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Effects of near-bed turbulence on microplastics fate and transport 
in streams 
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• Turbulent hyporheic flow affects the 
fate and transport of in-stream 
microplastics. 

• Small and buoyant microplastics are 
more susceptible to turbulent hyporheic 
flow. 

• High flow, permeable bed, and moun
ded bedform enhance microplastics 
transport.  
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A B S T R A C T   

Quantifying the impact of hyporheic exchange is crucial for understanding the transport and fate of microplastics 
in streams. In this study, we conducted several Computational Fluid Dynamics (CFD) simulations to investigate 
near-bed turbulence and analyze vertical hyporheic exchange. Different arranged spheres were used to represent 
rough and permeable sediment beds in natural rivers. The velocities associated with vertical hyporheic flux and 
the gravitational force were compared to quantify the susceptibility of microplastics to hyporheic exchange. Four 
scenario cases representing different channel characteristics were studied and their effects on microplastics 
movements through hyporheic exchange were quantitatively studied. Results show that hyporheic exchange flow 
can significantly influence the fate and transport of microplastics of small and light-weighted microplastics. 
Under certain conditions, hyporheic exchange flow can dominate the behavior of microplastics with sizes up to 
around 800 μm. This dominance is particularly evident near the sediment-water interface, especially at the top 
layer of sediments. Higher bed porosity enhances the exchange of microplastics between water and sediment, 
while increased flow conditions extend the vertical exchange zone into deeper layers of the bed. Changes in the 
bedform lead to the most pronounced vertical hyporheic exchange, emphasizing the control of morphological 
features on microplastics transport. Furthermore, it is found that sweep-ejection events are prevailing near the 
bed surface, serving as a mechanism for microplastics transport in rivers. As moving from the water column to 
deeper layers in the sediment bed, there's a shift from sweeps dominance to ejections dominance, indicating 
changes of direction in microplastics movement at different locations.  
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1. Introduction 

Microplastics (MPs), defined as plastic particles with various shapes 
and ranging in size from 1 μm to 5 mm, pose a significant environmental 
threat globally (Frias and Nash, 2019). Their presence in the aquatic 
ecosystems has been extensively documented (Cole et al., 2011; De Lucia 
et al., 2014; Enders et al., 2015; Qiu et al., 2015). MPs are persistent 
once enter the environment since finer particles are extremely difficult 
to remove, while larger plastic fragments continuously break down into 
smaller ones (Eerkes-Medrano et al., 2015; Rodríguez-Narvaez et al., 
2021). Given the ubiquity, substantial magnitude, and inherent diffi
culty of addressing plastic pollution, it has now become a major topic in 
the environmental pollution research. While there are a wealth of 
studies focusing on MPs in the marine environment (Cole et al., 2011; De 
Lucia et al., 2014; Enders et al., 2015; Qiu et al., 2015; Ng and Obbard, 
2006; Schmidt et al., 2018), surface water is often viewed only as a 
pathway for transporting plastic particles into the oceans (Schmidt et al., 
2017; Van Wijnen et al., 2019; Akdogan and Guven, 2019). However, 
several studies have found abundant accumulation of MPs in river sed
iments, suggesting that river and streams are also a potential sink 
(Wagner et al., 2014; Peng et al., 2018; Li et al., 2018; Li et al., 2020; 
Adomat and Grischek, 2021). The accumulation of MPs in rivers leads to 
various issues as they leach toxic chemicals and may act as transport 
media for other harmful pollutants (Wagner et al., 2014; Issac and 
Kandasubramanian, 2021; Luo et al., 2019; Lambert and Wagner, 2018). 
Moreover, they can be easily consumed by microorganisms and wildlife. 
Due to their small size and non-biodegradability, the consumption of 
MPs can not only harm these microorganisms and wildlife, but also 
reach human through the food web (Castro et al., 2022; Cverenkárová 
et al., 2021; Lu et al., 2019). While there is limited knowledge about the 
impacts that these particles may have on living organisms, it is believed 
that MPs have the potential to negatively impact human health 
(Rodríguez-Narvaez et al., 2021; Lu et al., 2019; Fan et al., 2022). Given 
that humans are in close proximity to and have significant dependence 
on freshwater systems, it is crucial to pay more attention to microplastics 
in rivers. 

Understanding the transport and fate of MPs in rivers are crucial in 
order to develop a mitigation strategy for plastic pollution in freshwater 
ecosystems. Nevertheless, despite the increasing interest in this topic, 
there remains a scarcity of research in this area. In a literature review 
conducted by Akdogan and Guven (2019), it was found that >50 % of 
the reviewed studies focused on MPs in the ocean, while only 11 % 
focused on MPs in rivers, with most of them primarily investigating 
occurrence and characterization rather than transport and fate. Addi
tionally, when investigating the transport and fate of microplastics, 
research studies mostly place emphasis on the physical properties of MPs 
such as density and shape, or processes such as aging and biofouling that 
potentially influence these properties (Geissen et al., 2015; Horton and 
Dixon, 2018). These physical properties solely link the fate and transport 
of MPs to the gravitational force. However, it has been observed that 
buoyant MPs are present in river sediments, leading researchers to 
realize that gravitational force alone is insufficient to determine the fate 
of MPs, and the hyporheic exchange is another crucial factor in deter
mining the fate of MPs in natural rivers (Frei et al., 2019; Lewandowski 
et al., 2019; Drummond et al., 2020; Yang et al., 2021). 

