
1.  Introduction
Plastic production has continuously increased over the last decades (PlasticsEurope,  2022). After usage, the 
majority of plastic waste is not properly managed (Lebreton & Andrady, 2019) and plastic pollution in the envi-
ronment is now a global concern (Persson et al., 2022). Microplastics (MPs), small polymer compounds smaller 
than 5 mm (Frias & Nash, 2019) have been ubiquitously detected in marine (Gola et al., 2021), limnic (Yang 
et  al.,  2022) and riverine environments (Eerkes-Medrano et  al.,  2015). MPs can be incorporated by aquatic 
biota (Scherer et al., 2018) and trigger adverse effects on the organism (Brehm et al., 2022). Following bioac-
cumulation in higher trophic levels (Bhatt & Chauhan, 2023), MPs are reported to threaten aquatic ecosystems 
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(Anbumani & Kakkar, 2018), which makes it crucial to understand the transport mechanisms governing the fate 
of MPs in fluvial systems (Horton & Dixon, 2018).

Traditionally, rivers and streams were treated as pure transport vectors, where MPs are transported to the oceans 
and eventually buried in deep sea sediments (Kumar, Sharma, Manna, & Jain, 2021; Meijer et al., 2021; Woodall 
et al., 2014). In recent literature, fluvial systems are also discussed as potential accumulation areas for MPs (van 
Emmerik et  al.,  2022), which can be retained by instream vegetation (Shi et  al.,  2022), on floodplains (Rolf 
et al., 2022), river banks (Liong et al., 2021) and in streambed sediments (Frei et al., 2019; Yang et al., 2021). 
MPs in rivers and streams are subject to a variety of transport processes (Kumar, Sharma, Verma et al., 2021) and 
exhibit unique transport characteristics (Waldschläger & Schüttrumpf, 2019) and transport modes compared to 
natural particles such as mineral sediments (Valero et al., 2022). Flow conditions (Haberstroh et al., 2020), chan-
nel characteristics (Mostefaoui et al., 2022) and particle properties (Ahmadi et al., 2022; Elagami et al., 2022) are 
the major controls for the hydrodynamic transport behavior of MPs in fluvial systems. Surface flow velocity has 
a direct effect on the abundance of MPs in streambed sediments (Eibes & Gabel, 2022): Low flow velocities, such 
as found in pool structures or near river banks, facilitate gravitational settling, and can lead to a temporal accu-
mulation of MPs in streambed sediments (Hübner et al., 2020) which can be reversed during flooding (Ockelford 
et al., 2020).

The mechanisms controlling the transfer of MPs between the surface flow domain and the streambed sediments, 
as well as the factors influencing their mobility within porous media, remain only poorly understood. Similar to 
solutes, the transport of (sub-) pore-scale MPs into streambed sediments can be driven by hyporheic exchange 
(Boos et  al.,  2021; Frei et  al.,  2019). Instead of being transported conservatively through bedform structures 
and being released back into the stream (Brunke, 1999), MPs were found to infiltrate into shallow layers of the 
hyporheic zone, where they can be temporally or permanently immobilized (Harvey et al., 2012). Simulations 
from headwater streams suggest that characteristic MPs residence times within streambed sediments can vary 
across different temporal scales, ranging from a few hours to several years (Drummond et  al.,  2022). Lower 
density MPs exhibited highest mobility within streambed sediments (He et al., 2021). In column experiments, 
retention of MPs was found to be strongly affected by sediment properties such as type and content of clay 
minerals (Lu, Gilfedder, Peng, Niu, & Frei, 2021), the presence of iron-oxides as well as pore water chemistry 
(Lu, Gilfedder, Peng, Peiffer et al., 2021). Retention mechanisms in porous media are primarily dependent on 
particle size, where larger particles (>30 μm) are prone to mechanical straining within the pore space and where 
the mobility of smaller particles (≈1 μm) is affected by heteroaggregation with sediments (Herzig et al., 1970). 
In the range of 3–30 μm, particles exhibit a high mobility within the porous media due to little mechanical strain-
ing and aggregation. For larger MPs (>100 μm) column experiments have shown that the infiltration depth into 
coarse sediments primarily depends on the particle/sediment grain size ratio D = dMP dSediment −1 (Waldschläger 
& Schüttrumpf, 2020). To deepen our understanding of the transport behavior of MPs in streambed sediments 
further research beyond the limitations of simplified one-dimensional column experiments is necessary. It is 
necessary to consider more realistic hydrodynamic conditions as well as different MPs properties (e.g., size, 
density, shape and surface properties) and sediment characteristics (e.g., grain size distribution, permeability and 
mineral composition) (Waldschläger et al., 2022).

