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Abstract 

Hyporheic flow transports fine particles into the riverbed, which can lead to clogging of 

the bed and in turn affect hyporheic flow and exchange processes. Field measurements 

and numerical simulations show the formation of a low-permeability layer (LPL) near the 

bed surface due to fine particle clogging, and consequently reduction of exchange fluxes 

between the bed and river water. A characteristic porosity (
* ) and time scale were 

derived to quantify the clogging process and effects on transport. Both the exchange flux 

and mean solute residence time were found to follow a power law relationship with 
* . 

For the normalised particle exchange flux, the exponent is close to unity, i.e., a linear 

relationship with 
* . The results also showed significant effects of the fine particle 

concentration, pressure difference, sediment collision efficiency and fine particle 

diameter on the bed clogging. Large values of these parameters led to intensified 

clogging, with the formation of different types of LPL. 

Key words: hyporheic zone, fine particle clogging, inlet flux, mean residence time, 

river eco-system, water quality  
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1 Introduction 

As overlying water flows over a riverbed with bedforms such as dunes or ripples, flow-

bedform interaction generates pressure gradients at the sediment-water interface (SWI) 

that drive water flow into and out of the bedforms (Thibodeaux & Boyle, 1987). This 

circulating flow provides a mechanism for mass exchange between the river water and 

bed (Elliott & Brooks, 1997a, b). The area where the active circulating flow and 

exchange takes place in the bed is called hyporheic zone (Krause et al., 2009), which is 

an active portion of the fluvial eco-environment (Cardenas, 2006; Harvey & Fuller, 1998; 

Malcolm et al., 2002; Mermillod-Blondin et al., 2005). 

Fine particles are abundant in natural rivers, including inorganic colloids such as clay 

particles as well as organic plant debris and microbes (Hedges et al., 1986; Ren & 

Packman, 2004). During rainfall and flood events, soil erosion from the upper catchment 

produces a significant input of fine particles into the river system (Packman & MacKay, 

2003; Pimentel et al., 1995; Wolman, 1967). These fine particles can be chemically 

reactive, particularly due to their large specific surface areas. For instance, fine particles 

were found to facilitate the migration of heavy metal elements such as zinc, copper and 

lead into the riverbed (Karathanasis, 1999, 2000; Ren & Packman, 2005). 

As the fine particles move downward into the bed driven by hyporheic flow, they can be 

trapped by small pores (Drummond et al., 2014; Harvey et al., 2012; Karwan & Saiers, 

2012; Packman et al., 2000a, 2000b; Packman & Brooks, 1995; Packman & MacKay, 

2003), i.e., particle filtration (McDowell-Boyer et al., 1986). This leads to a reduction of 

the porosity and permeability of the bed, resulting in reduction of water exchange across 
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the sediment-water interface (SWI), as shown in column experiments and numerical 

stimulations (Baveye et al., 1998; Chen et al., 2010, 2009, 2008; Fox et al., 2018; Mays 

& Hunt, 2005, 2007; O’Melia & Ali, 1978; Reddi et al., 2005; Rehg et al., 2005; Tosco & 

Sethi, 2010; Zheng et al., 2014). Field experiments also show that river turbidity could 

enhance fine particle clogging in the river bank (Pholkern et al., 2015). This can further 

affect biological processes in the hyporheic zone as material and energy transfer 

associated with water exchange becomes constrained (Findlay, 1995). 

Even with (initially) uniform bedforms, hyporheic flow is spatially variable, which is 

expected to affect the deposition of fine particles in the bed, eventually resulting in 

heterogeneity of the riverbed’s porosity and permeability. However, previous research 

typically assumed the bed to be homogenous (Cardenas & Wilson, 2007a; Elliott & 

Brooks, 1997b; Jin et al., 2010). A few studies on heterogeneous riverbeds showed that 

heterogeneity affected significantly vertical exchange between surface water and 

groundwater (Fox et al., 2016) as well as exchange rates and mean residence times of 

solutes in the hyporheic zone (Pryshlak et al., 2015). However, the bulk heterogeneity 

was found to have little impact on the reactive transport behaviour and bulk reaction rates 

of solutes in the streambed (Bardini et al., 2013). At present, the potential effects of 

particle trapping in bedforms are not well understood. For example, the hydraulic 

conductivity of the bed under the influence of particle trapping would change. However, 

it is unclear what the patterns of these changes are, i.e., how the hydraulic conductivity 

variations affect the mean residence time and transport paths of solutes in the hyporheic 

zone. 
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By combining field measurements and numerical stimulations with a simple analytical 

model, we aim to address the following questions: (1) How does particle clogging affect 

the porosity and permeability of the riverbed? (2) How does particle clogging affect 

hyporheic exchange, particularly the flux and solute residence time? Finally, (3) what 

factors play a role in modulating the particle clogging effect? A field experiment was 

conducted in the Huaihe River (China) during a flood event in 2016 with the aim of 

exploring possible effects of fine particle deposition on intrinsic properties of the beds 

under real conditions. Motivated by the field observations, a numerical model was then 

developed to stimulate the process of fine particle transport and deposition coupled with 

hyporheic flow. A modified Kozeny-Carman equation (Xu & Yu, 2008) was adopted to 

describe the relationship between porosity and permeability (hydraulic conductivity). An 

analytical model was also developed to describe the clogging process and resulting 

effects on the permeability near the bed surface. The numerical simulation results were 

analysed in combination with the analytical solution to address the above questions. 