Hyporheic exchange is a process of a bidirectional exchange of water, 
solute, and particles between the sediment bed and overlying water. It is 
driven by pressure variations and turbulence over the sediment-water 
interface (Boano et al., 2014; Grant et al., 2018a). Previous studies 
concerning the effect of stream flow on MP transport either used 
parameterized mass balance (Nizzetto et al., 2016), or only considered 
advective transport (Besseling et al., 2017), or quantified hyporheic 
exchange using solute tracer experiments (Drummond et al., 2020; 
Drummond et al., 2022). However, these methods do not explicitly ac
count for the effect of turbulence that has been shown to potentially play 
a significant role in the hyporheic zone (Grant et al., 2018b). 

Consequently, it becomes challenging to fully comprehend the processes 
of MPs transport in the absence of detailed information on the fluid 
dynamics near the bed surface. Thus, accurately quantifying the impact 
of hyporheic exchange on the transport and fate of MPs at the sediment- 
water interface (SWI) requires approaches that represent turbulence 
with high fidelity. 

To fill this research gap, Computational Fluid Dynamics (CFD) 
modeling is used in this study to provide detailed information on the 
turbulence near bed and to quantify the impact of hyporheic exchange 
on the transport and fate of MPs in rivers. CFD is particularly suitable for 
simulating three-dimensional turbulent flows near rough and permeable 
sediment beds. It enables the capturing of flow characteristics at the 
scale of sediment grains, thereby providing valuable insights into the 
impact of turbulence on the movement of MPs (Shen et al., 2022). 

The aim of this study is twofold: firstly, to utilize CFD simulations to 
validate the importance of accounting for hyporheic exchange when 
investigating MPs transport and fate in rivers; and secondly, to leverage 
the detailed near-bed flow behavior obtained from CFD simulations to 
characterize the specific effects of different channel characteristics on 
the transport of MPs. The findings obtained from this study will 
contribute to a better understanding of the fate and transport of MPs in 
rivers. 

2. Methods 

In this study, we quantified the force exerted on microplastic parti
cles by hyporheic exchange flow (HEF) and compared it to the gravi
tational force. To do that, we used a CFD model to calculate the vertical 
flow velocities in the water column and in the bed and used settling 
velocity formula to calculate the settling and rising velocity of micro
plastics particles. We then compared these two velocities to see which 
one is the dominant process responsible for the transport of MPs at the 
sediment-water interface. Moreover, we quantified the correlation be
tween the velocity fluctuations in streamwise and vertical directions to 
investigate the effect of near-bed turbulence on motions of MPs. 

2.1. Vertical hyporheic exchange rate 

Hyporheic flow moves along the streamwise, spanwise and vertical 
directions. Here, we focus on the vertical exchange that alters the 
behavior of MPs under the gravitational force. The vertical hyporheic 
exchange rate is represented by the vertical velocity of the flow. 

2.1.1. Turbulence modeling 
The CFD simulation involves numerically solving the transport 

equations of mass and momentum within a defined computational 
domain, while taking into account the specified initial and boundary 
conditions. It is crucial to consider the impact of fluctuating turbulent 
motions within the flow, as they play a significant role in the mass and 
momentum transport, necessitating their inclusion in the simulation. 

We employed the Detached Eddy Simulation (DES) modeling 
approach to accurately capture the turbulent flow both near and inside 
the bed. The DES model, initially introduced by Spalart et al., is based on 
the one-equation Spalart-Allmaras Reynold-Averaged Navier-Stokes 
(RANS) model (Spalart et al., 1997). It combines the advantages of Large 
Eddy Simulation (LES) models, allowing for the resolution of time- 
dependent, three-dimensional turbulent structures. By providing 
detailed information on velocity fluctuations near the sediment-water 
interface, it enhances our understanding of flow behavior and its po
tential impact on fine particles (Rodi, 2010). Moreover, DES signifi
cantly reduces the computational cost associated with LES by employing 
unsteady RANS. This approach is particularly beneficial in the boundary 
layer, where LES is constrained by computational grid resolution. Spe
cifically, the delayed DES (DDES) model was used in this study, which is 
an improved version of the original Spalart-Allmaras DES model. The 
original DES model has been shown to encounter problems where the 
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computational grid is locally refined since the transition from LES to 
RANS is determined by comparing the RANS length scale to the 
maximum grid cell length. When the grid is locally refined, the eddy 
viscosity in the boundary layer can be decreased too much to transfer 
modeled turbulence energy into resolved energy. In our study, since we 
have highly curved geometries, i.e., sediment gravels, local grid re
finements are unavoidable. By using DDES, this issue can be addressed 
since the model incorporates a flow dependent shielding function that 
prevents the switch from RANS to LES mode within the attached 
boundary layers (Spalart et al., 2006). The governing equations for the 
DDES model are presented in the supplementary document. 