Recently, a quantitative method was developed for the spatiotemporal analysis of transport mechanisms of MPs 
in an experimental flume environment (Boos et al., 2021). Experiments have shown that (sub-) pore scale MPs 
are advectively transferred into streambed sediments through infiltrating stream water along defined flow paths, 
supporting the hypothesis that hyporheic exchange is a significant mechanism for the transfer of small MPs into 
streambed sediments (Boos et al., 2021). In these experiments, propagation of 1 μm polystyrene beads through 
the streambed resembled a pattern commonly encountered for solutes (Elliott & Brooks, 1997; Thibodeaux & 
Boyle, 1987): Particles infiltrated at the upstream stoss side of ripple structures, propagated through the sediment 
following the hydraulic head gradient and were released at the downstream lee side. Although the experimental 
setup was limited to a specific combination of MPs (1 μm polystyrene beads), sediment types (mean diameter 
1 mm) and hydrodynamic forcing (mean velocity 0.17 m s −1) important insights into the complex behavior of 
MPs in fluvial systems were gained.

Building on previous work by Boos et al. (2021), we utilized quantitative methods to further explore the trans-
port behavior of MPs in the surface water, at the streambed interface and within streambed sediments. The 
objective of this study is to investigate the influence of particle size (1–10 μm) on the infiltration dynamics and 
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penetration depths of MPs in different streambed sediments (fine/coarse sand) under varying hydrodynamic 
conditions (low/high flow). For this purpose, we performed a set of experiments using fluorescent MPs in an 
experimental flume environment in combination with sediments to represent typical rippled bedform structures 
found in fluvial systems. The experiments provided quantitative data that was used to estimate particle retarda-
tion capacities in streambed sediments as well as spatially distributed information about the particle mobility in 
rippled bedform  structures. Computational Fluid Dynamics (CFD) simulations were used for the characterization 
of the hydrodynamic forcing at the streambed interface that controls hyporheic exchange and to better understand 
the flow conditions in the streambed sediments.

2.  Materials and Methods
2.1.  Flume Setup and Hydrodynamic Measurements

Transport experiments were carried out in an open-circuit flume (5 ∙ 0.086 ∙ 0.30 m, HM 160, G.U.N.T. GmbH), 
with an elevation gradient of 3 mm/m (Figure 1). The discharge in the flume (1–2 m 3 hr −1) was continuously 
monitored using an electromagnetic flowmeter (flowTRANS MAG S01, Jumo GmbH) and resulted in surface 
flow velocities of approximately 0.07–0.11 m s −1. The flume was operated using deionized water to avoid MPs 
aggregation. Water temperature was monitored using a temperature logger (Model 3001, Solinst Canada Ltd). A 
study domain within the flume was defined using a weir plate at x = 2.40 m distance from the flume inlet and a 
V-notch weir at x = 4.90 m, both were 15 cm high. An additional weir plate was positioned at the inlet (x = 0 m) 
to provide a homogeneous inflow.

Within the study domain, the streambed was manually formed from unimodal sands of two different types for the 
different experiments, characterized by a mean diameter of 1.0 mm (coarse) and 0.4 mm (fine). The streambed 
consisted of a series of 9 consecutive ripple structures, closely resembling a geometry commonly found in natural 
streams (Haque & Mahmood, 1985), with a height of 2.8 cm and a length of 20 cm of which 58% corresponded 
to the stoss side. The bedform morphology was measured along a 50 cm transect (including multiple ripple struc-
tures) using a 2D laser profile sensor (MLSL226, wenglor sensoric GmbH), which allowed us to monitor bedform 
stability during the experiments (Figure S1 in Supporting Information S1). After the experiment, the entire stre-
ambed elevation profile in the flume was measured using the laser profiler (measurement resolution of 4 mm −1).

The water surface elevation was measured using 6 ultrasonic sensors (UFP 200, WayCon GmbH), providing 
information on the local water surface slope and an estimate of the discharge from the weir head, using Thompson 

Figure 1.  Schematics of the experimental flume setup: Tracking of Microplastics in the surface water (fluorometers) and 
within the streambed sediments Fluorescence-Imaging-System (FIS), and hydrodynamic measurements with Particle-Image-
Velocimetry (PIV), complemented by water level measurements with ultrasonic sensors and bedform elevation measurement 
with a laser profiler. Note that FIS and PIV were consecutively applied at the same bedform. Modified after Boos 
et al. (2021).

 19447973, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035532 by W

ageningen U
niversity A

nd R
esearch Facilitair B

edrijf, W
iley O

nline L
ibrary on [29/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

BOOS ET AL.

10.1029/2023WR035532

4 of 16

overflow coefficients. The 2D surface flow velocities along the longitudinal 
and vertical axis (x-z-plane) were measured using Particle-Image-Velocime-
try (PIV). An LED sheet (λ ≈ 520 nm, LPS3, iLA_5150 GmbH) illuminated 
a flow section along the flume centerline and images were acquired with a 
CMOS camera (UI3370, iDS Imaging GmbH), mounted on an optical rail. 
The flow field was measured over a selected bedform, between x = 3.65 m 
and x = 3.85 m, as well as its two adjacent ripples. 9 individual PIV meas-
urements were merged, each using time averages of 1000 frames acquired at 
40 Hz with a spatial resolution of 136 μm/pixel.