2 Approach and methodology 

2.1 Field investigation 

The field experiment was conducted near Wu Jia Du at the Huaihe River in eastern China 

(Fig. 1a) during a modest flood event to examine fine particle transport and clogging in 

the bed of a natural river under real conditions. Prior to the flood event, sand was dredged 

from the bed and sieved through a 0.250 mm sieve and 0.355 mm sieve. The remaining 

sand (mainly 0.3 mm) was then deposited on the floodplain near the deep channel to form 

a 1.4 m long and 0.147 m high sand dune (Fig. 1b-d) for simulating a bedform. The bulk 
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properties of the sand dune, including bulk density and hydraulic conductivity, were 

measured (Table 1). During the flood event, the dune was inundated by river water, and 

hyporheic exchange occurred between the dune and overlying water. 

The experiment lasted for 7 days. The mean river flow velocity (measured by propeller 

current meter, LS1206B, Qingdao Junyuan Environment Equipment Co. Ltd.), water 

depth and fine particle concentration during the experiment are shown in Fig. 2. Mean 

flow velocity and water depth were measured at one meter upstream of the sand dune and 

found to be relatively stable with a fine particle concentration around 0.5 kg/m3 for the 

majority of the experiment except the beginning and end of the flood event. The duration 

of this period is about 87 hours as highlighted in Fig. 2. During the period of the 

experiment, the flow direction was predominantly from the stoss side to the lee side of 

the dune as measured by propeller current meter. Little bed movement was observed at 

the beginning and the sand dune remained largely unchanged. 

As the flood receded, the sand dune re-emerged. The middle of the dune was sampled 

across two vertical layers, with three samples taken from each layer. At the upper layer, 

samples were collected near the surface, and at the deeper layer samples were extracted 9 

cm below the dune surface. Each sample was collected by a cutting ring of 61.6 mm in 

diameter and 40.0 mm in height. If fine particle trapping occurs in the bed, the bulk 

density of the sediment is expected to increase. To examine this effect, the bulk densities 

of the samples were measured following the method GB/T50123-1999 (Professional 

Standards Compilation Group of People’s Republic of China, 1999). The samples were 

then passed through a 0.1 mm sieve to separate large (> 0.1 mm) and small particles (< 

0.1 mm). Since the sand dune was made of particles of sizes in excess of 0.1 mm, small 
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particles found via sieving are mainly from the infiltrating river water. Note that although 

sediment samples taken from the dune would include fine particles in the pore water, the 

amount was negligible because of the low sediment concentrations in the river water 

(approximately 0.5 kg/m3). The particle size distribution of the sieved small particle 

samples was determined with a Malvern laser particle size analyser. Samples of overlying 

river water were also collected during the flood for measurement of the particle 

concentration and size distribution of the suspended load. These measurements allowed 

for determination of the mass distribution of clogged particles in the shallow and deep 

areas of the bedform as well as the size distribution of the trapped particles in comparison 

to the suspended fine particles in the river water. 

If fine particles are too large to go through at the pore throat in the shallow area of the 

bed, bridging will occur and prevent subsequent migration of fine particles into deeper 

regions of the streambed. The critical condition separating bridging and unimpeded static 

percolation is given by dc
*/d85 = 3, where dc

* is the controlling constriction size, ≅ 0.25d5 

with dx being the xth percentile of the particle diameter distribution (Gibson et al, 2010; 

Wharton el at., 2017). If dc
*/d85 > 3, no bridging occurs. The dc

*/d85 was 4.26 ( d85 = 17 

μm and d5 = 0.29 mm), suggesting that bridging did not occur. Thus, the bridging process 

was not considered in the mathematical model for simulating the fine particle transport in 

the riverbed. 

2.2 Conceptual and mathematical model 

Along with the field observation of fine particle transport and trapping in the sand dune 

(§3), a mathematical model was developed to simulate the particle transport and trapping 
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in the bed with consideration of the feedback of particle trapping on the flow process 

through changes of the bed properties. The model was based on a 2D vertical section of 

the bed in the longitudinal (flow) direction, with boundary conditions given in Fig. 3.  

The river water flow above the bed interacts with the bedforms and generates hydraulic 

head gradients that drive hyporheic flow and exchange. A sequential coupling approach 

was applied to simulate the river water flow, and pore water flow and particle transport in 

the bed. First, the river water flow was simulated to determine the pressure distribution at 

the sediment–water interface (SWI). Then, the pore water flow in the bed, driven by the 

interfacial pressure variations, was simulated. Finally, particle transport was simulated 

based on the pore water flow field. This approach is similar to that of Cardenas and 

Wilson (2007b) and Jin et al. (2010). 