The present modeling framework was validated against the mea
surements obtained in the lab experiments done by Manes et al. and the 
LES modeling results by Lian et al. (Manes et al., 2009; Lian et al., 2019) 
The validation was performed by comparing the double-averaged 
streamwise velocity components as described in Section 2.1.4. The 
comparison (see Fig. S1 in the supplementary document) shows that our 
DDES model gives good results, especially near the SWI. The close 
agreement with previous measurements and modeling results gives us 
confidence in investigating hyporheic flow behavior with our modeling 
framework. 

2.1.2. Computational setup 
The computational domain encompassing the water and sediment 

bed had dimensions of 1.1 m × 0.55 m × 0.45 m, carefully selected to 
prevent spanwise locking and allow for the avoidance of significant 
turbulent structure interactions. The permeable flat sediment bed is 
represented by body-centered cubic packing monodisperse spheres. The 
mounded bedform is generated with randomly arranged polydisperse 
spheres to mimic a more realistic bedform. The configuration of the 
computational domain ensures a comprehensive simulation of the water 
column and permeable sediment bed as an integrated system. This 
approach eliminates the need for additional parameterization or 
coupling, enabling accurate representation of water movement both 
within and outside the bed. As a result, we obtain reliable information 
regarding hyporheic exchange flow. The entire computational domain 
was discretized by an unstructured curvilinear mesh that fit to the 
watertight geometry representing the permeable riverbed. The total 
number of grids varied between 31,411,047 and 33,494,942, depending 
on the specific case scenario. The mesh is refined around the bed so that 
the model can resolve interfacial turbulent structures between gravels. 
The smallest grid sizes of 0.8 mm were used in the bed region and at the 
sediment-water interface. Moving towards the freestream, the grid sizes 
gradually increase, reaching a size of 2.5 mm. The grid size in the wall 
units, calculated as Δz+ = u*Δz/ν, ranges from 14.4 to 45, which is 
comparable to those used in a similar previous study (Han et al., 2019). 

The unsteady DDES simulations were initialized using converged 
results from Spalart-Allmaras RANS simulation. In these RANS simula
tions, cyclic boundary conditions were employed at the side boundaries 
to represent an extended domain in the spanwise direction since we 
were only simulating a small region in the middle of the river. The upper 
and lower patches were set as slip boundaries (zero normal velocity and 
zero normal gradients of all other variables), assuming an undisturbed 
free surface and a deep Darcy flow within the sediment bed. For the inlet 
boundary condition, we defined a fixed turbulent velocity profile arti
ficially generated to achieve the desired bulk Reynolds number. The 
outlet boundary condition was set to a zero gradient. The precursor 
RANS model was then iterated until convergence, and its output results 
for the velocity and turbulence levels within the domain were used as 
the initial conditions for the DDES simulations. Prior to commencing the 
DDES simulations, the boundary conditions at the inlet and outlet were 
changed to periodic, mimicking an infinitely long river. Additionally, a 
body force was applied to the momentum equation to drive the flow. A 
similar approach has been used by Moin and Kim, and Lian et al. (Lian 
et al., 2019; Moin and Kim, 1982) 

2.1.3. Test case scenarios 
Four case scenarios were considered in this study. In the base case 

scenario, a bed with a thickness of 0.15 m and a porosity of 0.4 was 
constructed using spheres with a diameter of 25 mm (D = 25 mm). The 
chosen values of porosity and gravel size are associated with uniform 
gravel beds in natural streams and fall within the range used by previous 
studies (Brosten et al., 2009; Wang et al., 2021; Ling et al., 2022; Zhou 
and Endreny, 2013; Kazezyılmaz-Alhan and Medina, 2006). The free
stream depth H was 0.3 m. The approach flow velocity U was 0.18 m/s 
resulting in the Reynolds number for the bulk flow (Re = UH/ν) to be 
54,000. The second case was the high flow scenario, where we doubled 
the bulk Reynolds number by setting the approach flow velocity to be 
0.36 m/s, while keeping other parameters the same as the base case. The 
Froude number of the two flow conditions are 0.1 and 0.21, which are 
both smaller than 1, so the assumption of undisturbed free surface was 
applicable. The purpose of the third case was to investigate the impact of 
porosity. In this case, we modified the bed porosity to 0.45, aiming to 
simulate a bed with higher permeability. In the fourth case, a mounded 
bedform was introduced onto the surface of the flat bed. A mound with a 
height of 70 mm was positioned at the center of the bed. To maintain 
consistency, the porosity of the mound was set to be the same as that of 
the bed. Detailed information regarding the four cases can be found in 
Table 1. 