2.2.  Experimental Procedure

Five different experiments were carried out to investigate the influence of 
(a) particle sizes (1, 3 and 10 μm beads), (b) sediment types (fine and coarse 
sand), and (c) hydrodynamic flow conditions (low/high flow) on the parti-
cle infiltration patterns and dynamics (characteristics of the experiments are 
provided in Table 1). The experiment using 1 μm particles, low flow condi-

tions and coarse sediment was used as a reference case. Prior to all experiments, the measurement systems were 
calibrated, and the flume including the sediments were cleaned with deionized water to remove any residual MPs 
from previous work. A rippled streambed was formed and before the experiments started, the flume was run in a 
closed circuit for 2 h, and until optical inspection assured bedform stability. For the experiments, the water circuit 
was opened, and a concentrated MPs suspension was injected as a pulse into the surface flow at the inlet of the 
flume. Experiments were terminated after 30 min, after which concentrations in the outflow were below the 
detection limit, and optical inspection suggested no major change in MPs abundances in the monitored bedform. 
The input mass of MPs was chosen based on the particle size, flume discharge, and logistical constraints, to 
achieve ideal conditions to record the concentrations in the experiments. Importantly, the differences in initial 
masses are highly unlikely to significantly impact transport processes in both the surface water and the streambed. 
This is due to the fact that (a) the MPs were coated with a surfactant to prevent homoaggregation and (b) the 
overall mass of applied MPs (approximately 50 mg) is orders of magnitude lower than the sediment mass within 
the flume (approximately 50 kg), effectively ruling out any substantial streambed clogging processes.

2.3.  Microplastic Detection and Quantification

The experiments were carried out with polystyrene microbeads with diameters of 1, 3 and 10 μm and a density 
of 1050  kg  m −3 (Fluoresbrite® Plain YG Microspheres, PolySciences Inc.). The particles were internally 
coated with a fluorophore characterized by a maximum excitation and emission wavelength of 441 and 486 nm, 
respectively. Details about the coating process are considered confidential by the manufacturer. MPs monitor-
ing is based on novel fluorometric techniques presented in Boos et  al.  (2021): Continuous detection of MPs 
-concentrations in the in- and outflow of the study domain of the flume was achieved by using portable fluorom-
eters (GGUN FL-24, Albillia Co.) which were positioned at the weir overflows at x = 2.40 m and x = 4.90 m, 
measuring at 0.5 Hz (Figure 1). At the bedform structure selected for detailed study, between x = 3.65 m and 
x = 3.85 m, a Fluorescence-Imaging-System (FIS) was used to analyze MPs transport in the surface flow, at the 
streambed interface and in the streambed sediments near the glass interface of the flume. Two continuous-wave 
diode-pumped solid-state lasers (MBL-F-457, CNI Ltd) were used to excite the fluorescent particles and a 
scientific complementary metal-oxide-semiconductor (sCMOS) camera (Andor Zyla 5.5, Oxford Instruments) 
captured fluorescence images with a spatial resolution of 170 μm/pixel, using an exposure time of 100 ms and a 
frame rate of 8 Hz.

The MPs mass concentrations at the in- and outflow location of the surface water were normalized according to 
Equation 1 to allow for a comparison between the individual experiments. A normalized mass transfer (NMT) ṁ 
[T −1] was calculated using c [ML −3] the measured particle concentration, Q [L³T −1] the observed discharge in the 
flume and m0 [M] the mass of MPs input.

𝑚̇𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) =
𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) ⋅𝑄𝑄(𝑡𝑡)

𝑚𝑚0

� (1)

ID [-]
dMP 

[μm] dS [μm]
D = dMP 
dS −1[1] Q [m 3h −1] v̄x [ms −1]

m0 
[mg]

1 µm 1 1032 0.0010 1.09 0.076 54

3 µm 3 1032 0.0029 1.09 0.070 98

10 µm 10 1032 0.0097 1.00 0.079 78

Fine sand 1 357 0.0028 1.05 0.066 53

High flow 1 1032 0.0010 2.15 0.114 28

Note. dMP refers to the microplastic (MP) diameter, dS to the mean sediment 
diameter, D  =  dMP dS −1 the particle/sediment grain size ratio, Q is the 
discharge, vx̄, is the mean longitudinal velocity in the surface flow (calculated 
from Particle-Image-Velocimetry measurements) and m0 is the total input 
mass of MPs.

Table 1 
Characteristics of the Experiments.
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For any time t, integration of the NMT yields the total mass of MPs that has entered respectively left the study 
domain. The difference between the in- and outflow mass was normalized by the inflow mass, and this mass 
fraction was interpreted as MPs present in the study domain. At the end of each experiment the integration of the 
NMT at the in- and outlet yields a MPs recovery rate that was used to compare MPs retention for the different 
experimental scenarios.