The overlying water flow equations were solved using FLUENT (ANSYS Inc., 

Canonsburg, PA, USA; www.ansys.com), following the approach of Jin et al. (2010), as 

shown in Fig. 3. COMSOL Multiphysics (COMSOL, Inc., Burlington, MA, USA; see 

www.comsol.com) was used to simulate pore water flow and fine particle transport in the 

riverbed. The saturated pore water flow is described by (Bear, 1975), 

 ( ) ( ) 0
t

 


+  =


U  (1) 

where t is time,  is fluid density,  is porosity and U is the Darcy flow velocity, 

 ( )
K

P gz
g




= −  +U  (2) 

http://www.ansys.com/
http://www.comsol.com/


10 

Above, K is the hydraulic conductivity, P is the pore-water pressure, g is the magnitude 

of gravitational acceleration and z is the vertical coordinate.
 

As mentioned, the pressure distribution at the SWI provided by the overlying water flow 

model was used to determine the top, pressure-prescribed boundary of the bed domain. 

The lateral (vertical) boundaries were set as periodic velocity and pressure boundaries 

with an imposed pressure/head drop (Cardenas & Wilson, 2007a). The bottom boundary 

was set as a zero-flux boundary. 

Fine particle transport in the bed was modelled using the mass transport equation, i.e., 

 
( )

( ) 0
C S

C C
t t


 

 
+  −  − + =

 
pD v     (3) 

In Eq. 3, C is the fine particle concentration in the pore water; S is the mass of retained 

particles per unit volume of porous medium, 
p

v  is the fine particle velocity vector and D 

is the 2D dispersion coefficient tensor. The fine particle velocity was calculated as vp = u 

+ vs (Packman et al., 2000), where u is the pore water flow velocity and vs is the particle 

settling velocity calculated according to Stokes’ law (Hunter, 1986). The second term on 

the left-hand side of Eq. 3 describes the net transport flux due to particle hydrodynamic 

dispersion, and particle migration due to pore water flow and particle settling. The third 

term represents fine particle deposition in the bed due to filtration. Following Ryan and 

Elimelech (1996), particle filtration was modelled using: 

 
att

S
k C

t



=

      (4) 



11 

where attk  is the particle attachment coefficient, which quantifies the removal rate of fine 

particles due to filtration. The attachment coefficient was computed using (Bradford et al., 

2003; Yao et al., 1971), 

 
c

3(1 )

2
attk u

d




−
=

    (5) 

where d is the mean grain diameter of riverbed sediments; 𝜀 ̅is the average porosity of the 

shallow bed layer, i.e., the top one third of the bed, where particle deposition mainly 

occurs (Packman & MacKay, 2003; Rehg et al., 2005); and cu  = / ( )mKh L  is a 

characteristic pore water velocity (Jin et al., 2010) with hm being the amplitude of 

hydraulic head variations along the SWI and L being the length of a single bedform. Note 

that uc is taken as a constant spatially but changes over time. The distribution of pressure 

differences remains unchanged during the simulation; however local porosity and hence 

averaged porosity (𝜀̄) and hydraulic conductivity (K) decrease due to fine particle 

deposition. At each time step, new characteristic pore-water velocity is obtained based on 

updated values of 𝜀̄ and K. The particle collision efficiency, 𝛼, is usually determined by a 

column penetration experiment (Auset & Keller, 2006; Bradford et al., 2003; Karwan & 

Saiers, 2012; Liu et al., 1995; Ren et al., 2000, 2001). The collector efficiency, 𝜂, was 

calculated using (Rajagopalan and Tien, 1976), 

 
13/8 2 0.4

1/3 2/3 1/8 1.2

c 1/8 15/8 1.2

( )3 4
4 ( ) ( ) 0.00338 [ ]

9 18( ) ( )

p p p

s p s s

z c c

d g d dH
A d d u A A

B T u d u

 
 

  

−
−

= + +         (6) 
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where 
pd  is the fine particle diameter;  is the dynamic viscosity of water; 

p  is the 

density of the particles; H  is the Hamaker constant (
2010−

J); zB  is Boltzmann’s constant 

(1.38 × 10−23 kg m2 s-2 K-1); T is the temperature (K); and sA  is the Happel correction 

factor, 

 5/3 1/3 5/3 22[1 (1 ) ] / [2 3(1 ) 3(1 ) 2(1 ) ]sA    = − − − − + − − −           (7) 

The clogging effect due to fine particle trapping leads to reduction of porosity (𝜀), i.e., 

 
0

p

S
 


= −

         (8) 

where 0  is the initial porosity of the porous medium. The mean bed sediment diameter is 

assumed not to be affected significantly by fine particle clogging, in which case the 

single-collector efficiency equations (Eqs. 5 and 6) still apply for computing 𝑘𝑎𝑡𝑡 and 𝜂 

using temporally varying average porosity. Both parameters are constant spatially but 

vary over time. 

A modified form of the Kozeny-Carman equation was used to determine the consequent 

change in the permeability, 𝜅 (Xu & Yu, 2008), 

 

3

2 2(1 )c A





=

−           (9) 

where c and A are constants related to the intrinsic properties of the porous medium. We 

hypothesised that these values do not change significantly due to fine particle clogging. 