2.1.4. Simulations and post-processing 
The open-source finite-volume CFD package OpenFOAM v9 was used 

for the simulations. The code was fully parallelized and ran using 128 
processors on a high-performance computing system at Virginia Tech. 
All simulations were conducted for 20 flow-through times (the time 
required by the mean flow to pass through the domain once) to ensure 
that the flow is fully turbulent, and then the velocities were time- 
averaged over another 20 flow-through times. To better understand 
the patterns in the velocity profiles, the time-averaged velocities were 
averaged over a specific volume to obtain double-averaged velocities 
using Eq. (1) (Lian et al., 2021). 

< ui >=
1

VF

∫

VF

uidV (1)  

where ui is the time-averaged velocity VF is the fluid volume within the 
averaging volume V. In this study, the averaging volume V extends 
across the domain in both the x and y directions and has a thickness of 5 
mm in the z direction. The chosen thickness of 5 mm aligns with the 
definition of microplastics, which refers to plastic particles with sizes 
smaller than 5 mm. 

2.2. Settling and rising velocities 

The settling and rising velocities of microplastics were calculated 
using the formulation developed by Waldschläger and Schüttrumpf that 
considers the density, shape, and size of microplastic particles 
(Waldschläger and Schüttrumpf, 2019). 

wx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4
3

deq

CD

⃒
⃒
⃒
ρs − ρ

ρ

⃒
⃒
⃒g

√

(2) 

In Eq. (1), ρs and ρ are microplastics and water densities, respec
tively. The settling and rising velocities for various shapes of micro
plastic particles are derived by using different formulations for the drag 
coefficient CD and the equivalent diameter deq. 

The drag coefficient for the settling velocities is: 

CD =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

3
CSF ×

̅̅̅̅̅̅
Re3

√ pellet and fragments

4.7
̅̅̅̅̅̅
Re

√ +
̅̅̅̅̅̅̅̅̅
CSF

√
fiber

(3) 
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And that for the rising velocities is: 

CD =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(
20
Re

+
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√
)

×

(
6
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̅̅̅

Re
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̅̅̅̅̅̅̅̅̅
CSF

√
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(4) 

Here, P is the powers roundness, and CSF is the Corey Shape Factor of 
particles, calculated with shortest side length a, intermediate side length 
b, and longest side length c: 

CSF =
c
̅̅̅̅̅
ab

√ (5) 

Re is the particle Reynolds number, calculated using kinematic vis
cosity ν and the particle velocity wx: 

Re =
wxdeq

ν (6) 

The equivalent particle diameter is defined as: 

deq =

{ ̅̅̅̅̅̅̅
abc3

√
pellet and fragments

c fiber
(7) 

This formula was shown to be more accurate than using the Stokes 
law (Waldschläger and Schüttrumpf, 2019), which was used by a 
number of previous studies concerning microplastics fate and transport 
in streams (Drummond et al., 2020; Besseling et al., 2017). By incor
porating the Reynolds number of particles, it accounts for the small- 
scale turbulent motions that arise during particle settling or rising. 

3. Results and discussion 

In this section, we undertake a comprehensive study to investigate 
the influence of river characteristics on the turbulent flow over and 
within the permeable bed, and its consequential effect on the fate and 
transport of microplastics. To accomplish this, we analyze the model 
output in three distinct stages. Initially, the profiles of double-averaged 
vertical component of flow velocity are presented. This is followed by 
quadrant analysis, an established method to investigate the near-bed 
turbulence, in the near-bed water column, at the sediment-water inter
face, and in the transition layer (Wallace, 2016). Finally, we compared 
the vertical flow velocities and microplastics settling and rising 
velocities. 

3.1. Vertical velocity profiles 

For all four test cases described above, the vertical velocities were 
plotted in Fig. 1 against normalized elevation, denoted as z*. In this 
representation, the sediment water interface is at z* = 0, values below 
0 correspond to the bed, and values above 0 represent the overlying 
water. All velocities were double averaged over time and volume as 
described in the method. For all cases except for the mounded bed case, 
the averaging volume was expanded over the whole domain in the 
streamwise and spanwise direction. For the bedform case, before the 
volume averaging, the entire domain was divided into five sections (see 
Fig. S3): in front of the mound, at the windward side of the mound, at the 
middle of the mound, at the leeward side of the mound, and behind the 
mound. This division was done to closely examine the flow behavior at 
and in the vicinity of the mound. 

In the base case, the bulk Reynolds number was 54,000, and the 
water was flowing freely over and through a flat permeable bed. 
Negative vertical velocities are observed above the SWI (Fig. 1a). This 
indicates the dominance of downwelling flow in the shear layer, albeit 
not very intense. Notably, the vertical flow velocity peak at the first layer 
of spheres, reaching high velocities of up to 1 mm/s. This observation 
suggests intense vertical hyporheic exchange in this region. 

In the high flow case, where the bulk flow velocity was doubled, so as 
the bulk Reynolds number, the maximum upwelling velocity remain 
unchanged, while the downwelling velocity significantly increases from 
nearly 0 to 0.5 mm/s (Fig. 1a). Furthermore, the high vertical velocity 
extends deeper into the bed, expanding the region of intense hyporheic 
exchange vertically. These findings suggest that under high flow con
ditions, the flow may push more MPs further into the bed and mobilize 
those situated deeper in the sediment column. 

