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Abstract

Despite the significance of rivers and streams as pathways for microplastics (MP) entering the marine
environment, limited research has been conducted on the behavior of MP within fluvial systems.
Specifically, there is a lack of understanding regarding the infiltration and transport dynamics of MP across
the streambed interface and within the hyporheic sediments. In this study, transport and retention of MP
are investigated using a new numerical modeling approach. The model is built as a digital twin of
accompanying flume experiments, which are used to validate the simulation results. The model accurately
represents particle transport in turbulent water flow and within the hyporheic zone (HZ). Simulations for
transport and infiltration of 1 um MP particles into a sandy streambed demonstrate that the advection-
dispersion equation can be used to adequately represent particle transport for pore-scale sized MP within
the HZ. To assess the applicability of the modeling framework for larger MP, the experiment was repeated
using 10 um particles. The larger particles exhibited delayed infiltration and transport behavior, and while
the model successfully represented the spatial extent of particle transport through the HZ, it was unable
to fully replicate hyporheic transit times. This study is the first to combine explicit validation against
experimental data, encompassing qualitative observations of MP concentration patterns and
guantification of fluxes. By that, it significantly contributes to our understanding of MP transport processes
in fluvial systems. The study also highlights the advantages and limitations of employing a fully integrated

modeling approach to investigate the transport and retention behavior of MP in rivers and streams.
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1 INTRODUCTION

In recent years, microplastics (MP) have been identified as a global environmental micropollutant
(Andrady, 2011; Napper and Thompson, 2020). Since the term was coined by marine researchers
(Thompson et al., 2004), research has long been focusing on marine environments (D’Avignon et al.,
2022). MP are synthetic particles with a size range from 1 pm to 5 mm (Frias and Nash, 2019). The
widespread use of plastic products has also led to an increase in plastic pollution. Abrasion during use as
well as improper disposal leads to fragmentation of larger plastic debris into smaller particles that
ubiquitously can be found in the environment (Horton and Dixon, 2018; Koelmans et al., 2014; Petersen
and Hubbart, 2021; Ahmadi et al., 2022). As the vast majority of polymers released into the environment
are not biodegradable, MP pollution is a long-lasting problem (Laforsch et al., 2021). The effects of MP
pollution on aquatic organisms (pelagic, benthic and hyporheic), specifically under environmental
conditions are still largely unknown and subject of current research (Besseling et al., 2017a; Burns and
Boxall, 2018; Windsor et al., 2019), though initial works indicate adverse effects (Choi et al., 2021,
Laforsch et al., 2021).

Pollutants, including MP, are transported from terrestrial sources via rivers and streams into marine
environments. As a major transport pathway, streams and rivers play a key role in understanding the fate
of MP in the environment (Mani et al., 2016; Meijer et al., 2021; Schmidt et al., 2017). Rivers are not only
transport corridors, but also retain considerable amounts of MP in their sediments (Castafieda et al., 2014;
Constant et al., 2021; Frei et al., 2019; Laermanns et al., 2021; Mani et al., 2019; Nizzetto et al., 2016).
However, most studies on MP transport in fluvial systems have mainly focused on identifying dominant
transport pathways from source areas to marine systems, neglecting the impact of MP pollution on the
riverine environment and small-scale transport phenomena. These coarser-scaled approaches,
frequently rely on often not well tested analogies from sediment transport in fluvial environments
(Besseling et al., 2017b; Lebreton et al., 2017; Nizzetto et al., 2016; Siegfried et al., 2017) or are
simplifying the mechanistic processes in riverine environments (Domercq et al., 2022; Drummond et al.,
2022, 2020). First laboratory studies with MP particles of approximately neutral buoyancy suggest that
these particles are conservatively transported in the surface flow similar to solutes (Cook et al., 2020;
Stride et al., 2023).

The hyporheic zone (HZ), occupying the uppermost sediment layers in a river and the interface between
the river and its adjoining aquifer is provider of many ecosystem services (Lewandowski et al., 2019). It
can be defined as comprising saturated streambed sediments with flow paths originating from and
subsequently returning to the surface water (Harvey and Bencala, 1993; Lewandowski et al.,
2019)Studies have shown high abundances of different MP particles in the HZ without specifically
investigating the associated transport and retention mechanisms leading to the observed accumulation
(Frei et al., 2019). However, a mechanistic understanding of processes resulting in the accumulation of

MP in streambed sediments is essential for understanding the impact of MP in the HZ.

The effects of pollutants on organisms are strongly linked to the exposure time (Amoatey and Baawain,



2019), which is in turn correlated with the transport time scales. Besides hazardous effects after ingestion
(von Moos et al., 2012), MP particles also can leach potentially harmful substances (Schrank et al., 2019)
and are known as vectors for pathogens (Kirstein et al., 2016; McCormick et al., 2014), further highlighting
the importance to estimate hyporheic transit times for MP. Transfer of MP from surface flow into the
hyporheic sediments and mobility within porous media needs to be studied to accurately predict hyporheic
transit times and retention quantities in fluvial systems (Drummond et al., 2020). The retention of MP in
stream networks in turn affects the transfer of MP from the terrestrial to the marine system (Besseling et
al., 2017b) and hence controls MP loadings to the sea. Laboratory studies have been performed to
specifically investigate the hydrodynamic controls on MP transport processes relevant to fluvial systems,
but results from these studies have not been extrapolated to larger scales (Hoellein et al., 2019;
Waldschlager and Schittrumpf, 2020). This gap can be closed through calibrated hydro-numerical
models, which allow extrapolation of small-scale findings to larger scales such as river reaches or entire

catchments.