Changes in hydraulic conductivity (proportional to permeability) then follow: 
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2 3

0

0 3 2

0

(1 )

(1 )
K K

 

 

−
=

−
           (10) 

where K0 is the initial hydraulic conductivity. This equation is consistent with the 

previous finding of a power law relationship between hydraulic conductivity and porosity 

in the fine particle clogging process (Chen el al., 2010). 

The boundary conditions for the fine particle transport were set as follows (Fig. 3): (1) on 

the lateral boundaries of the domain, periodic conditions were imposed for both the 

concentration and the concentration gradient; (2) on the bottom of the domain, a no-flux 

condition was applied, giving a zero concentration gradient since the local vertical flow 

and advective flux are zero on this boundary; and (3) along the SWI, the boundary 

condition was:
 

 

0

0 0

cC C

C

n

=  



=  


n u

n u
       (11) 

where n is the unit vector normal to the interface (pointing inward), and Cc is the fine 

particle influx concentration along the SWI: 

 
0 min

min=0

c

c

C C

C

 

 

= 


=
       (12) 

In Eq. 12, 0C  is the fine particle concentration in the overlying water and min  is the 

minimum possible porosity. If the diameters of fine particles are equal and follow a 

hexagonally closely-packed array, min  is given by 00.2596  (Graton & Fraser, 1935). 
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When  is reduced to min , the medium is assumed to be “fully” clogged. This occurs at 

the bed surface and subsequently no further fine particle transfer to the bed is possible, 

though water still flows through. 

2.3 Model simulations 

Motived by the field observations, a series of simulations were conducted with model 

parameter values listed in Table 3 to examine fine particle transport and clogging in the 

hyporheic zone. These simulations focussed on the case with periodic bedforms, as 

considered in previous studies (Karwan & Saiers, 2012;
 
Packman et al., 2000a, 2000b). 

The properties of bed sediments adopted in the simulations correspond with those of 

Huaihe River sediments. The fine particle diameters range from 1 to 10 m, covering the 

majority of fine particles detected in the field experiment. The sediment collision 

efficiency, α, is affected by various factors, including pH and pore water ionic strength. 

Although there are theories for predicting the value of α, many previous studies treated it 

as a fitting parameter based on model calibration against data from column experiments 

(Bradford et al., 2003; Karwan & Saiers, 2012; Ren et al., 2000). 

A base case simulation was first conducted to examine the particle clogging effect with 

the particle concentration, pressure difference, particle diameter and sediment collision 

efficiency set to 0.5 kg/m3, 4.75 × 10-4 m, 1 m and 0.04, respectively. The values of 

these four model parameters were then varied to explore how changes in theses 

parameters influence particle clogging and hyporheic exchange. The range of sediment 

collision efficiencies is within those considered in the previous studies (Bradford et al., 
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2003; Karwan and Saiers, 2012; Ren et al., 2000). Numerical simulation results were also 

used to calibrate an analytical clogging model described below.
 

2.4 Analytical clogging model 

Combining Eqs. 4 and 8 leads to an expression for describing the changes of porosity 𝜀 in 

the hyporheic zone due to fine particle clogging: 

 = att
p m

m

k
h C

t h


 




−


          (13a) 

According to Eqs. 5, 6 and 10, 𝑘𝑎𝑡𝑡/(𝛼ℎ𝑚) can be approximated as a power function of 

porosity, 𝜀, as shown in Fig. 7, 

 
𝑘𝑎𝑡𝑡

𝛼ℎ𝑚
≅ 𝑚𝜀−𝑛      (13b) 

where m is function of dp and hm (𝑚 = 𝑘𝑑𝑝
2ℎ𝑚

−0.87, 𝑘 = 4.43 × 106, the values of these 

parameters were based on curve-fitting). The value of n was found to be approximately 

4.3 based on curve-fitting. Equation 13 can be applied to the SWI with C set to C0 and 

integrated to give a solution for local porosity prior to reaching the minimum value, i.e., 

 

1

*

0 0

n
n

m

p

n
m h C t  



 
= −  

 

       (14) 

Based on Eq. 14, the time taken for the SWI to become clogged (termed clogging time 

hereafter) is: 
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 ( )c 0 min

0

-
p n n

m

t
nm h C


 


=       (15) 

As 2 0.87

p mm kd h−= , Eq. 15 is rewritten as: 

 ( )c 0 min2 0.13

0

-
p n n

p m

t
nkd h C


 


=                                       (16) 

3 Results and Discussion 

3.1 Field observations and simulation 

Field measurements show that while the bulk densities of sediment samples collected 

from the deep layer differed little from initial values (prior to the flood), the bulk 

densities of samples taken near the dune surface increased from 1.70 to over 1.81 g/cm3 

(i.e., 6.40-8.38%, Table 2). Few fine particles were found in the samples from the deep 

layer. In contrast, a considerable amount of fine particles were extracted from the 

samples collected near the dune surface. The size distribution of these fine particles was 

similar to that of suspended sediments in the overlying water, for instance both with d50 

around 10 m (Fig. 4). These results suggested that fine particles from the overlying 

water were transported into the sand dune by the hyporheic flow and that fine particles 

were trapped near the dune surface, consistent with the numerical simulation results 

shown below. 