In the case of a large porosity bed, with the same bulk flow velocity 
as the base case, the high vertical velocity region contracts back to the 
first layer of bed. However, as shown in Fig. 1b, the maximum velocity 
slightly increases to approximately 1.1 mm/s, indicating a slight in
crease in the propensity for the transport of MPs. 

In the case of a mounded bedform, notable and substantial alter
ations in flow behavior are observed both within the bed and throughout 
the water column. Fig. 1c shows that in front of the mound, the 
maximum vertical velocity in the bed has the same magnitude as that in 
the base case, but the high velocity region is extended to almost the 
bottom of the study domain, pushing MPs even deeper than the high 
flow condition. The turbulence induced by the bedform also disturbed 
the water column, increased the downwelling flow velocity compared to 
other cases. As a consequence of this increase, it is likely that certain 
floating MPs will be pushed downward and eventually settle on the bed. 
In the back of the mound, the HEF has high upwelling velocity, 

Table 1 
Scenarios and the corresponding river channel properties. The simulated river flow is directed along the x- 
axis. 

Case Base High flow Large porosity Mounded bed

Domain

Stream
wise

velocity

Porosity 0.4 0.4 0.45 0.4

Bulk
velocity 0.18 m/s 0.36 m/s 0.18 m/s 0.18 m/s

z
x

y
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mobilizing and transporting MPs out of the bed. Furthermore, the 
transition from downwelling to upwelling velocity in the water column 
suggests the presence of a recirculation zone, which could potentially 
have an impact on the transport of MPs. 

The pumping effect shown in the vicinity of the mound is even more 
prominent at the mound. The range of vertical flow velocity is >10 times 
larger than all other cases as shown in Fig. 1d. The downwelling vertical 
HEF has the velocity up to approximately 8 mm/s, while the high ve
locity region is also extended to the bottom of the study domain. In the 
middle portion of the mound, the magnitude of velocity decreases to the 
level of the base case below the original bed elevation. However, within 
the mound itself (0 < z* < 2.5), the upwelling velocity becomes domi
nant. As to the leeward side, the upwelling hyporheic velocity becomes 
even larger indicating that the MPs pushed inside the mound from the 
windward side may get flushed out. Additionally, there is high upwell
ing velocity in the water column above the mounded bed in spite of 
location, which may indicate that at least a range of MPs are kept from 
getting into the mounded bed by the flow. 

Based on the vertical flow velocity profiles, it is evident that in a 

permeable sediment bed, the most significant hyporheic exchange oc
curs within the top layer of sediment particles. This finding aligns with 
previous studies indicating that the Brinkman layer thickness is on the 
order of the particle diameter (Goharzadeh et al., 2005; Goharzadeh 
et al., 2006). Moreover, the results show that under high flow conditions 
or when bedform changes occur, there is a consistent presence of rela
tively high vertical velocity in the deeper layers of sediment. This 
observation suggests that a potentially significant vertical exchange of 
solute or particles still exists within the Darcy layer. 

3.2. Flow behavior near the sediment-water interface 

The quadrant analysis of the instantaneous velocity fields is adopted 
to gain further insight into the HEF near the sediment-water interface. 
To accomplish this, we presented the turbulent fluctuations in four 
quadrants with respect to the vertical and streamwise directions. The 
events in the four quadrants are called outward interactions (u′ > 0, w′ >
0), ejections (u′ < 0, w′ > 0), inward interactions (u′ < 0, w′ < 0), and 
sweeps (u′ > 0, w′ < 0), respectively (Wallace et al., 1972). Among these 

Fig. 1. Comparisons of double-averaged vertical velocity profiles between the base case and high flow case (a), large porosity case (b), and mounded bedform case (c 
and d). The elevation z is normalized by one cubic packed sphere unit (0.03 m). The spheres plotted with dashed lines represents the sphere layers in the sedi
ment bed. 
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four types of bursting events, sweeps and ejections occur more 
frequently, particularly in the vicinity of and at the sediment-water 
interface (Cooper et al., 2018). The occurrence of sweep-ejection 
events contributes to the transport of momentum, solutes, and sedi
ments, thereby influencing particle entrainment and displacement, as 
well as altering concentration profiles (Han et al., 2018; Bernard and 
Handler, 1990; Cameron et al., 2020; Tsai and Huang, 2019). 

The quadrant analysis of the four cases at different locations (Fig. S4) 
are presented in Fig. S5, where the size of bubbles represents the 
magnitude of production of turbulence fluctuations, the color represents 
the magnitude of the uw component of Reynolds shear stress (RSS). The 
values of u′, w′, and RSS are normalized by the friction velocity u*. u* 
can be calculated as (τw/ρ)0.5, where τw = hdp/dx (Lian et al., 2019; Han 
et al., 2019). In this study, the pressure gradient dp/dx that drives the 
flow is the body force term added in the momentum equation. The joint 
probabilities of the four bursting events are plotted in Fig. 2. 