MPs abundances in the control bedform were continuously quantified using the method outlined in Boos 
et al. (2021), where abundances were estimated by systematically analyzing the spatially averaged light intensities 
of the FIS images (Text S1 in Supporting Information S1). Detection limits for MPs in the streambed sediments 
were estimated from the calibration curve (Funk et al., 1985) and normalized using Equation 1. Spatial infiltra-
tion dynamics of MPs into the monitored bedform were estimated by extracting breakthrough curves at different 
depths (1–11 cm) below the ripple crest from the FIS monitoring (averaging depth for each breakthrough curve 
was 1 cm). Depth-specific breakthroughs were additionally filtered by rejecting the earliest and latest 5% of MPs 
detection in order to exclude outliers and reduce experimental artifacts. The start of MPs detection in each layer 
represented the arrival of the plume front and from the slope ∂z/∂t, depth-specific vertical propagation velocities 
were calculated.

Due to the limited resolution of the FIS, it was not possible to track individual 1 and 3 μm particles within the 
monitored streambed. Resolution was however sufficient for the larger 10 μm particles, allowing to monitor their 
positions in a 2D plane of the bedform by using “blob” detection algorithms (The MathWorks Inc, 2019). Here, a 
pre-defined mask was used to differentiate between particles that infiltrated at the stoss side and particles which 
deposited from the surface water on the lee side of the bedform. Only images with more than 20 detected particles 
were used in the analysis. Infiltration dynamics was assessed using two aggregated metrics: (a) The center of 
mass of the particle cloud was calculated by averaging the individual positions and (b) the front of the infiltration 
plume was obtained by connecting the outermost particles.

2.4.  Integrated Simulation of Surface and Porous Media Flow

To gather additional insight on the hydraulic conditions in the flume, a numerical model was built using the 
computational fluid dynamics toolbox OpenFOAM. The 3D integral model of surface and subsurface flow 
was solved using the multiphase solver interFoam. To accurately resolve the turbulent flow, specifically on 
the lee side of each ripple, turbulence was modeled using Large-Eddy-Simulation algorithms. The numerical 
model was built as direct representation of the geometries of the flume and the bedforms and used the meas-
ured information on hydrodynamical characteristics of the flow for model calibration. Additional details 
about the numerical model are given in Text S2 in Supporting Information S1. The methodology is also 
described and validated in Dichgans et al. (2023). By employing the integrated hydro-numerical model, the 
data set gained through the laboratory equipment can be augmented specifically in regard of the subsurface 
flow field and the hydrodynamic forcing at the streambed interface, which cannot be captured accurately 
through a physical recording in the laboratory.

3.  Results
3.1.  Hydrodynamic Characterization of the Flow

In the surface water compartment, the flow regime is separated into a fast-flowing upper region and a slower 
bottom-near region (Figures 2a–2d). This flow separation was observed for both low flow, and high flow regimes. 
For the low flow experiments, the mean horizontal velocity was v̄x,top = 0.11 m s −1 in the upper flow regime and 
v̄x,bottom = 0.03 m s −1 in the lower regime. Figures 2e and 2f show the 2D distribution of vertical velocity compo-
nents in the surface water above the monitored bedform within the study domain of the flume. In all experiments, 
low-velocity recirculation eddies developed in the valley areas of the bedforms with flow components directed 
downwards for the stoss sides and upwards for the lee sides (Figures 2e and 2f).

The numerical model reproduced the surface flow field accurately (Figures 3a and 3b). Minor differences were 
observed in direct proximity to the overflow section of the ripple crest (0.01–0.02 m s −1). This deviation was 
acceptable, given the turbulent flow conditions in the surface water, and a non-uniform flow field that varied over 
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the flume width. Within the subsurface, individual flow cells developed under the ripples (Figure 3c). Beneath 
the flow cells, a continuous underflow layer was forming. Hyporheic flow depended on surface flow, and water 
entered at the upstream stoss side, and left at the downstream lee side, in proximity to the ripple crest. Subsurface 
flow velocities ranged between 0.01–2 mm s −1.

Figure 2.  Hydrodynamic characterization of the surface flow field at the monitored bedform. First column (a,c,e): low-flow 
(reference) experiment, second column (b,d,f): high-flow experiment. (a) and (b): Horizontal velocity components, mean flow 
direction was from right to left. (c) and (d): Difference between local velocity and mean velocity in longitudinal direction, 
indicating a separation into a rapidly flowing upper region and a low-flow area in proximity to the ripples. (e) and (f): Vertical 
velocity components, red colors indicate downward flow, blue colors upward flow.

 19447973, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035532 by W

ageningen U
niversity A

nd R
esearch Facilitair B

edrijf, W
iley O

nline L
ibrary on [29/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

BOOS ET AL.