3.2 Numerical simulations 

Simulations were conducted to examine fine particle deposition and clogging, as well as 

changes in hyporheic flow. Variations due to different fine particle sizes, sediment 
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collision efficiencies, particle concentrations and pressure difference were quantified. 

The simulations used triangular bedforms, as commonly considered in previous studies of 

hyporheic flow (Cardenas & Wilson, 2007a, b; Karwan & Saiers, 2012), with values of  

and dp varying, respectively, from 0.04 to 0.6 and from 1 to 10 m. Values of C0 and hm 

were varied from 0.5 to 16 kg/m3 and from 1.11 × 10-4 to 6.44 × 10-4 m, respectively. 

Clogging characteristics and effects – Base case 

The simulation results show the development of a thin sediment layer with fine particles 

trapped below the bed surface within the inflow zone, localized near the entrance of each 

circulating path (Fig. 5a). This numerical result is consistent with the field observation 

presented above and findings of previous studies, which showed that fine particle 

movement is different from solute transport. Fine particle clogging is localised, with 

trapped fine particles distributed within a shallow area along the sediment-water interface 

(Fox et al., 2018; Drummond et al., 2014; Harvey et al., 2012; Chen el al., 2010; Rehg et 

al., 2005). With time, this layer expanded along the (local) flow path. Fine particle 

trapping reduced the porosity, which in turn intensified particle trapping as indicated by 

Eq. 13. The concentrations of trapped particles (S) at the bed surface eventually reached a 

maximum (Smax) corresponding to the minimum porosity (min). Afterwards, no further 

transfer of fine particles into the bed took place (Eq. 12). The vertical profiles of trapped 

particle concentrations consistently show the positive feedback of clogging on fine 

particle deposition, as manifested by the development of the high concentration layer 

close to the bed surface (Fig. 6). 
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As trapped particles occupy pore space and reduce porosity, the medium’s permeability 

in the surface layer decreases. The formation of the low-permeability layer (LPL) 

weakens hyporheic flow and alters the pore-water pressure distribution and flow patterns 

(Fig. 5b). Pore-water pressure reduced rapidly in the low permeability layer, which is 

consistent with the experiment conducted by Fetzer et al. (2017). A major impact is the 

reduction of the extent of the hyporheic zone (also called interfacial exchange zone, IEZ) 

(Cardenas & Wilson, 2006). The thickness of the IEZ decreased as its lower bound (the 

hydraulic divide separating the IEZ and regional flow zone) moved upward until the 

particle trapping ceased (Fig. 5b). 

The overall exchange between the river and the bed was also affected. Both the total 

water influx (qw) and relative fine particle influx (q*
p) (fine particle influx normalized by 

the initial fine particle influx) across the bed surface decreased over time, reaching a 

minimum and zero, respectively, as the bed (surface) became “fully” clogged (Fig. 8) and 

an equilibrium state was established. The existence of this relative equilibrium state was 

also evinced by Fetzer et al’s experiments (Fetzer et al., 2017). In the Fetzer’s experiment, 

after fine particle entered the column for a period of time, the rate of hydraulic 

conductivity reduction decreased drastically, which suggests a steady state was reached 

(Fetzer et al., 2017). However, the hydraulic conductivity did not cease to decrease as 

numerical model suggested. The continuing slow decrease of hydraulic conductivity may 

be the result of further migration of fine particles into deeper regions, since the 

experiments measured the whole column hydraulic conductivity. The clogging time (tc,n) 

was 5.04 × 104 h for the base case. The averaged porosity (a) on the bed surface across 

the inflow zone was also determined. The results show a decreasing trend until reaching 
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min, similar to the trends of qw and q*
p (Fig. 8). A power-law relationship with a was 

found for qw, whereas q*
p exhibited a linear relationship with a as reported by Fox et al. 

(2018) (Fig. 8). We determined the length where the fine particle entranced the bed 

surface. A dimensionless entrance length Lp
* was calculated, which equalled the entrance 

length of fine particles divided by the length of the SWI. We found that Lp
*  increased 

over time until reaching a maximum value, which implied that some initially outflux zone 

would become influx zone. This is supported by Fox et al.’s findings for experiments 

with neutral and losing conditions. Fine particle depositing and clogging inflow zone of 

the bed would divert inflowing water laterally and shift inflow to other areas of the bed 

(Fox et al., 2018), which could be the result of fine particle clogging. Tonina et al. (2016) 

had shown that heterogeneity induced by the change of hydraulic conductivity could 

switch certain upwelling zone of hyporheic zone to downwelling zone. With the initial 

increase of Lp
*, q*

p decreased relatively slowly compared with the rapid decline when Lp
* 

reached the maximum.   

The area (ALPL) and thickness (dc) of the LPL were found to follow a hyperbolic function 

type relationship (acosh(x)+b) with a (Figs. 8). Note that ALPL was calculated as the area 

of riverbed where the local permeability was reduced to half of the initial permeability 

(Fig. 5b) while dc was estimated by dividing ALPL by the bedform length given that the 

LPL spanned almost the whole bedform. We also computed the averaged fluid residence 

time (tr) in the IEZ to explore variations of the overall flow in the hyporheic zone 

(Cardenas & Wilson, 2006), i.e., 

   IEZ IEZ
r

w

A
t

q


=          (17) 
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where 
IEZ  and AIEZ are the average porosity and area of the hyporheic zone, respectively. 