In the water column, the results (Fig. S5.1 & Fig. 2) show that sweep- 

ejection events dominate near the wall, occurring with a frequency 
exceeding 80 %. Sweeps contribute slightly more than ejections, except 
for the high flow case. Hence, high flow conditions may reduce the 
likelihood of MPs near the bed surface being entrained into the bed. 

At the SWI, the sweep phenomenon becomes more prominent in the 
base case and high flow case, indicating the enhanced vertical transport 
of MPs towards the bed. This aligns with the finding we got from the 
velocity profiles. In all cases except for the mounded bedform case, 
sweep events contribute more than ejections. The difference between 
sweeps and ejections corroborates the finding in previous studies that 
sweeps dominate near the bed surface (Shahiri Tabarestani et al., 2021; 
Mangan et al., 2022). It should be noted that the pie chart for the bed
form case may be slightly inaccurate because the distinction in the 
occurrence of sweeps and ejections may be compromised due to the 
canceling effect of the quasi-steady downward velocity in front of the 
mound and the upward velocity behind the mound. 

Within the transition layer, there is a significant increase in the 

Fig. 2. Plots of the bursting events probability for Base case (column 1), High flow case (column 2), Large porosity case (column 3), and Mounded bedform case 
(column 4). The top row shows the analysis at the representative xy plane of water column (z* = 0.5). The second row shows the analysis at the sediment-water 
interface (SWI; z* = 0). The third row shows the analysis at the representative xy plane in the transition layer (z* = −0.5). The bottom row shows the analysis 
at the representative xy plane of the Darcy layer (z* = −1.5). Locations of these four planes are presented in Fig. S4 in the supplementary document. 

H. Yang and H. Foroutan                                                                                                                                                                                                                     



Science of the Total Environment 905 (2023) 167173

7

magnitudes of turbulence fluctuation production compared to other 
layers, as shown in Fig. S5. This may be due to the turbulence that 
penetrates, and the vortices induced by, the top layers of sediments. 
Interestingly, the occurrence of the four quadrant events appears to be 
similar (Fig. 2), suggesting a gradual shift from turbulent flow to Darcy 
flow regime. Fig. S5.3 shows that the magnitudes of turbulence fluctu
ation production are larger in Q2 and Q4 compared to Q1 and Q3, which 
may result from the presence of interstitial vortices, illustrating that the 
sweeps and ejections remain highly efficient in the transport of MPs 
within the transition layer. Additionally, it should be noted that in 
quadrant 4, intense Reynolds shear stress occurs along with a long tail in 
the streamwise direction, indicating vertical motions towards the deep 
bed and horizontal motion downstream. 

In the Darcy layer (Fig. S5.4), the magnitudes of dimensionless RSS 
decrease significantly compared to other locations, to an average 
magnitude of about 0.1. The probability of ejection-sweep events be
comes comparable to that of inward-outward interactions. However, the 
magnitude of velocity fluctuation production in quadrant 4 is still quite 
large, similar to that at the SWI. This may result in descending motion of 
MPs in the Darcy layer. 

By comparing the bubble plots in Fig. S5, we observe that the shapes 
of the bubble clouds are similar at different locations across the four 
cases. However, it is important to note that in the mounded bedform 
case, the reference size of bubbles is 2 to 4 times larger than in the other 
cases. This indicates more intense vertical motions of MPs. Furthermore, 
we can observe that the bubble cloud expands along the vertical axis and 
contracts along the horizontal axis as we move from the water column to 
deeper layers within the sediment bed. This trend suggests that vertical 
motions gradually become more dominant compared to streamwise 
displacement motions. Consequently, once MPs descend beyond a 
certain depth, they may tend to remain there rather than being trans
ported downstream. 

3.3. Hyporheic and settling/rising velocity comparisons 

Microplastic particles possess intrinsic properties such as density, 
shape, size, and roundness, which dictate their behavior in still water 
due to gravitational forces. Our objective is to understand how and when 
hyporheic exchange flow alter the behavior of microplastics, and sub
sequently influence their fate and transport in streams. To achieve this 
goal, we compared and balanced the upward (downward) hyporheic 
velocity with the settling (rising) velocity of microplastics. In this 
comparison, we considered the following polymer types: Polyethylene 
(PE), Polypropylene (PP), Polystyrene/Expanded Polystyrene (PS/EPS), 
Polyvinyl Chloride (PVC), Polyethylene Terephthalate (PET), and 
Copolyamide (CoPA). For PVC, PS, and EPS, we considered the shapes of 
spheres, pellets, and fragments. For PET, PP, and PE, we included the 
shapes of spheres, pellets, fragments, and fibers. However, for CoPA, we 
only focused on the fiber shape. These combinations of types and shapes 
of MPs were chosen because they are commonly found and studied in 
surface waters and sediments (Wang et al., 2017; Osorio et al., 2021). 
Furthermore, their inclusion in a previous study where settling and 
rising velocities of microplastics were determined ensures the accuracy 
of the calculated velocities. The density and shape of these MPs were 
kept consistent with the study conducted by Waldschläger and Schüt
trumpf (2019), while for particle sizes, we expanded the range to cover 
the entire size range defined for microplastics, ranging from 1 μm to 
5000 μm. We then obtained a threshold size that determines the shift 
from hyporheic exchange dominance to gravity dominance, so MPs with 
sizes smaller than the threshold would be primarily influenced by the 
HEF. 