10.1029/2023WR035532

7 of 16

3.2.  Quantification of Particle Breakthrough and Retention

Figure 4a shows the NMT breakthrough curves for the different experiments which were measured in the surface 
water, using the fluorometer installed at the outflow location of the study domain. Initial timing of the particle 
breakthrough was similar for all experiments using low flow conditions and coarse sediments (Figure 4a). Here 
peak arrival times at the outflow were almost identical for the 1, 3 and 10 μm particles (136–146 s). In compar-
ison to the reference experiment with 1 μm particles, peak NMT was higher for both 3 μm particles (+17%) 
and 10 μm particles (+9%). In the experiment with fine sediments, migration of the particle plume in the study 
domain was slowest as indicated by the longer peak arrival time of 168 s and peak mass 14% lower than the refer-
ence. In the high flow experiment, peak NMT was 77% higher than in the reference experiment and the peak was 
observed after 89 s, which was the fastest peak arrival time among all experiments.

Figure 3.  Velocity magnitudes in the low-flow (reference) experiment. Results for the surface flow obtained from (a) Particle-Image-Velocimetry, and (b) the 
openFOAM model show a close correlation. The numerical model additionally yields information on the subsurface flow domain (c).
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NMTs for the 3 and 10 μm particles decreased more slowly during the receding limb of the breakthrough curves 
compared to the 1 μm particles, indicating a higher particle residence time in the study domain (Figure 4a). 
Higher residence times for the 3 μm particles are further supported by the presence of a secondary peak in the 
tail of the breakthrough curve. This secondary peak indicates a late increase in particle concentration in surface 
flow and we attributed this to the release of particles from the streambed sediments. Multiple secondary peaks 
can also be observed in the tail of the breakthrough curve for the experiment with fine sediments (Figure 4a). This 
experiment shows the highest particle concentrations in surface flow at the end of the experiment, indicating high 
particle residence times in the study domain. Particle concentrations for the high flow experiment fell below the 
detection limit after 450 s, which precluded any meaningful characterization of the tailing behavior and dynamics 
of particle retention.

MPs storage in the study domain was comparable for the different MPs sizes and was <5% after 304–307  s 
(Figure 4b). Stored mass fractions showed the most rapid decrease in the high flow experiment, with 95% of the 
total particle mass being flushed out from the study domain after 191 s. For the fine sediment experiment, 60% 
of the total mass was rapidly flushed (within 266 s) from the study domain through the surface flow. Afterward, 
MPs was slowly released over time, suggesting particle release from the streambed sediments. At the end of the 
fine sediment experiment, a significant mass of particles (22%) was still present in the study domain.

3.3.  Particle Infiltration Dynamics and Penetration Depths

For all experiments the central bedform in the study domain was continuously monitored using the FIS to both 
visualize and estimate particle concentrations in the streambed sediments. Figure 5 presents different frames 
of the FIS monitoring sequence (t = 300, 600, 1200, and 1800 s) containing the NMT. Movie S1 additionally 
shows the progress of the individual experiments. FIS monitoring indicated that particles entered the streambed 
at the upstream stoss side of a ripple and exited at the downstream lee side near the crest. This spatial infiltration 
pattern was consistent for the 1 and 3 μm particles. In contrast, the 10 μm particles only infiltrated into the most 
superficial layers of the sediment before becoming immobilized for the remaining duration of the experiment 
(Figures 5, 10 μm sequence). In the experiment using fine sediments, particles only infiltrated into the shallow-
est areas below the streambed interface at the stoss side of the ripple structure (Figure 5, fine sand sequence). 
Similar to the 10 μm experiment, a high fraction of particles that infiltrated into the fine sediments remained in 
the bedform, as indicated by frames taken at the end of the experiments, t = 1800 s. In the high flow experiment, 
particles were more efficiently flushed from the bedform structure as indicated by the low residual concentrations 
at the final monitoring FIS frame.

Detectable particle infiltration for the 1 μm particles (reference experiment) began at t = 154 s, and particles 
reached a maximum depth of 11 cm below the streambed interface after 1477 s (Figures 6a and 6b). The onset of 
detectable infiltration for the 3 μm particles was similar to the reference experiment (t = 152 s), but the maximum 
infiltration depth of 10 cm was slightly lower compared to the 1 μm particles. For the 10 μm particles detectable 

Figure 4.  Results of surface water concentration measurements. (a) Normalized microplastics (MPs) mass transfer rates 
for the experiments measured at the outflow location of the study domain. Dashed lines indicate size-dependent, individual 
quantification limits, obtained from the calibration procedure, and normalized with Equation 1. (b) Temporal evolution of 
MPs mass stored in the study domain for the different experiments. The 1 μm run was the reference experiment.
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infiltration into the streambed occurred at t = 449 s, showing a high time delay (+294 s) compared to the refer-
ence experiment. Here particles only reached a maximum depth of 7  cm below the streambed interface. For 
the high flow experiment, the onset of detectable infiltration was the fastest among all experiments (t = 121 s), 
and particles reached a maximum depth of 10 cm after 1504 s. In the experiment using fine sediments, onset 
of particle infiltration was significantly delayed, occurring at t = 547 s and the maximum penetration depth of 
5 cm was the lowest of all experiments. However, detection of MPs in the first 5 cm of the subsurface was nearly 
simultaneous for this experiment, and the data showed implausible gradients in layers deeper than 5 cm. All other 
experiments demonstrated consistent infiltration dynamics (Figures 6c and 6d), with high vertical propagation 
velocities occurring in the uppermost layers (∼4 cm) below the ripple crest and an approximately exponentially 
decreasing trend in vertical propagation velocities with depth.