Again, tr was found to be related to a power of εa (Figs. 8). These results suggest that εa is 

a key characteristic variable of the hyporheic zone as affected by fine particle clogging. 

Analytical predictions of a (*) and tc (base case) 

The analytical model provides predictions for the temporally varying porosity (*) at the 

interface, as simulated by the numerical model (a). To compare the analytical solution 

(Eqs. 14 and 15) with the numerical results (a and tc), we first determined the 

coefficients m and n by approximating the relationship between katt/ hm and  based on 

Eq. 13b for different values of hm. As shown in Fig. 8, the approximation is reasonably 

good, with relatively large regression coefficient values obtained for the fitting (R2 > 

0.95). Note that the values of m varied considerably with dp while n varied little (~4.3). 

With these values, Eq. 14 predicted how the interface porosity varied with time. Both a 

and * decreased over time (Fig. 9). However, * underestimated the decrease of porosity 

as simulated by the model (a).  The discrepancy between the analytical solution and 

numerical model result is due to the approximation of the power law relationship between 

the katt/ hm and  adopted in the analytical model, which is not accurate particularly for 

the base case. Using in the numerical model the value of katt/ hm given by the same 

power-law approximation, the simulated a agrees well with * predicted by the analytical 

solution (red square in Fig. 9). 

The analytical model, based on the interface condition alone, does not consider the effect 

of flow and particle transport and deposition below the interface, nor the lateral 



21 

expansion of the entrance length at the bed surface. Although it underpredicts the 

clogging process, the analytical solution provides parametric relations that allow 

examination of the roles of key physical parameters in the clogging process, in particular, 

the fine particle concentration, pressure difference, fine particle size and sediment 

collision efficiency as discussed below. 

Effects of fine particle concentration (C0), pressure difference (hm), fine particle size (dp) 

and sediment collision efficiency () 

Simulations with different values of C0, hm, dp and  show similar clogging effects and 

characteristics to those found in the base case. In particular, a characterises the dynamics 

of the hyporheic zone in the simulation with respect to changes in the shallow layer 

porosity, and feedback on the flow and particle deposition. The results for all cases are 

included in the Supplementary Materials (Figs. S1, S2, S3 and S4). 

The following trends can be identified from the results: (1) Larger fine particle 

concentrations accelerate the clogging process (Fig. 8) but do not change overall clogging 

pattern (Fig. S1); (2) Larger pressure differences increase the intrusion of fine particles, 

thus leading to the formation of a more extensive LPL near the bed surface (Fig. S2); (3) 

Larger fine particle collision efficiencies intensify the clogging process and lead to the 

formation of thinner LPLs near the bed surface (Fig. S3); (4) Larger fine particle sizes 

also intensify the clogging process; however, the LPLs expanded across the bedform 

(both lateral and vertical) due to increased particle settling velocities (Fig. S4); and (5) a 

was also found to be the key characteristic variable that maintains a power law 

relationship with water exchange flux and solute residence time, a linear relationship with 
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relative particle exchange flux and a hyperbolic function relationship with LPL thickness 

(Fig. 8). 

The results also show that: (1) the exponents of the power function of a versus qw and tr 

remained unchanged except for the cases with different sediment collision efficiencies. 

When the sediment collision efficiency is larger, LPL is restrained to the sediment-water 

interface, which limits its ability to resist the exchange flux at the surface (Fig. S4); (2) 

fine particles started to intrude on the lee side of the bed, when the pressure difference at 

the surface became low. This is because the fine particle’s settling effect dominates over 

the upwelling associated with the hyporheic outflow. 

Here, we focus on comparing the analytical predictions of * and tc with the simulation 

results (a and tc,n) to explore the roles of C0, hm, dp and  in affecting the fine particle 

clogging and transport in the riverbed. Figure 10 shows the comparison of tc for different 

C0, hm, dp and . In each case, the analytical solution was first applied directly with 

model parameter values determined based on the simulated condition, i.e., the values of 

m and n derived using the fitting method described in the above section. Second, the

1

0ct C− , 
0.13

c mt h− , 
2

c pt d −  and -1

ct   relationships given by the analytical solution 

were used to fit the simulation results. The second approach led to a slightly improved 

match between the analytical and numerical results.  Overall, the analytical predictions 

compared reasonably well with the numerical results. The comparisons between * and a 

for different particle sizes are shown in Fig, 11. In these cases, the power function could 

accurately predict the relationship between katt/ hm and ; hence, the analytical 

predictions agreed well with the numerical results. 
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4. Concluding remarks 

Combining results from a field experiment, numerical simulations and an approximate 

analytical solution, we estimated clogging of the riverbed near the sediment-water 

interface by fine particles that are transported from overlying river water due to 

hyporheic flow. The clogging leads to formation of a thin, low-permeability layer near 

the interface, which in turn reduces the hyporheic flow and exchange fluxes. The 

analytical solution describes changes of porosity near the interface and time for the bed to 

become “fully” clogged. Both quantities are affected by various physical parameters as 

described by the analytical solution. Moreover, changes of hyporheic exchange fluxes, 

solute residence time, relative particle exchange fluxes and low permeability layer 

thickness are related to temporal variations of porosity near the interface by power-law, 

linear and hyperbolic functions, respectively. Using these relations together with the 

analytical solution, we can demonstrate the clogging process and assess the resulting 

effects on the bed properties and hyporheic exchange. 