Fig. 3 presents the ratio of the maximum hyporheic velocity to the 
settling or rising velocity of various types and shapes of MPs plotted 
against the size of microplastic particles. The ratios are categorized 
based on the combination of polymer type and shape, and they are 
represented as shaded areas in the plots for each classification. The 

horizontal lines indicate the point at which the settling or rising velocity 
equals the maximum hyporheic exchange velocity. When the plotted 
shades lie above these lines, it indicates that the behavior of MPs with 
corresponding sizes is predominantly influenced by hyporheic flow. The 
values of threshold sizes are presented in Table 2. 

As shown in Fig. 2a, the maximum upward hyporheic velocity in the 
base case, high flow case, and large porosity case are comparable. In 
contrast, in the mounded bed case, the maximum velocity is approxi
mately seven times larger compared to the other cases, consistent with 
the findings from the velocity profiles section. Among the four types of 
microplastics studied, PS pellets and fragments exhibit the highest sus
ceptibility to hyporheic exchange, with a threshold size of 460 μm for 
the mounded bedform case and around 70 μm for other cases, which are 
approximately twenty times larger than those of PET, PVC, and CoPA. 
CoPA fibers are the second most susceptible, with a threshold size of 100 
μm for the mounded bedform case and approximately 25 μm for the 
other three cases. In contrast, the impact of hyporheic exchange on PVC 
pellets and PET pellets and fibers is negligible in the base case, high flow 
case, and large porosity case, as the flow only affects particles with sizes 
smaller than 5 μm for pellets and 10 μm for fibers. Based on the results, it 
is evident that for MPs with a density higher than that of water, the 
threshold size increases as the density difference from water decreases. 
Consequently, a larger threshold size implies that a greater number of 
microplastics will be influenced by hyporheic flow. Additionally, when 
MPs have the same density, it is observed that fibers are more suscep
tible to the effects of hyporheic flow. 

In the comparison between the maximum downward hyporheic ve
locity and the rising velocity (Fig. 2b), it is noteworthy that most 
threshold sizes are larger than those observed in the settling velocity 
comparisons. This difference arises due to the fact that buoyant micro
plastics generally exhibit smaller density variations with water when 
compared to settling microplastics. In this comparison, the base and the 
large porosity cases yield similar results. Under high flow conditions, the 
threshold sizes for all types of microplastics are approximately two times 
larger than in the base case. In the mounded bedform case, the threshold 
sizes are around 10 times larger for pellets and fragments and around 40 
times larger for fibers compared to the base case. Interestingly, buoyant 
pellets and fragments are more susceptible than fibers, with threshold 
sizes ranging from 2 to 10 times larger depending on different stream 
characteristics, such as the bulk flow velocity, porosity, and the 
bedform. 

The velocity comparisons reveal that MPs with smaller sizes and 
smaller density differences from water are more susceptible to the 
hyporheic flow. Interestingly, we notice a contrasting pattern in the 
influence of microplastic shapes on their behavior. For buoyant micro
plastics, those with spherical, pellet, and fragment shapes exhibit a 
higher susceptibility to hyporheic flow, while for sinking microplastics, 
the dominance of flow is more pronounced for fiber shape. The threshold 
sizes in Table 2 show that under same stream characteristics, buoyant 
MPs are generally more prone to hyporheic flow than non-buoyant MPs. 
The flow can transport buoyant MPs towards the sediment bed (Mola
zadeh et al., 2023), which explains the presence of lightweight MPs in 
sediment. These comparisons provide validation for the influence of 
hyporheic flow on the behavior of MPs. As hyporheic flow exerts forces 
on MPs that are either opposing or in the same direction as gravitational 
forces, it undoubtedly affects the residence time of MPs in rivers, as 
highlighted in a previous study (Drummond et al., 2022). 