Process based modeling of surface-groundwater interactions as well as hyporheic exchange is often
carried out using weakly (sequentially) coupled models: Here, the river hydrodynamics are simulated
without accounting for advective exchange of water with the HZ and where the pressure distribution along
the streambed interface is used as a boundary condition for a separate HZ model (Dudunake et al., 2020;
Ren and Zhao, 2020; Trauth et al., 2013; Xiao et al., 2022). Other studies have focused on conservative
and reactive solute transport and the resulting concentration patterns in the HZ in fully-coupled versus
weakly-coupled models (Li et al., 2020). It has been suggested to use integral modeling for a detailed
analysis of hyporheic exchange processes, which can improve the accuracy of simulation results
(Broecker et al., 2019). These integrated approaches have been used mostly for the validated
investigation of solute transport in streambeds and were a significant advance in the modeling of
hyporheic exchange processes (Broecker et al., 2019, 2018; Sobhi Gollo et al., 2021, 2022a, 2022b).
These works mostly focused on solute transport and not on particle transport and were focused more on
capturing the overall spatiotemporal distribution of a dye tracer in the hyporheic sediments, while locally

occurring concentrations could not be fully validated due to the lack of a respective dataset.

In this paper we address this gap and present a novel numerical modeling scheme based on the
OpenFOAM toolbox, which allows an integrated hydrodynamic simulation of the interactions between the
surface water and the HZ. The numerical modeling is based on data from laboratory flume experiments
where a novel tracking method was used to investigate and quantify the transfer of MP between surface
flow and streambed sediments (Boos et al., 2021). By building a digital twin model of the laboratory setup,
the results of the numerical model can be directly validated. This specific combination of integrated
modeling and a reference flume experiment with a full quantification of MP transport in the open water
and in the hyporheic sediments enables us to investigate the following research questions on MP transport

in fluvial systems with unprecedented rigor:



e Can the proposed integrated mechanistic CFD methodology adequately reproduce the transport
behavior of very small MP particles, as investigated in the accompanying laboratory experiments
qualitatively as well as quantitatively?

e Are sufficiently small MP particles transported in the HZ in a similar manner as a conservative
solute tracer?

e How does particle behavior in the flume and HZ change with increasing particle size?

e Can commonly-used concepts to simulate solute transport in porous media be adapted to account

for deviating behavior of larger particles?

2 METHODOLOGY

2.1 Model Overview

To investigate the transport mechanisms for MP particles at the streambed interface, a two-fold approach
has been developed. A numerical model was set up using the open-source C++ suite of computational
fluid dynamics (CFD) solvers OpenFOAM (Weller et al., 1998). The model was set up as a digital twin of
accompanying laboratory experiments. In the experiments MP transport was tracked in a flume and
across a model streambed interface using novel optical methods (Boos et al., 2021). The experimental

results were used to validate the numerical model.

2.2 Case Description

The flume experiments (Figure 1) were performed using sand (with a median grain size dso = 1.04 mm
and a hydraulic conductivity range of ks = 3.444 m/s) to mimic naturally occurring streambeds (Haque and
Mahmood, 1985). Prior to each experiment, the sand was carefully sculpted into rippled bedforms,
adhering to geometrical properties representative for natural bedforms. The flume was inclined by

0.003 m/m and operated with deionized water at a constant discharge of 0.27 L/s.
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Figure 1. Model setup: (A) Longitudinal section of the model setup and monitoring locations, , (B)

Detailed view of the monitoring window.



Sediments were stabilized by using plates at the up- and downstream sides of the flume (Figure 1A). A
V-notch weir located at the downstream plate was used for the quantification of flume discharge. The
experiments were carried out using fluorescent 1 pm and 10 pm polystyrene (PS, density 1050 kg/m3)

microbeads.

Prior to the MP application, deionized water was pumped through the flume and recirculated for 120 min
until a quasi-steady state (a condition where bedforms were stable and surface water flow was perceived
as quasi steady and uniform based on optical inspection) was reached. After opening the water circuit,
the MP sample was injected at the inlet of the flume in a single pulse and the MP propagation in the flume
was monitored for a total duration of 2,000 s. During the MP experiments the flume was operated in a
non-recirculating setup to allow for an accurate monitoring of the entire MP breakthrough without re-

feeding the particles back into the flume.

The experimental methods which were used in the experiments carried out for this work are described in
detail in (Boos et al.,, 2021). The MP concentration in the streambed sediments was continuously
measured for a monitoring window (Figure 1B) using a Fluorescence-Imaging-System (FIS) through the
glass sidewall of the flume (Figure 2). Fluorometers continuously monitored the MP concentrations in the
surface water at the up- and downstream ends of the experimental section. The setup was supplemented
with a 2D laser profiler to digitize the bedform geometry and continuously monitor a representative subset

of the bedform during the experiments to ensure bedform stability.

The water level was monitored continuously at six locations along the flume centerline with ultrasonic
water level sensors, mounted on top of the flume. 2D surface flow velocities in the flume (Figure 1A ) were
measured using Particle-Image-Velocimetry (PIV) (Boos et al., 2022). The velocity field was acquired at

three adjoining ripples in the monitoring window to validate the numerical model.

Table 1. Monitoring setup for the laboratory flume.

# | Parameter Instrument Monitoring Location
1 | Water Surface Elevation Ultrasonic sensors Six point measurements along the
experimental section/control volume
. 1 + .
2 | Discharge Electromagnetic flow meter Feeder pipe / Downstream end
v-Notch
3 | Bedform Geometry 2D X-Z laser profiler Complete bedform
4 | 2D (X-Z) velocity field (Ppa}:tll)cle-Image—VeIommetry Reference monitoring window
MP concentration in surface Inlet and outlet of the experimental
5 Fluorometer .
water section
MP concentration in surface Fluorescence-Imaging-System . .
6 Reference monitoring window
water and HZ (FIS)
7 | Temperature Levelogger Inlet Tank




Fluorometer
Monitoring Window

Dichroic

Mirror

Figure 2. MP monitoring setup in the hydraulic laboratory.

2.3 Turbulent Flow and Transport Modeling

2.3.1 Governing Equations

To model microplastic transport in the open water (stream) and in the sediments (HZ), an integrated
hydrodynamic model has been set up using the numerical toolbox OpenFOAM (version v2112). The
model is solved using InterFoam, a solver for the computation of two-phase flows with immiscible,
isothermal, and incompressible fluids. It solves the three-dimensional Navier-Stokes equations based on
the finite volume method. The phase interface is tracked using the volume of fluid (VoF) method (Hirt and
Nichols, 1981).