The field experiment carried out in the present study provided evidence for fine particle 

transport and trapping in the riverbed. However, the retention of fine particles in bed 

sediments is of great complexity in the natural river system. For example, turn-over of 

streambed (Rehg et al., 2005), influence of ambient flow (Fox et al., 2018) and change of 

bed condition from full water saturation to partial saturation would complicate the 

transport and trapping of fine particles in the bed in ways not considered here. The 

clogging time, tc, as predicted by the analytical model based on steady-state flow 

conditions, is affected by various factors, such as fine particle concentration, pressure 

variations at sediment water interface, particle diameter and sediment collision efficiency. 
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Under conditions of large particle diameter and high sediment collision efficiency, the 

equilibrium state of fine particle clogging in the bed may be reached rather quickly. For 

instance, if the fine particle concentration is 16 kg/m3, for a particle diameter of 10 µm 

and sediment collision efficiency of 0.6, clogging would take around 1 h. Over such time 

periods, steady state or quasi-steady state flows may occur in some natural rivers. Thus, 

we suggest that our analytical model based on steady state flow conditions provides a 

methodology and with validation has the potential for predicting the time scale of fine 

particle clogging of natural riverbeds, especially when the fine particle concentration, 

fine particle diameter and sediment collision efficiency are large, and the flow rate of 

river is steady. In Fox et al.’s experiment, clogging times ranged from 20 h to 100 h (Fox 

et al., 2018). Although, we do not know their exact values of fine particle diameter and 

sediment collision efficiency, estimations can be made. The value of sediment collision 

efficiency could be approximated as 0.42, following Karwan and Saiers (2012) who used 

a similar sediment composition in their experiments, and the diameter of fine particles 

between 2~7 µm, based on other experiments that also used kaolinite as fine particles for 

studying bed clogging (Jin et al., 2019; Rehg et al., 2005). Then, from the analytical 

solution we predict a clogging time ranging from 6~75h, which is on the same time scale 

as given by experimental measurements. Nevertheless, further experiments under well-

controlled laboratory conditions should be carried out to examine the particle clogging 

process and effects, in parallel to model simulations. In addition to particle concentration, 

pressure difference, fine particle size and particle collision efficiency as examined here, 

future investigations should explore the influences of other parameters, including the bed 

sediment size, bed permeability and different bedform shapes. The influence of bottom 
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boundary conditions should also be further explored, for fluxes across the bottom 

boundary associated with regional scale flow of gaining or losing rivers can influence the 

migration of fine particles in the bed (Fox et al., 2018). 
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Table 1 Parameter values in the field experiment. 

Parameter Value 

Bedform length (L) 1.4 m 

Bedform height (Hb) 14.7 cm 

Stoss length (Lc) 98 cm 

Streambed depth (db) 10 cm 

Hydraulic conductivity(K) 8.84 × 10-4 m/s 

Bulk porosity (θ) 0.33 

Mean diameter of streambed sediments  (d) 
3 × 10-4  m 

Median fine particle size in overlying water (d50) 7.39 ~ 10.84 μm 

Median fine particle size in sand dune (d50) 9.66 μm 

 

Table 2 Bulk density measured at sample locations. 

Type Location and 

Namea 

(shallow) 

Bulk 

Density 

(g/cm3) 

Location and 

Namea (deep) 

Bulk 

Density 

(g/cm3) 

Increase 

Mass Rate 

(%) 

Field 

Experiment 

A1 1.83 A1' 1.72 6.40b 

A2 1.81 A2' 1.69 7.10 

A3 1.81 A3' 1.67 8.38 

Note: a Two layers were sampled at the middle of sand dune. Three samples were extracted at each 

layer, the location of these three samples is vertical to flow direction. The quotes suggest the sample 

was extracted bellow the corresponding numbered sample. For example, A1, A2 and A3 was in the 

same layer. A1’ was extracted bellow A1. b Increase mass rate is calculated as (𝜌𝐴1 − 𝜌𝐴1′)/𝜌𝐴1′ ∗
100%   
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Table 3 Values of model parameters used in generalized numerical simulations. 