4. Conclusion 

This study investigated the influence of near-bed turbulence on the 
fate and transport of MPs in river systems. By comparing velocities 
resulting from the gravitational force and the hyporheic exchange, we 
demonstrated that MPs may be influenced by hyporheic exchange flow 
in streams, with smaller and buoyant microplastics exhibiting higher 
susceptibility. Additionally, particles with the shape of sphere, 
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fragment, or pellet, were found to be more prone to hyporheic exchange 
flow among buoyant MPs, whereas fibers showed higher susceptibility 
among non-buoyant MPs. The analysis of four different cases with 
varying channel characteristics revealed distinct flow behaviors and 
hyporheic exchange patterns, providing valuable insights into the 
impact of hyporheic exchange on MPs entrainment and deposition. In 
the base case featuring a flat permeable bed, a downwelling flow near 
the SWI was observed, along with significant vertical exchange in the 
top sediment layer, suggesting enhanced transport of MPs at this loca
tion. Increasing the bulk flow velocity expands the region of vertical 
hyporheic exchange, indicating that high flow conditions can intensify 
the vertical motion of MPs. Comparison between different bed porosity 
cases showed that a more permeable bed facilitates the transport of MPs. 
Importantly, changes in bed morphology exhibited the most pronounced 
influence on flow behavior, highlighting the dominant control of 
morphological features on vertical hyporheic exchange and subsequent 
microplastic transport. The quadrant analysis of bursting events 
revealed the prevalence of sweep-ejection events near the sediment- 
water interface, which plays a crucial role in facilitating the transport 

of MPs. Despite variations in intensity, the patterns of the occurrence of 
bursting events provided valuable information for predicting the motion 
of MPs at different depths near and within the sediment bed. 

Although the results of this study provide valuable insights into the 
transport and fate of MPs in streams, there are certain limitations that 
should be acknowledged. Firstly, this study consisted solely of scenario 
tests focused on a limited number of specific combinations of river 
properties. Plus, the formulas for settling and rising velocities were 
obtained from a study using virgin MPs, while in the aquatic environ
ment, weathering processes and aggregation and flocculation with 
sediments may impact these velocities (Waldschläger et al., 2020; Kar
kanorachaki et al., 2021; Serra and Colomer, 2023; Laursen et al., 2023), 
and hence, the findings only provide a partial understanding of the 
microplastic dynamics in real world rivers. Therefore, before applying 
these results to analyze the transport of MPs in real rivers, careful ex
amination and consideration of their applicability are necessary. For 
example, the threshold sizes of MPs in Table 2 were calculated based on 
the specific settings of the scenario cases. Given the varying degrees of 
significance that different river properties can have on MPs' transport, 

Fig. 3. Ratio of upward hyporheic exchange velocity to settling velocity (a), and downward hyporheic exchange velocity to rising velocity (b). The ratios are plotted 
against the MP size (chosen as the longest side length c) for all microplastic combinations of different size, shape (defined by CSF and P), and density, and are 
classified by density (polymer type) and shape (fiber or pellet/fragment). The horizontal lines indicate Vvertical flow = Vsettling/rising for four cases. 

Table 2 
The maximum sizes of settling (a) and floating/rising (b) microplastic particles influenced by upward and downward flow, respectively. All sizes are in the unit of μm.  

(a) PET 
(Spheres, Pellet, Fragments) 

PVC 
(Spheres, Pellet, Fragments) 

PS 
(Spheres, Pellet, Fragments) 

PET 
(Fiber) 

CoPA 
(Fiber) 

Base  4  4  71  10  23 
High Flow  4  4  76  10  25 
Large Porosity  4  5  82  11  26 
Mounded Bed  26  29  460  45  108   

(b) PP 
(Spheres, Pellet, Fragments) 

PE 
(Spheres, Pellet, Fragments) 

EPS 
(Spheres, Pellet, Fragments) 

PP 
(Fiber) 

PE 
(Fiber) 

Base  60  88  22  6  11 
High Flow  99  146  36  17  29 
Large Porosity  63  93  23  7  12 
Mounded Bed  548  874  171  252  423  
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we recommend assessing the similarity of bedform conditions (flat or 
mounded) and flow conditions (bulk Reynolds number) before applying 
the values from the table to real-world channels. This precaution will 
ensure the appropriate application of the calculated values in practical 
situations. Moreover, future studies could broaden the scope of scenarios 
cases to include channels with irregular packed bedform and lower 
porosity to explore varying natural conditions related to hyporheic ex
change and MPs transport. Additionally, the CFD models utilized in this 
study, while are validated with lab experiment data, used simplified 
regularly packed bed geometry and a relatively coarse mesh to reduce 
computational costs, which may potentially impact the generalizability 
of the results. Furthermore, it should be noted that the study focused on 
the impact of vertical hyporheic flow on MPs transport, and other 
particle-flow interaction processes were not considered. These limita
tions point to the need for further research in two areas: 1) To refine the 
modeling framework in terms of the geometry and computational setup 
and apply it to real test cases by incorporating field-measured data such 
as stream characteristics and MP concentrations; and 2) to model MP 
particles in river ecosystems with an Eulerian-Lagrangian framework to 
account for additional transport mechanisms (Molazadeh et al., 2023; 
Bigdeli et al., 2022; Summers et al., 2023). 

Overall, the findings of this study contribute to our understanding of 
the dynamics of microplastic transport and fate in rivers, particularly 
through the influence of hyporheic exchange flow. Also, this study 
serves as a demonstration of the advantages offered by high-fidelity fluid 
dynamics simulations in microplastics research. Such simulations enable 
more effective and accurate results, allowing for the capture of small- 
scale motions near the bed that cannot be directly measured, and 
thereby, help filling the research gap regarding the transport and fate of 
MPs in streams. 
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