The HZ has been defined as a porous continuum with the hydraulic losses being calculated based on the
Darcy-Forchheimer equation (Equation 1). The computed losses are applied to the momentum equation

as a sink term S:
U 1
S=—<uD+¥F>U @

Where p is the dynamic viscosity of the fluid [kg/m/s], p the density of the fluid [kg/m3], D the Darcy
coefficient [1/m?], F the Forchheimer coefficient [1/m] and U the flow velocity vector [m/s]. The Darcy
coefficient D accounts for the viscous flow losses in the porous medium. In the present case, it is set to
D =4.995 107 1/m2, based on the laboratory analysis of the utilized bedform material as well as validation
runs with the numerical model. The Forchheimer coefficient F accounts for the inertial losses within the
porous medium, which are relevant in turbulent flow regimes. In the investigated case, the porous flow
regime within the HZ is generally laminar with Reynolds numbers < 10, with only singular areas within
the first 2 cm below the bed surface on the upstream ripple crest being located in the lower region of the

transitional regime with Reynolds numbers < 50 (Dybbs and Edwards, 1984). Therefore, the coefficient is



setto F=0.

Transport of MP particles is simulated using the scalarTransport function object, which solves the
advection-dispersion (ADE) equation for the non-reactive transport of a conservative solute at the end of
each time step. The use of the ADE to simulate the transport of 1 um MP particles in the hyporheic
sediments was motivated by recent evidence that MP particles in this size range show transport behavior
in groundwater similar to that of conservative solutes (Goeppert and Goldscheider, 2021). To be able to
account for possible particle retention and remobilization in the pore space due to a variety of processes,
such as physical clogging and heteroaggregation, a dimensionless advective retardation factor R has

been added to the scalar transport equation function object, resulting in the following transport equation:
0 1
E(C)+§V'(HC)—V'(DTVC)=SC 2

where C represents the scalar, U the flow velocity vector [m/s], Dc the dispersivity of the scalar [m?/s], R
the dimensionless retardation factor and Sc the source term. In accordance with our own observations
and the findings of (Broecker et al., 2021), the scalar dispersivity is set to Dc = 2x10° m?/s, accounting
for the molecular diffusivity only. By considering the particle cloud as a conservative scalar tracer, the
transport processes at the subgrid scale such as particle collision, homo- or heteroaggregation processes
are not explicitly resolved. Furthermore, this assumes a largely uniform distribution of particles in the

particle cloud. Possible influences of the particle on the surrounding flow field are not considered as well.

In natural flow over streambed ripples, complex turbulent structures can evolve at the lee side of each
ripple, which can either be directly modeled numerically with a very fine mesh or indirectly approximated
with a turbulence model (Janssen et al., 2012). For the present case, a large eddy simulation (LES) model
was utilized to resolve turbulent patterns. This model separates smaller turbulent structures and
approximates them algebraically, while larger eddies are directly solved (Ferziger et al., 2020). For the

representation of the subgrid-scale, the Smagorinsky subgrid-scale model was used.

Different commonly used and computationally less expensive methods for representing turbulence
patterns (such as k-€ or k- w SST) were tested, but resulted in less accurate flow fields, especially
regarding the representation of secondary currents as well as the flow separation and eddy zone at the
lee side of each stream ripple. As these inaccuracies lead to an underestimation of the hyporheic
exchange rate, these turbulence modeling schemes were not applied. This is also matching the findings
of (Broecker et al., 2021; Sobhi Gollo et al., 2022b).

2.3.2 Discretization

Discretization of the model domain was done using different meshing algorithms of the OpenFOAM suite.
To allow for a clear separation of the HZ from the surface flow domain, the mesh cell boundaries have to
be adapted to the bedform geometry. This is achieved by using the algorithm MoveDynamicMesh, which
deforms the hexahedral base mesh to given geometry constraints. The weir plates in the flume are

implemented using SnappyHexMesh. The developed approach ensures that the mesh is dominated by



hexahedral and split-hexahedral mesh cells, minimizing non-orthogonality (e.g. in comparison to prismatic
meshes) and allowing for an efficient and accurate representation of the geometry in the mesh. The final
computational mesh consists of 912,164 cells, of which >99% are hexahedral. Refinements are

implemented along the sediment-water-interface and to the upstream/downstream weir plates.

LES modeling has strict requirements for the mesh resolution at the mesh boundaries (Ferziger et al.,
2020). To relax these requirements, wall functions are commonly used. Instead of resolving the viscous
sublayer along the walls in the mesh, they implement the physics of the near-wall flow in empirical
equations. In the presented case, functions based on Spalding’s law (nutUSpaldingWallFunction) were

applied to the wall boundaries.

2.3.3 Boundary and Initial Conditions

Boundary conditions for key variables of the model are listed in Table 2. The inflow is realized as a fully
submerged inflow boundary. The outflow boundary is defined with a fixed water level of 0.10 m. Therefore,
the digital twin model does not require dynamic boundary conditions for the phase fraction variable
alpha.water and can be operated with fixedValue boundary conditions for the alpha.water variable at the
inlet and outlet patches. The top of the virtual flume is modeled to allow the air phase to move freely.
Along the flume walls, as well as along the weir plates at the inlet/outlet of the experimental section, noSlip
conditions are applied. The MP tracer has been injected in the model through a cell zone at the location
of the upstream fluorometer in the laboratory model. The injected particle concentration could therefore

be prescribed from the lab-measured concentrations at this point.