Parameter Value 

Bedform length (L) 1 m 

Bedform height (Hb) 5 cm 

Stoss length (Lc) 90 cm 

Streambed depth (db) 1 m 

Hydraulic conductivity(K) 8.84 × 10-4 m/s 

Bulk porosity (θ) 0.33 

Water density (ρ) 1000 kg/m3 

Water dynamic viscosity (μ) 0.001 Pa s 

Longitudinal dispersivity ( L ) 0.01 m 

Transverse dispersivity (
T ) 0.001 m 

Effective diffusion coefficient (De) 10-9 m2/s 

Initial colloid concentration in overlying water (C = 

C0) 

0.5 kg/m3 (base case), 0.5~16 

kg/m3 (for the parametric study) 

Pressure difference at bed surface (hm) 

4.75 × 10-4 m (base case), 

1.11~6.44 × 10-4 m (for the 

parametric study) 

Mean diameter of streambed Sediments (d) 3 × 10-4 m 

Fine particle size (μm) 
1 μm (base case), 1 ~ 10 μm (for 

the parametric study) 

Particle collision efficiency coefficient  
0.04 (base base), 0.04 ~ 0.6 (for 

the parametric study) 
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(d) 

Figure 1. (a) Location of the field experiment on the Huaihe River. (b) At the field site, a 

1.4-m long and 0.15-m high sand dune was set up on the floodplain to simulate bedform-

river flow interactions and the resulting hyporheic flow and fine particle transport. The 

arrow indicates the river flow direction during the experiment over a flood event. (c) 
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Illustration of setup of the field experiment. The red and yellow boxes show shallow and 

deep sampling locations, respectively. The sampling region was 61.6-mm long and 40.0-

mm high. (d) Schematic diagram of the experiment set-up, showing trapping of fine 

particles from the overlying water and the underlying. 
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Figure 2. Mean velocity, water depth and particle concentration over the floodplain 

during the field experiment. The red lines show the study period (from July 17, 20 pm to 

July 17, 9 am) of the field experiment. The experiment was conducted during July 2015 

(dates shown on the horizontal axis). 
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Figure 3. Schematic diagrams of the simulation domain and boundaries. (a) For water 

flow: L, H, Hb and db are bedform length, average water depth of overlying water, 

bedform height and average streambed depth, respectively. (b) For fine particle transport, 

n, u and Cc are the unit vector normal to the interface (pointing inward), pore-water flow 

velocity vector and the fine particle influx concentration along the SWI (sediment water 

interface), respectively. 

 
Figure 4. Probability density of the particle size distribution for suspended particles 

sampled from the river water (blue and green lines, green line was measured earlier than 

blue line) and sieved fine particles from sediment samples collected from the sand dune 

near the dune surface after the experiment (red line). 
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(a) 

 
(b) 

 
Figure 5. Simulated spatial-temporal variations of (a) trapped particle concentrations 

ln(S/Smax), and (b) permeability ( , m2) and flow patterns. Arrows show the flow 

velocity vectors, white lines show flow pathlines and the thick cyan line indicates the 
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hydraulic divide separating the IEZ (interfacial exchange zone) and regional flow zone. 

Green area surrounded by blue line was the low permeability layer (LPL). The grey lines 

are contours of hydrodynamic pressure heads h (m). Sub-panels are numbered according 

to the elapsed time: (1) t = 0 (h), (2) t = 7,518 (h), (3) t = 17,182 (h), (4) t = 27,921 (h) 

and (5) t = 92,354(h). The average porosities of the sediment-water interface at these 

times are 0.33, 0.32, 0.31, 0.30 and 0.19, respectively. The blue lines show the contours 

of fifty percent of the initial permeability. The vertical line L indicates the location where 

the vertical concentration profile of trapped particles is shown in Fig. 6. 

 

  
Figure 6. Vertical profiles of ln(S/Smax) at the location L shown in Fig. 5. Particle 

diameter is 1 μm and sediment collision efficiency is 0.04 
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Figure 7. Relationships between porosity  and /att mk h  shown in log-log coordinates 

for different fine particle diameters and different pressure difference. Based on the fitting, 

it was found that k ≅ 4.43 × 106 and n ≅  4.3 in Eq. 13b. The lines represent the values 

used in the analytical model, while the symbols represent the values used in the 

numerical model. 
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Figure 8. Temporal variations of qw, q*
p, tr, dc, 𝜀𝑎 and Lp

*; power-law relationships of qw and tr with 𝜀𝑎, linear relationships of q*
p with 𝜀𝑎 and a hyperbolic 

function relationship of dc with 𝜀𝑎. In addition to the base case, similar results from cases with different values of C0, hm,  and dp are shown. Colours represent 

different types of data, markers represent different values of data and dotted line styles represent different fitted values of data. The solid lines in first row were 

used for linking the dots. The base case is represented by a black solid line with circles. Note that q*
p equals 𝑞𝑝/𝑞𝑝(𝑡 = 0), for different cases the value of 

𝑞𝑝(𝑡 = 0) are given in Table S1. 



 

Figure 9. Comparison between 𝜀∗ (predicted by the simplified analytical model shown as the 

blue line) and a (simulated by the numerical model, with katt based on Eqs. 5 and 6, shown as 

red circles; and katt based on the fitted power law relationship, Eq. 13b, as adopted in the 

analytical model and solution, shown as red squares) for the base case (dp = 1 µm, α = 0.04). 
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Figure 10. Predicted and simulated tc under the influence of C0, hm, dp and  . 
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Figure 11. Comparison between 𝜀∗ and a under different particle sizes. The Blue line shows 

the value of 𝜀∗ based on analytical value, and the red dot shows the value of a based on 

simulation. 

 

 


