles used are too large to penetrate the biomass itself,536

thus limiting data collected in very low flow regions. In contrast, the MRM method used537

by Seymour et al. [2004] samples flow within the biofilm as well as in all porespaces. This538

suggests that for low Péclet numbers common in porous media, the permeability of the539

biofilm itself could affect the transport of solutes [Dupin et al., 2001; Thullner and Baveye,540

2008; Ezeuko et al., 2011; Pintelon et al., 2012; Davit et al., 2013; Deng et al., 2013]. This541

has been shown for permeable benthic biofilms, which substantially contributed to trans-542

port and reaction processes in gravel bed streams [Aubeneau et al., 2015, 2016; Li et al.,543

2017].544

Finally, we examine how structural changes in the pore geometry due to bioclog-545

ging affect the medium permeability. Different relationships between porosity and perme-546

ability of the media have been proposed (e.g., Vandevivere and Baveye [1992]; Seki and547

Miyazaki [2001]; Thullner [2010]). These relationships are either empirical or based on548

growth models of biofilm in pores (either single pores or simplified pore networks), see549

Thullner [2010] and references therein. The relationships based on growth models can be550

subdivided into models that assume that biofilms grow homogeneously or in the form of551

patches. Given that the small pores are clogged first, one might expect to observe a signif-552

icant change in the flow’s heterogeneity, as expressed by the decrease of the shape param-553

eter α, while the permeability is supposedly less affected because highly conductive pores554

are still open. Changes in permeability would become significant only when the poros-555

ity reaches a certain threshold corresponding to clogging of highly conductive zones by556

biofilm growth. Threshold-based permeability-porosity models along these lines have been557

proposed in Bernabé et al. [2004] for binary mixtures of high- and low-permeability ma-558

terials and in Thullner [2010] for bioclogged media. We note that our measured decrease559

in the shape parameter α is similar to the relative porosity decrease, while the permeabil-560

ity decreases faster (Table 1). Thus, even though permeability decreases quite sharply, our561

data are not consistent with threshold-based models, but rather with previously observed562

trends for permeability decreases in porous media coated with patchy biofilms (e.g., Graf563

von der Schulenburg et al. [2009]; Thullner [2010]). Addressing the porosity-permeability564

relationship more conclusively, however, is beyond the scope of this work.565

5 Conclusion566

In this work, we successfully monitored the transition from normal to anomalous567

transport in a progressively bio clogged 3-dimensional porous medium. We observed an568

exponential evolution of different hydrodynamic quantities consistent with exponential569

growth kinetics of the biofilm. A two parameter gamma function provided a remarkable570

description of the bulk and the high tail of the velocity distribution. The shape parame-571
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ter α is considered to represent the connectivity of the medium and accounts for a shift572

from a mainly parallel arrangement of pores towards a more serial one. This too is con-573

sistent with the observed formation of stagnation zones and preferential flow pathways. A574

correlated continuous time random walk model that employs stochastic relaxation of ve-575

locities is able to capture accurately the evolution of the first two spatial moments, but is576

somewhat limited to reproduce the third moment. Altogether, these insights shed light on577

the processes behind and provide useful modeling tools to capture the effects of growing578

biofilm forming bacteria on mass transport processes in porous media. We anticipate that579

the approach introduced here could also be applied to model transport in other porous me-580

dia where the heterogeneity is either inherent to the original pore structure or develops581

dynamically as a consequence of physico-chemical processes.582
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