Table 2. Boundary Conditions for key parameters

Boundary p_rgh U alpha.water
(Pressure) (Velocity) (Phase Fraction)

Inlet fixedFluxPressure flowRatelnletVelocity fixedValue
Pressure gradient set to Uniform velocity field to match |Value is fixed, in this case
fulfill the prescribed U the prescribed flow rate water only

boundary condition

Outlet fixedValue pressurelnletOutletVelocity |fixedValue
Value is fixed to maintain an ([governed by the pressure Value is fixed, in this case
approximately constant boundary condition water only
water level over the outlet
patch
Atmosphere |totalPressure pressurelnletOutletVelocity |inletOutlet
Patch pressure described by [governed by the pressure Zero Gradient, no return
subtracting the dynamic boundary condition flow
pressure from the reference
pressure
Walls fixedFluxPressure noSlip zeroGradient
Pressure gradient set to U=0 at the wall Zero gradient condition

fulfill the prescribed U
boundary condition




3 RESULTS

3.1 Hydrodynamic Characterization of the Flow

The surface water flow field in the monitoring section showed a typical pattern for the given bedform
geometry as observed in the seminal experimental work by Elliott and Brooks (Elliott and Brooks, 1997).
At the specified discharge of 0.27 L/s, the water depth ranged between approx. 0.04 m over the ripple
crests to 0.07 m at the inter-ripple troughs. The water elevations showed a close match between the

physical and numerical models, without significant deviations (< 1 mm).

In the upper ~ 3 cm of the surface water flow, the main flow passes over the ripple crests, with a zone of
maximum velocities at and downstream of the ripple crests (Figure 3). At the lee side of each ripple, a
single eddy is forming, rotating around the Y-Axis (Figure 5). The flow shows a clear separation between
the eddy zone and the main flow zone as shown in Figure 3. The flow velocities in the centerline of the

flume approximately range from 0.08 to 0.14 m/s in the main flow and 0 to 0.08 m/s in the eddy zone.

Simulated surface flow velocities for the monitored ripple segment in general are matching the observed
ones (Figures 3, 4). Shape and magnitude of relevant features of the flow velocity field, such as the
general flow direction, peak over the ripple crest, and eddy zone in the ripple valley are accurately
represented in the digital twin (Figure 3). Simulated and observed velocity magnitudes for surface flow
are differing by only ~0.01...0.02 m/s between the PIV and CFD results. Largest differences mostly occur
within the upper flow regime, whereas the velocity magnitudes in the ripple valleys are matching closely.
Towards the air-water interface, the measured flow velocities are dropping sharply, whereas the modeled

velocity field does not show such a sharp drop (Figure 4).

The flow conditions in the flume can be characterized as narrow open channel flow, with an aspect ratio
of flow depth to channel width of ~1.25...1.5 (Jing et al., 2019). This results in pronounced secondary
currents (Nikitin et al., 2021; Yang et al., 2012), which were also represented in the CFD model and are
one of the reasons for using a 3D model. The PIV data did not feature cross-sectional velocity field
measurements as the laboratory setup only allowed PIV recordings in the XZ plane. Hence a direct

comparison of the simulated lateral flow components (Figure 3B) with experimental data was not possible.

In the hyporheic zone, the typical hyporheic flow cells as illustrated in the seminal work by (Elliott and
Brooks, 1997) develop between the ripple surfaces (Figure 5). An underflow section is forming due to the
inclination of the flume. Due to slight variations of the ripple geometries, the flow patterns slightly differ for
consecutive ripples, but the hyporheic flow field for the ripples is independent from each other, since local

infiltration patterns did not expand over more than one bedform.
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developing eddies at the ripples’ lee sides and the hyporheic flow cells with the underflow

3.2 Fully integrated simulation of open water and HZ

A key feature of this work is the integration of subsurface and surface water flow and interactions between
both flow domains into a single integrated model. Calculations of the hyporheic flow conditions are based
on the Navier-Stokes equations, with the energy losses through the porous medium being calculated
based on the Darcy-Forchheimer equation. This allowed for an accurate representation of the hyporheic
exchange processes, since hyporheic flow is not only influenced by hydrostatic pressure-differences, but
also by dynamic pressure variations over the bedform resulting from the turbulent flow regime in the
surface water (Broecker et al., 2019). Furthermore, the permeable streambed allowed for bidirectional
exchange flows across the open-water-sediment interface, which fed back into the flow processes in the
surface water. To illustrate this interrelationship, we showcase results from a simulation with an
impermeable streambed in comparison to our fully integrated simulation in Figure 6. The velocity fields
are distinctly different (Figure 6A1 and Figure 6A2). In particular, the shape, size, and magnitude of the
eddies on the lee side of each ripple are significantly different, as backward-facing eddies are only forming

when the HZ is included in the simulations. This also results in slightly different water levels in the model.



Due to these differences, the pressure field differs between a fully integrated and a quasi-non-coupled
computation, as shown in Figure 6B. The plot shows the pressure difference without the hydrostatic
component (p_rgh) between the cases with and without coupled HZ at the interface between surface
water and HZ. As indicated by the velocity fields, the pressure differences in the ripple valleys are
significant, which is caused by lack of pronounced eddy formation in the quasi non-coupled case.
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3.3 Transport of 1 um MP Particles

A qualitative, visual assessment of the MP infiltration into the streambed sediments showed that the
complex flow patterns in the open water resulting from the narrow flume setup lead to asymmetries in
particle infiltration into the HZ. These asymmetries were observed between the left and right sides of the
flume, as shown also in Figure Sl4. Therefore, the following comparisons between the laboratory
experiment and the digital twin were carried out at the left wall of the flume, as the optical measurements
of MP concentrations are taken through the left sidewall of the flume and hence reflect concentrations on

that side of the flume.

The simulated and observed MP propagation through the streambed sediments in the monitoring window
are compared in Figure 7. It is shown that the MP particles followed the hyporheic flow paths (Figure 5)
and propagated according to the velocity field in the HZ. This led to a sickle-shaped infiltration front, which
propagated through each ripple, with the majority of the MP patrticles exiting the ripple surface in the lower
third of the lee side. Infiltration of MP took place preferentially on the upstream and downstream faces of
each ripple, with an infiltration zone on the lower half of the upstream face and the main exfiltration zone
on the lower third of the downstream face. Due to small variations in the ripple shapes, in- and exfiltration
areas varied slightly in their location and spatial extent for each ripple sequence. Due to the flow
separation between individual hyporheic flow cells (Figure 5), flow in one cell did not directly influence
flows in the downstream cells. The MP front itself appeared more spatially defined in the CFD results than

in the FIS dataset, specifically during the initial 800 s of the experiment.