The resolution of the FIS camera was sufficient to track the fluorescent signal of individual particles through the 
bedform structure during the 10 μm experiment (Figure 7b). The peak of the particle count in the streambed was 
reached after 305 s where in total 937 particles were detected below the monitored bedform at the glass interface. 
During the experiment, the particle plume's center of mass moved along a trajectory approximately perpendicular 
to the stoss side of the ripple (Figure 7a). Propagation velocity for both, the center of mass and the plume front, 
initially was higher compared to later stages of the experiment, as indicated by the distance between consecutive 
crosses and solid lines in Figure 7a. After approximately 1500 s, both the center of mass and the plume front 
reached their final position, suggesting temporary or permanent immobilization of the 10 μm particles within the 
bedform (Figure S4 in Supporting Information S1). At the end of the experiment at t = 1800 s, still around 300 
particles (Figure 7c) were located in the observable part of the bedform.

4.  Discussion
Characterization of hydrodynamic flow conditions in the surface flow by combining PIV measurements and 
CFD modeling showed the presence of flow separation and the formation of recirculating eddies downstream of 
the rippled bedforms. The eddies and the streambed topography were responsible for an irregular distribution of 
dynamic and hydrostatic pressure heads over the streambed interface, driving hyporheic exchange. The hyporheic 

Figure 5.  Planar normalized microplastic mass transfer rates for the 5 different experiments at 4 times, showing particle 
infiltration into the streambed sediments. The streambed interface is shown as solid line, the air-water-interface as dashed 
line, both in cyan color. The main direction of surface flow is from right to left, as indicated by a blue arrow at t = 300 s. 
Concentrations below the limits of quantification are discarded.
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flow field exhibited spatial patterns that are commonly described in literature for bedform-induced hyporheic 
exchange, where infiltration occurs at the stoss side and exfiltration at the lee side of the bedform structure (e.g., 
Elliott and Brooks (1997); Frei et al. (2018); Janssen et al. (2012); Trauth et al. (2014)). The FIS monitoring 
demonstrated that MPs between 1 and 10 μm were advectively transferred across the streambed interface with 
the preferential infiltration location at the stoss side of the bedform. While pore-scale MPs (<100 μm) have been 
found in high abundances in streambed sediments (Frei et al., 2019; Hurley et al., 2018), particles in this size 
class do not settle easily under the turbulent flow regimes found in rivers and streams. Our findings provide clear 
evidence that hyporheic exchange is the dominant mechanism for the transfer of small (sub-) pore-scale MPs into 
streambed sediments as was suggested before by Drummond et al. (2020, 2022).

Although the general patterns of MPs infiltration into the bedform structure were similar for all particles, there 
were differences in the infiltration dynamics, in particular the timing of the onset of detectable infiltration and 
the maximum penetration depth. Based on the arrival of the MPs plume below the ripple crest, all particles 
propagated rapidly into the first few centimeters of the bedform, and vertical propagation velocity decreased 
approximately exponentially with depth. This behavior matched the hyporheic flow field as expected from the 

Figure 6.  Particle infiltration dynamics below the ripple crest. (a–b): Infiltration depth as a function of time: Shaded areas 
correspond to the areas of variation based on the 5%–95% particle breakthrough criterium, highlighting the arrival of the 
plume front. (c–d): Vertical propagation velocities, calculated from the plume front arrival times, fitted to an exponential 
trendline.
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advective pumping model that is often used to describe bedform induced hyporheic exchange (Elliott,  1991; 
Grant et al., 2020; Saenger, 2000; Zhou & Mendoza, 1993). The CFD model supported this finding and addi-
tionally indicated that particle retardation in the streambed sediment increased with flow path length (Dichgans 
et al., 2023).

Waldschläger and Schüttrumpf (2020) used the particle/sediment grain size ratio D = dMP dS −1 as a reliable indi-
cator for the penetration depths of MPs into sediments. Column experiments showed that infiltration did not occur 
for D > 0.32 and penetration depths were highest for D < 0.11. Although the number of experiments performed 
in our study was limited, we also observed that higher particle/sediment grain size ratios tended to result in lower 
penetration depths and delayed onset of infiltration. For example, we observed the highest penetration depth of 
11 cm for lowest D = 0.001 (1 μm particles) and a lower penetration depth of 7 cm for highest D = 0.01 (10 μm 