The blanked areas visible in Figure 7 result from limitations in the optical measuring approach and
inaccuracies in the conversion of the fluorescent intensity recordings to MP concentrations. In the
postprocessing of the FIS data, we blanked areas where the recorded concentrations were outside of the
observed local concentration range of 0...1500 mg/m3. Furthermore, around the bedform interface,
implausibly large MP concentrations occur before t=500s. These are attributed to a mismatch of the
calibration slopes for surface and subsurface area in the transition zone around the bedform interface and

subsequently blanked as well.

The comparison of the hyporheic MP-concentration patterns between the flume experiment and the digital
twin model generally shows a close match. The propagation speed of the infiltration front through the HZ
as well as its shape are fairly well matched by the model as illustrated in Figure 7. In the simulations the
early MP concentrations in the surface water (at 400 s in Figure 7) were slightly elevated in the ripple
valleys, while the FIS recorded a more uniform MP concentration field. A comparison of the infiltration
patterns in Figure 7 also suggests that the application of a retardation factor is not required to model the
propagation of the 1 um MP particles. It was therefore set to R=1 (equivalent to no retardation) for the

modeling of 1 um MP particle transport.
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To quantitatively assess the propagation speed of the concentration front through the streambed ripple,
the concentration over a vertical section at x=3.77 m was extracted from the physical and numerical
models (Figure 1B slice sampling bar). To compare the propagation speed, the time when the peak
concentration passed through the section at different depths is analyzed in Figure 8. Additionally, for each
sampling point the interval of presence of the respective highest 5% of the measured MP concentrations
is shown. With an average relative error of 13.1% in the surface water section and 5.3% in the streambed,
the exact peak arrival times are predicted satisfactorily by the model. Additionally, the interval, where the
largest 5% of the MP concentration passes over the monitoring points has been extracted and shown in
the figure. The comparison shows a close match of these intervals between the two datasets, as they
coincide for all sampled points. When comparing the mean time of these intervals, the relative error within
the surface water section is reduced to 8.3% in the surface water and to 4.7% in the HZ. These intervals
furthermore highlight the previously mentioned spatial variability of the infiltration fronts within the porous
medium. While the CFD results show a monotonically increasing interval length with depth, the interval

width of the lab-measured data is overall increasing with depth, but not monotonically.

Due to the overexposure of the FIS data for the HZ in the boundary layer (blanked areas in Figure 7), the
propagation curves had to be reconstructed partially through curve fitting. The parameters are given in

the supplementary material S2.
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Figure 8. Arrival time of peak concentration at the slice sampling bar below the ripple crest at x =
3.77 m. The interval markers depict the times where 95% of the respective maximum

concentration is reached at the respective sampling point.

The quantitative assessment of the MP transport is carried out via comparison between the simulated
and observed MP breakthroughs at the up- and downstream ends of the flume as well as within the
monitoring window. The concentration peak passes through the experimental section within 75 s. Figure

9 indicates the breakthrough curves resulting from the inflow and outflow concentrations in the



experimental section for the initial 750 s of the experiment. As the in- and outflow concentrations reach
the lower quantification limit of the fluorometers (0.36 mg/m?3) at around 700 s and 750 s respectively, the
mass balance cannot be fully closed based on the fluorometer data. The dataset extracted from the digital
twin model is matching the fluorometer data from the laboratory experiment. As the upstream fluorometer
serves as the inflow boundary condition for the MP particles in the CFD model, both time series are
identical (Figure 9A). The injection starts at t = 40 s. 50 % of the mass is injected before t=144s, and 99
% by t = 430 s. The downstream fluorometer model results correlate closely with the laboratory
measurements at a determination coefficient of R2 = 0.9943 and show a normalized root mean square
error (NRMSE) of 0.0148. In regard to the passed mass (i.e. the curve integral of the display concentration
curve), 50% of the injected MP mass passed within 199s and 200s for laboratory and model respectively.
90 % of the particle mass passed through the experimental section after 384 s and 367 s respectively.
Upon reaching the quantification limit of the lab fluorometers at 750 s, 95.11 % of the injected particles

exited the laboratory model, while 98.67 % have been discharged in the CFD model.

With the CFD model, the mass fraction of MP patrticles in the streambed sediment and surface water
compartments can be tracked separately as well as globally without relying only on the in- and outflow
measurements. After 504 s, the total particle mass present in the streambed sediments surpassed the
one in the surface water compartment. At this point, the fluorometer data indicates that 96.9 % of the MP
particles have passed through the laboratory flume, compared to 96.6% obtained from the CFD results
data indicates that 96.6 % of the particles have been transported through the digital twin (Figure 9A). Both
results indicate that the majority of the particles are transported through the surface water section of the
flume. The injection of MP into the model stops at 529 s. With the aforementioned passing time of 75 s,

the presence of MP in the surface water after 604 s must predominantly result from releases from the HZ.

Apart from the global quantifications, MP infiltration can be analyzed numerically within the monitoring
window. The laboratory measurement of the MP concentration in the HZ is taken through the sidewall of
the flume, resulting in the monitoring of a quasi-2D plane due to the opacity of the sediment. For the
surface water section, the FIS is also detecting the concentrations behind the HZ monitoring plane, as the
water is not blocking the fluorescent signal from the particles. The CFD-equivalent for the surface water
section is therefore the average over the complete flume width rather than only the 2D section at the outer

wall.

To analyze the MP quantities in the surface flow and the HZ, the monitoring window is reduced to the
guantification plane (Figure 1B), which comprises a single ripple without fringe areas, minimizing the areas
of lower data quality along the outer edges of the monitoring window (Figure 1). On the quantification
plane, the average concentration of MP is calculated for the surface water and HZ over time as shown in
Figure 9B. The modeled distribution shows a good match to the laboratory measurements, with a
coefficient of determination R2 = 0.9912. The peak is slightly over-predicted with a relative error of 5.9 %,
while the overall NRMSE is at 0.0213.

The data shows that the average concentration in the surface and subsurface are matching between



laboratory and CFD, with the CFD model resulting in slightly reduced (< 20 mg/m?) concentrations in the
decay period of the subsurface MP concentration. After 550 s runtime, the concentrations in laboratory

and CFD model are closely matching.
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Figure 9. Volumetric MP transport validation in the model: (A) Upstream and downstream MP
concentration measurements in the surface flow (B) Average of MP concentration in the
quantification plane (dotted line shows extrapolated data) (C) Distribution of MP particles
between surface water and HZ (from CFD) (D) Temporal distribution of MP in the model (from
CFD)



3.4 Transport of 10 um MP Particles

Due to physical limitations of the sensor equipment, laboratory comparison data for the 10 um experiment
is only available within the monitoring window. As the physical particle size is close to the size of a sensor
pixel, the recording of the quantities is not as reliable as for smaller particles and results in noisier

datasets. Despite these limitations, the data can be compared to the simulation data.

While the infiltration patterns as well as the transport flow paths through the HZ are controlled by the
hyporheic flow cells as in the case of the smaller 1 um particles, the propagation speed of the
concentration front (the “sickle”) is reduced in comparison to the experiment with 1 um particles. This is
not only noticeable in the qualitative comparison (Figure 10), but also in the comparison of the peak transit
times (Figure 11). As the retarded transport is evident, the retardation factor introduced in Equation 2 has
been utilized in an attempt to account for this. The retardation factor is used in the transport equation of

the HZ only, so that the surface water transport is not retarded.

Comparison of the experimental and simulated peak transit times for 10 um particles reveals that the use
of a single retardation factor can improve model fit either for the upper or the lower segments of the HZ,
but not for both at the same time. This indicates that retardation is not steady and increases with flow path
length and time. The quantification in the reference plane also reveals that the model overestimates the
magnitude of particle infiltration into the HZ for all retardation options (Figure 12), but replicates the patrticle

behavior in the surface water compartment closely.
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Figure 10. Comparison of infiltration pattern at t = 400 s. Experimental data (A) and simulated
patterns for different retardation factors: 5 (B), 4 (C), 2 (D), 1.25 (E).
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4  DISCUSSION

4.1 Hydraulic Conditions

The hydraulic conditions in the flume were adequately represented in the CFD model lending credibility
to the chosen model setup. The general features of the flow field, as well as the velocity magnitudes
computed in the model matched the PIV records closely. Specifically flow conditions close to the
streambed interface, where infiltration into the sediment bed occurred, the model provided accurate
results. Towards the air-water interface, the model results deviated by up to 0.07 m/s, as the lab-recorded
velocity dropped significantly towards the interface. This can be explained by deficiencies of the PIV
records towards the surface. The simulation results indicated significant secondary flow in the narrow
channel, which was expected given the channel geometry and low water depth. Due to the complex
hydraulics of narrow flumes as well as the pronounced ripple structure, high-order turbulence modeling,
e.g., using LES, is required to compute the flow conditions in the flume with a sufficient level of detail.
Test runs with RANS models also resulted in reduced hyporheic exchange rates, leading to MP
concentrations and MP distributions in the HZ that differed significantly from the laboratory results. This
suggests that for flume channels, which are commonly narrow relative to the flow depth the hyporheic
flow and transport problem might not be adequately approximated with a 2D model and the modeling

strategy should be selected with care.

It could be shown that the fully integrated simulation is significantly increasing the accuracy of the
modeling results in the present case. The lack of eddy formation in the ripple valleys leads to inaccurate
pressure values on the streambed interface in the simulated non-coupled test case with no hyporheic
zone. This would result in inaccurate estimates of the hyporheic exchange flux in a weakly (consecutively)
coupled model, which would use the independently simulated pressure field over the streambed as the
coupling boundary condition for the hyporheic flow model. These differences will be specifically relevant
in cases with pronounced bedform structures, where the surface water flow field is strongly influenced by
the shape of the ripples and the influence of the underlying bedform on the overall flow field is significant
(Zhou and Endreny, 2013).

This is also in line with the findings presented in (Sobhi Gollo et al., 2022b). In this comparative study, a
rippled streambed has been modeled using an integrated and a coupled approach. Their investigated
case features a slightly different and more conductive streambed geometry and larger flow velocities than
in our case. Furthermore, the set of equations used to compute the hydraulic losses in the porous medium
differs. The reported qualitative pressure differences over the ripple, with larger differences over the ripple
crest and a decline in the valley, as well as the differences in the velocity magnitude are in general
agreement with our findings. This is further highlighting the importance of integrated modeling approaches
for the investigation of rippled streambeds.

The computation of the flow conditions in the HZ relies on a Darcy-based loss term. The Darcy equation

is valid in groundwater flows for laminar flow conditions only, which are present at Reynolds numbers of



up to 300 (Dybbs and Edwards, 1984). In the presented study, Reynolds numbers in the sediments did
not exceed the value of 50, placing the flow problem in a laminar flow regime and the Darcy loss term has
shown to produce an accurate flow field. If coarser sediments were to be used, which may facilitate more
prominent non-laminar flows in the uppermost sediment layers, additional validation experiments would
be needed to confirm the applicability of the utilized equations, or to calibrate additional Forchheimer or

other loss coefficients as for example presented in (Broecker et al., 2019).