Figure 7.  Infiltration experiment with 10 μm particles, analyzed by single particle tracking. (a) Particle center of mass (crosses) and plume fronts (solid lines) over 
time. The results are shown in 60 s-intervals during the experiment and highlighted after 600 s (cyan color), at which time also the background image was acquired, 
additionally indicating the detected particles (blobs). (b) Superposition of individual particle positions in the streambed, shown in 60 s-intervals during the experiment, 
and color-coded (blue to red), indicating the time since the start of the experiment. The air-water and streambed interfaces as well as the mask used to differentiate 
between infiltrated and deposited particles are shown in black. (c) Number of all particles detected in the monitored streambed section over time (red crosses), 
complemented by rolling mean over 10 s (blue solid line).
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particles). However, it is important to note that the 3 μm particles in coarse sediment (D = 0.0029) infiltrated 
deeper into the sediment (10 cm), than the 1 μm particles in fine sediment (D = 0.0028), where a maximum 
depth of 5 cm was observed. Although the particle/sediment grain size ratio has been identified as a reliable 
indicator for the infiltration depths of MPs into sediments, the relationship between D and penetration depths 
for bedform-induced hyporheic exchange may not be as straightforward as in one-dimensional column exper-
iments where infiltration occurs vertically. While column studies indicate that mechanical straining becomes 
relevant for D > 0.002 (Bradford et al., 2002; Lu, Gilfedder, Peng, Niu, & Frei, 2021), the specific mechanism 
of particle entrainment in the streambed cannot be elucidated with the present data set. Various mechanisms 
influence particle transport in porous media, such as mechanical straining in the pore throats and attachment to 
the streambed sediments (Molnar et al., 2015). The impact of straining reduces with infiltration depth, and small 
particles (1–3 μm) retained deeper within the streambed may be affected more by colloid attachment (Bradford 
et al., 2003), which can lead to reversible as well as irreversible filtration (Chu et al., 2019). The quick decrease 
in concentrations of MPs and their low residuals at the end of the experiment for the 1 μm, 3 μm and high-flow 
experiment suggested that particle retention in the streambed was caused by reversible processes potentially facil-
itated by the use of deionized water in the experiment (Torkzaban et al., 2010). The retention of 10 μm particles 
in the streambed however suggests that mechanical straining is the dominant retention mechanism that prevents 
the deeper propagation of the particles into the streambed sediments.

Our experiments indicate that (sub-) pore-scale MPs exhibit high mobility in streambed sediments. In natural 
fluvial systems, infiltration depth is likely to exceed the depths observed in our controlled flume experiments. 
Bedform-driven hyporheic exchange and stream/groundwater interactions occur at various spatial and temporal 
scales and are influenced by multiple factors (Boano et al., 2014). Deeper hyporheic flow cells induced by head 
gradient variations over larger bedform structures, such as pool-riffle sequences (Frei et  al.,  2018), have the 
potential to transport particles deeper into hyporheic sediments. Also, under losing conditions where stream 
water infiltrates into the aquifer, mobile pore-scale MPs can be transferred into groundwater as suggested by Frei 
et al. (2019). In addition, hyporheic exchange is influenced by heterogeneous streambed conductivities (Laube 
et al., 2018; Marion et al., 2008), affecting the transport of MPs from the surface water into the streambed.

For most experiments, mass fractions of particles that entered the streambed sediments in the study domain of 
the flume were relatively low in comparison to particle transport in the surface water. In addition to particle size 
and sediment properties, particle retardation in the streambed sediments was influenced by the hydrodynamic 
forcing. This controls the magnitudes of advective flow velocities and volumes in the streambed sediments during 
hyporheic exchange. An increase in the surface flow velocity (high flow experiment) resulted in the fastest 
observed MPs breakthrough, and almost no residual particles were detected in the bedform at the end of the 
experiment, unlike in the low flow experiments. Flooding events have been recognized as significant drivers 
of MPs remobilization from streambed sediments, with reductions in MPs loads stored in sediments of up to 
70% as reported by Hurley et al. (2018). During flooding, shear forces acting at the streambed interface lead to 
erosion of the  bedform structures. This results in the suspension of river sediments and associated MPs and its 
transport through the river network. Results from our study suggest that in addition to flooding events, streambed 
sediments may be effectively flushed of pore-scale MPs during periods of increased discharge, under conditions 
when bedform structures remain stable.

In the fine sediment experiment, mass balance calculations based on the surface breakthrough curves indicated 
that a significant fraction of the inflowing particles (22%) was present in the study domain at the end of the 
experiment. Although particles can be retained in surface flow, for example, due to entrapment in recirculation 
eddies and at the streambed interface due to heteroaggregation, this effect was not observed in the other exper-
iments given similar hydrodynamic conditions. This suggests that surface retention was of minor importance 
in the flume experiments and that most particles were retarded in the streambed sediments. This conclusion is 
supported by the FIS monitoring, which did not detect any trend in increasing particle concentrations in the areas 
where eddies are present or at the streambed interface.