4.2 MP Particle Transport

Simulation results indicate that the transport of the 1 pum MP particles in a sandy HZ can reasonably be
modeled using the advection-dispersion equation in a fully integrated hydrodynamic model (i.e. flow in the
open water and sediments is solved with one set of equations simultaneously) that accurately accounts
for the hydrodynamic feedbacks and exchange flows between the open water and hyporheic domains.
The model could adequately reproduce the shape and temporal evolution of the particle concentration
fronts in the HZ (Figure 7) and the experimental breakthrough curves for 1 pm MP particles in the open
water and in the sediment were matched very well (Figure 9). The trajectory of the particle peak
concentrations with depth in the HZ could also be captured well (Figure 8). Due to the limitations of the
MP detection in the laboratory, the concentration fields obtained from the CFD simulations are more
refined, showing a more sharply defined spatial extent than the results obtained from the laboratory
(Figure 8). The quantitative comparison of the results shows nonetheless that the model is accurately
predicting the transport quantities and locations (Figure 9). The deviations between observed and
simulated MP concentrations in the HZ between 400-500 s, as shown in Figure 9B fall within the period
where the MP transport is still predominantly located within the surface water compartment and are related
to large areas in the detection window with non-plausible concentrations, which were present in the FIS
records during this period. However, the overall MP outflow record at the downstream end of the
experimental stretch was closely matched by the model, indicating that the temporary deviation between

experiment and model can be attributed to detection artefacts.

It cannot be ruled out that in the experiment single particles were trapped in the pore spaces and bound
to the surrounding mineral particles, e.g. by electrochemical bonds (Lu et al., 2021). Also, physical
retention of individual particles in the pore space is theoretically possible, but our observed and simulated
breakthrough curves suggest that there is no significant retention of the 1 um particles in the sediments
and that they appear to move through the HZ more or less uninhibited like a non-adsorbing, conservative
solute. As single particles of 1 um size are not detectable in the sediments with the utilized online
methods, we could not further corroborate this statement experimentally. However, this finding is backed
by the results reported in (Goeppert and Goldscheider, 2021), who showed similar, unretarded transport

of small, similar size MP particles (1, 2 and 5 pm) in a sandy alluvial aquifer.

In contrast, for larger particles, our results suggest that retention processes will play a more crucial role.
We attribute the delayed transport of the 10 um particles through the HZ to temporary retention of the
particles in the sediments as they, due to their size, cannot move as smoothly through the pore spaces

as the 1 pm particles. As shown in Figure 12, the infiltration quantity of 10 um compared to the 1 pm



particles is reduced, with the concentration in the HZ being approximately halved. This also highlights the

requirement of a differentiated treatment of the different MP size ranges in transport modeling.

The comparison case with 10 um MP particles reveals the limitations of the presented approach for larger
MP particles. While the surface water transport is modeled accurately, the infiltration into the HZ is
overestimated, particularly during the later phase of the experiment, and the general transport pattern is
not matched accurately (Figure 12). The particle propagation within the HZ is furthermore delayed (Figure
10, 11). Our analyses showed that the retardation factor required to compensate for the mismatch
between laboratory observation and modeling results is increasing with depth, suggesting that the
particles are getting increasingly retarded with growing flow path length. This transport behavior with non-
steady retardation cannot easily be implemented in the Eulerian approach used here and may require the
use of an adapted Lagrangian particle tracking approach. Furthermore, the presented experimental
approach needs to be refined to deliver accurate validation data for more complex numerical setups, e.qg.

by employing optical particle tracking within the FIS.

4.3 Limitations and future challenges

As (Dong et al., 2022) have shown, the transport behavior of MP particles in partly and fully saturated
porous media also depends on the polymer type and the biogeochemical conditions of the surrounding
medium. Such effects could not be fully addressed in this study. To test a broader, more general
applicability of our modeling approach, additional experiments with different particles and under different
biogeochemical regimes in the sediments need to be carried out. However, the market availability of
suitable particles is a limiting factor for the laboratory work, as only a relatively small range of polymer

types and particle shapes is available with the required fluorescent properties.

Given experimental limitations, studies usually work with high non-realistic MP concentrations, which are
significantly higher compared to what is usually observed in streams. To what degree this affects the

transfer of experimental results to natural systems remains to be tested in future work.

Using opaque sediment, the MP concentrations can only be monitored along the glass interface of the
flume, if the hyporheic continuum should not be disturbed. To our knowledge, there are also no suitable
methods to continuously monitor MP concentrations within 2D sections in sediment bodies. Hence, only
singular measurements after the experimental runs could be taken either by extracting sediment cores
and analyzing them manually or by using more involved non-destructive methods (Totzke et al., 2021).
This approach will, however, not yield information on the infiltration dynamics and is therefore not suited
to improve our mechanistic understanding of MP transport. This leads to uncertainties regarding MP
transport in the HZ away from the flume wall. However, the accurate representation of the hydraulic
conditions in the flume and of the transport in the surface water and in the sediment along the sidewalls
in the 3D digital twin model, suggest that the concentrations simulated in the digital twin are in fact a good

representation of the actual transport of MP particles in the laboratory flume experiment.

Our results show that the transport and infiltration behavior of particles of 1 um and 10 pm varies within



the same sediment type. We hypothesized that the behavior is dependent on the relation between pore
and particle size, but additional experimental investigations are needed to further corroborate this.
Furthermore, the effects of different biogeochemical regimes in sediments on particle transport within the

HZ are not considered in our study and should be addressed in future work.

Long-term retention cannot be adequately analyzed with the modeling approach or the laboratory setup.
The spatial averaging method employed for the laboratory data does not allow detecting single particles
within the sediments. Therefore, the retention by processes such as heteroaggregation of MP with mineral
particles, or physical retention in the pore space, e.g. by size-exclusion, cannot be detected and therefore
also not be reliably implemented in the used numerical model at this stage. Here pore-scale models would
be needed.



4.4 Specific utility of the digital twin model

In the previous paragraph we discussed some of the limitations of the experimental design with regard to
a seamless detection of MP concentrations throughout the flume system. The calibrated digital twin model
of the flume experiment can overcome some of the limitations of the laboratory experiment, at least for
the small particles. The successful calibration of the model to the hydraulics in the flume as well as to the
propagation of MP concentration fronts at the sidewalls of the flume, lends credibility to the consistency
of the model in terms of an accurate representation of the true 3D flows in the HZ in the flume. While in
the flume experiment hyporheic MP concentrations can only be measured and monitored through the
sidewall of the flume, i.e. at the outer boundary of the flow field, the numerical approach allows the user
to look inside the porous continuum and investigate the flow and transport patterns in all three dimensions.
Furthermore, the numerical model resolves the flow over the entire domain, so that the analyses are not
limited to a fixed monitoring window resulting from limited viewing angles of monitoring equipment. All
physical parameters can be directly derived from the CFD output data, while in the laboratory flume, each
parameter (set) requires specific instrumentation. Physical limitations, such as the size of the laboratory,
the limited ability to recirculate particle-laden flows or detection limits can be overcome with the numerical
model. Also, the implementation of scenarios is easily facilitated with a hnumerical model, as materials and
geometries can be changed efficiently digitally and different virtual particles would not require different
monitoring setups as long as they generally adhere to the same general transport mechanisms identified

for the original particles.