Based on our experiments, we have found that fine sediment areas in streambeds have the potential to accumulate 
(sub-) pore-scale MPs where mechanical straining reduces particle mobility. While the duration of our flume 
experiments was insufficient to determine whether the particles were immobilized permanently or temporarily, 
results from particle tracking of 10 μm MPs suggest that a considerable portion of infiltrated particles showed a 
prolonged residence time. Pore-scale MPs that become immobile in fine sediment areas of streambeds pose an 
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increased risk for uptake by benthic organisms, since longer exposure times increase the likelihood of ingestion. 
Under these conditions, hyporheic sediments are especially vulnerable to MPs accumulation and can represent 
a primary entry point for MPs into riverine food webs (Huang et al., 2021; Wagner et al., 2014). Fine sediment 
loadings in many rivers and streams have been observed to exceed background levels, primarily due to changes in 
land cover, land use, and management practices (Collins & Zhang, 2016; Farnsworth & Milliman, 2003; Foster 
et al., 2011; Owens et al., 2005). It is anticipated that the trend of increasing fine sediment loadings in rivers 
and streams will persist in the future, due to the effects of climate change on rainfall and runoff regimes (Burt 
et al., 2016; Walling & Collins, 2016). This may also lead to a further accumulation of MPs in streambed sedi-
ments, exacerbating the existing issue.

This study analyzed the transport of almost neutrally buoyant MPs. Density is a key factor controlling particle 
transport, which can be transported floating, suspended or as bedload (Waldschläger et al., 2022). For larger 
particles between 1–3  mm, the location of MPs in the water column is similar to mineral sediments (Born 
et al., 2023), indicating that higher density MPs are more likely to be transported near the streambed. Conversely, 
turbulent mixing, such as caused by the weir overflow in our experiment, can also transport low density MPs 
to the streambed interface (Shamskhany & Karimpour, 2022). Within streambed sediments, low-density MPs, 
such as polyethylene and polypropylene, exhibit higher mobility, whereas high-density MPs, auch as polyamide 
and polyethylene terephthalate, are retained (He et al., 2021). The hydrodynamic behavior is influenced by addi-
tional processes under real environmental conditions. Biofilms on the surface of MPs facilitate the formation 
of heteroaggregates, as particles become “sticky” due to attached extracellular polymeric substances (Hossain 
et al., 2019; Long et al., 2015; Michels et al., 2018). While the formation of biofilms is typically more prevalent 
in lentic systems, it has been reported to be relevant in rivers and streams (Weig et al., 2021). Biofilms may form 
on MPs prior to entering fluvial systems, for example, due to their passage through wastewater treatment plants 
or in soils (Martínez-Campos et al., 2021; Zhang et al., 2019). The adhesive properties of biofilms may enhance 
the likelihood of particle heteroaggregation on the streambed, rather than being transported into the sediment 
via hyporheic exchange. Also, larger heteroaggregates containing both MPs and natural particles are not able to 
infiltrate into the streambed sediments as readily as individual, pristine particles.

Our experiments focused on the infiltration of microplastics into a stationary rippled streambed. Under natu-
ral conditions, bedform structures are rarely stable long-term. Small-scale hydrodynamical conditions create 
highly dynamic areas of erosion and sedimentation. As a result, bedform structures such as ripples or dunes 
migrate as “moving bedforms” in the direction of streamflow (Southard, 1991). The exchange of solutes and 
colloids between surface flow and streambed can be significantly higher for moving bedforms compared to stable 
bedform structures (Packman & Brooks, 2001). Recent flume experiments have demonstrated that dynamic sedi-
mentation and erosion processes result in the preferential accumulation of clay particles within streambed sedi-
ments (Teitelbaum et al., 2021). Future research must address whether the accumulation of MPs within moving 
bedforms occurs similarly to that of clay particles and whether the erosion and sedimentation cycles associated 
with moving bedforms enhance the transfer of MPs into streambed sediments, as compared to stable bedforms 
where MPs exchange is purely driven by bedform-induced hyporheic exchange.

5.  Conclusion
In analogy to solute transport, advective transport has been suggested as one potential mechanism driving the 
exchange of (sub-) pore-scale MPs between surface water and the streambed. This study confirms this hypoth-
esis, as we were able to detect MPs migration between surface flow and streambed sediments and additionally 
link particle transport to the hydrodynamic characteristics of the flow. Smaller particles (1–3 μm) showed higher 
mobility and infiltrated into deeper areas of the sediment, while larger particles (10 μm) were retained in shal-
lower parts of the streambed. Streambed sediment grain size had a major influence on the pattern of particle 
infiltration and retardation in the streambed.

Our results suggest that MPs are concentrated in the upper sediment layers in natural streams and show enhanced 
residence times within finer sediments. A prolonged immobilization near the streambed interface enhances the 
potential of particle uptake by benthic organisms and subsequent transfer within the aquatic food chain, possibly 
threatening local ecosystems. More work is needed to transfer the mechanistic understanding of MPs transport 
processes from laboratory experiments to real-world scenarios in order to improve our understanding of the fate 
of MPs in rivers and streams.
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