However, to produce reliable results, a numerical model has to be validated, which is usually done through
laboratory experiments. Hydraulic conditions can be reliably predicted by standalone numerical models,
as they have been studied extensively. In the relatively new and evolving field of MP transport in fluvial
systems, however, the governing transport processes are still poorly understood and subject to current
research. Therefore, reliable transport modeling of MP in fluvial systems needs to be backed up by
physical studies confirming the applied transport models. In any case, an integral numerical model can
be used to explore hydraulic effects for a given flume or field site geometry to inform an appropriate study

design.

As the online particle detection is currently limited to a quasi-2D section at the flume wall, the overall width
of the flume is not relevant for the laboratory measurements beyond the general hydraulic conditions. The
narrow flume also is reducing the amount of MP particles required to generate detectable MP
concentrations in the monitoring window. To this end, the narrow flume presents an efficient way of

carrying out the validation experiments for the digital twin.

In comparison, more conceptual, stochastic approaches, such as the model utilized in (Drummond et al.,
2020), can usually represent mass balances well at larger scales. However, local effects, such as more
complex hydrodynamic conditions or specific infiltration behavior of differently sized particles can only
indirectly be implemented in those more aggregated approaches. The presented integral, mechanistic
modeling approach in turn allows us to analyze the spatiotemporal transport behavior in more detail, which

could inform parameterizations in simpler models. It is thus complementing the conceptual modeling



approaches towards the smaller scales, which provides additional insights, e.g. with respect to the
spatiotemporal particle distributions or transit times. This is required not only for a deeper mechanistic
understanding of MP pollution in fluvial systems, but can also provide feedback to the larger-scale

approaches to improve the overall modeling accuracy.



S5 SUMMARY AND CONCLUSIONS

In this study we could show that the investigated 1 um MP particles are transported through the hyporheic
zone like a solute tracer. Our simulations indicate that the majority (96.6%) of the MP particle pulse is
transported in the surface water section and only a very small fraction (3.4%) infiltrates into the HZ. Within
the HZ the concentration peak of the 1 um particles is following the advective transport of the water as it
has been shown for solute transport in the HZ (Broecker et al., 2021). For larger particles, such as the
investigated 10 um PS particles, the physical and numerical investigations show that particle transport is
delayed in comparison to the 1 pm particles. We attributed this to additional physicochemical processes,
which cannot be mechanistically elucidated with the experimental and modeling setups in this study.
Instead we proposed and tested an effective description using a constant retardation factor as commonly
used to describe retardation of solutes undergoing adsorption and desorption. While a constant
retardation factor could not account for the delays of the particle breakthroughs at all depths, formulations
with a time-variant retardation factor, which increases with flow path length, are theoretically conceivable,

but would require a Lagrangian modeling approach.

In a conceptual modeling study (Drummond et al., 2020) concluded that MP particles, ranging in size from
1 - 100 pum, are advectively transported through the HZ with around half of the particles being retained
temporarily. Our findings suggest that the transport of larger particles (10 pum) through the HZ is retarded
indicating a temporary retention. While the investigated 1 pm particles appear to be transported in the
investigated system like a conservative, non-adsorbing, solute tracer, retardation effects are detected for
the larger particles. Using a constant retardation factor the match between observed and modeled
breakthrough of the concentration peak at different depth could be improved, but not at the same rate
over the entire depth range. For a good match at shallower depth retardation at deeper depth was
underestimated while a good match at deeper depth was accompanied with an overestimation of
retardation at shallow depth. This suggests that retardation may increase with flow path length, illustrating
that further investigations are required to improve our mechanistic understanding of the dominant
transport processes for MP particles within the size range of 1 — 100 pm in the pore space of hyporheic
sediments. As our study is closely focusing on small-scale effects in the transport of MP particles in the
HZ, the differences in transport behavior between seemingly similar MP particles will be more apparent
(and relevant), than in coarser, larger-scale models, which represent a diverse particle mixture with a wide
variability of size, density and polymer types as a particle distribution. The modeling approach proposed
here, which uses scalar transport equations to model MP transport in the HZ might therefore be a viable
and practical complement to the simpler, coarser models, to simulate spatial infiltration patterns, as

successfully demonstrated in this study.

The application of a fully integrated digital twin model revealed the peculiarities of the laboratory flume
experiment and could further provide new insights into potential limitations of commonly used coupled,
numerical modeling approaches. The results show that both the narrow laboratory flume as well as the

CFD model produce valid results for MP transport investigations in and into the HZ, but effects such as



secondary currents or hydraulic feedbacks from the HZ to the surface water have to be individually

assessed and considered.

To our knowledge, the presented approach for mechanistic modeling of integral open-water and hyporheic
flow and transport of MP is the first to be explicitly validated against experimental (flume) data not only in
terms of qualitative observations of concentration patterns, but also in terms of the quantification of fluxes.
The very good agreement between the model and the observational data suggests that the hydraulic
conditions and the transport behavior for 1 pum MP particles are accurately replicated by the model. This
makes the presented modeling approach not only amenable to analyses of small MP particle transport in
the HZ, but with additional validation also to other research questions involving hyporheic exchange flows
and transport processes. Our results further suggest that the retardation of larger 10 um particles could
be accounted for using a dynamic retardation factor. Additional processes acting on even larger particles,
causing further retardation or even permanent retention in the sediments, need to be investigated in future

pore-scale studies.
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