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Key Points: 

 This study quantifies the effects of organism mounds and burrows on oxygen transport 

over the sediment-water interface (SWI). Organism mounds and burrows substantially 

alter the surface roughness (bioroughness) and flow and oxygen transport over the SWI 

and the coupling between surface flow and subsurface flow. 

 The enhanced O2 transport scales with roughness height and roughness Reynolds 

number, and is described well by the relationship of O’Connor and Harvey (2008) 

(𝐷𝑒/𝐷′𝑚 = 0.005 𝑅𝑒∗ 𝑃 𝑒1.2) when flow is effectively 2 D. We propose a new scale 

(burrow number, Bu), where Bu = [burrow density]1/2[burrow height], and find this 

conclusion to hold for Bu<0.05. 

 The O2 transport increases by as much as a factor of 4 under mound-induced three-

dimensional flow when there are substantial interactions between the flow over adjacent 

mounds, i.e. for Bu>>0.1. 

 Bioirrigation also enhances oxygen transport and generates asymmetric distributions of 

O2 around burrows, although the influence of bioirrigation becomes negligible at high 

roughness Reynolds numbers. 
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Abstract 

Models that have been developed to quantify the oxygen flux at the sediment-water interface 

(SWI) generally do not explicitly consider the influence of bioroughness (mounds and burrows) 

and bioirrigation. We performed a numerical study of the influence of overlying water velocity, 

bioroughness, and bioirrigation on the oxygen flux across the sediment-water interface. We 

found that compared with a flat bed, bioroughness significantly increases O2 transport at the 

SWI as a result of enhanced turbulence and pressure differences across the roughness. 

Bioirrigation can also enhance O2 transport across the SWI by a factor of up to 10 when the 

roughness Reynolds number (Re*) is low, but the influence of bioirrigation decreases with 

increasing Re*. Burrows increase O2 penetration depth, and bioirrigation causes asymmetric 

distributions of O2 along burrows. Despite the complexity of O2 distribution in sediments, the 

net exchange across the SWI can be described by the relationship of O’Connor and Harvey 

(2008)(
𝐷𝑒/𝐷𝑚

𝑅𝑒∗ 𝑃𝑒1.2 = 𝑎 = 0.0005) when the shape is 2 dimensional or when the burrow density 

is low. When the burrow density is large, flow is 3 dimensional and flow interactions between 

burrows become important. Under these conditions the net exchange across the SWI increases 

by up to a factor of 4. A burrow number is introduced, Bu = [burrow density]1/2[burrow height], 

to correct the coefficient in O’Connor and Harvey’s relationship, i.e. a=0.005 for Bu<0.05 and 

a=0.02 for Bu>>0.1.  
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1 Introduction 

Oxygen flux across the Sediment-Water Interface (SWI) drives the biogeochemistry in 

surficial sediments. The metabolic energy available to an organism for each mole of carbon 

utilized during decomposition of organic matter depends in part on the electron acceptor 

involved and progressively decreases in the order O2>NO3
->MnO2>FeOOH>SO4

2->CO2 

(McCall & Tevesz, 1982). This controls nutrient cycling in sediments as well as the behavior 

and effects of redox sensitive contaminants such as metals. Enhanced O2 flux at the SWI can 

lead to the oxidation of acid-volatile sulfide (Kelderman & Osman, 2007; Teuchies et al., 

2011), resulting in dissolution of metals and enhanced flux of metals to the overlying surface 

(Teuchies et al., 2011). The nitrate produced by nitrification in the oxic zone will stimulate 

denitrification when the sediment in the same location changes to anoxic condition, promoting 

release of N2 (Huettel et al., 2014). The sediment oxygen demand will reduce oxygen levels in 

the overlying water, stressing fish and other species (Hölker et al., 2015).  

It is commonly observed that animal burrowing and bioturbation can influence the O2 

flux (Frogner-Kockum et al., 2016; Hölker et al., 2015; Volkenborn et al., 2012; Ziebis et al., 

1996b). Burrowing animals such as ghost shrimp (Volkenborn et al., 2012) and polychaete 

worms (Xie et al., 2018) introduce several features that can influence local O2 transport. The 

removal of sediment for the organism burrow will lead to dune-like structures at the mouth of 

the burrow as well as increase voids and overall permeability of the sediment. Flume studies 

have demonstrated that hydrodynamics is a crucial driver of benthic O2 dynamics in permeable 

sediments (Forster et al., 1996; Reimers et al., 2004) and in situ (Berg et al., 2013; Cook et al., 

2007). Structures as small as 700 μm exposed to water speeds as low as 3 cm/s have been 

observed to produce an in-bed advective flow (Huettel & Gust, 1992). Tracks produced on the 

sediment surface by foraging animals, mounds of fecal matter, protruding siphons of clams, 

and shell fragments scattered on the sediment surface, all can lead to enhanced pore-water 

exchange. Realistic abundances of such structures enhance interfacial solute flux in coastal 

sands by factors of up to 10 (Huettel & Gust, 1992). O’Connor and Harvey (referenced 

hereafter as OH) correlated measurements from a range of two dimenional flume and field data 

on isolated burrows, and their results show that the dimensionless effective diffusion 

coefficient De for net oxygen transport can be expressed as a function of Reynolds number and 

Peclet number as 
𝐷𝑒

𝐷′𝑚
= 5 × 10−4𝑅𝑒∗𝑃𝑒𝑘

6/5
, where Re* is defined as 𝑅𝑒∗ =

𝑢∗𝑘𝑠

𝜐
 and 𝑃𝑒𝑘 =

𝑢∗√𝑘

𝐷′𝑚
. 𝑢∗  is the friction velocity, 𝑘𝑠  is the roughness height (𝑘𝑠 =mound height), 𝐷𝑚

′  is the 

effective molecular diffusion coefficient for O2 in the sediment under static conditions, and k 

is the sediment permeability. The OH relationship describes only the net O2 flux across the 

SWI but does not describe how O2 is distributed. Several researchers have reported asymmetric 

O2 distributions in the presence of bedforms for permeable sand beds (Cardenas & Wilson, 

2007; Packman et al., 2004; Savant et al., 1987). 

In addition, organisms can pump water through these burrows during the process of 

feeding or respiration, which generates pressure gradients in the burrows and at the SWI 

(Ahmerkamp et al., 2017; Brand et al., 2013). The pressure gradient can enhance advective 

pore water bioirrigation in permeable sandy sediments (Kristensen et al., 2012). O2 flux caused 

by bioirrigation has been estimated to account for 14% of the total O2 flux around the world 

(Huettel et al., 2014; Santos et al., 2012). To quantify oxygen flux induced by bioirrigation, 

several methods have been used, including benthic flux chambers (Webb & Eyre, 2004), 

resazurin tracer (Baranov et al., 2016b), lifetime-based laser induced fluorescence (Murphy & 

Reidenbach, 2016) and an eddy covariance method (Attard et al., 2016). These methods 

confirm that sediment respiration is enhanced by a factor of 2-3 by bioirrigation (Baranov et 
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al., 2016b; Pascal et al., 2016), and these methods have been successfully applied to investigate 

the interaction of temperature fluctuations and bioirrigation (Baranov et al., 2016a) and 

temporal and spatial variations in O2 dynamics during bioirrigation (Murniati et al., 2017). 

These approaches, with the exception of the eddy covariance approach, exclude the effects of 

the overlying water flow. An experiment investigating the effects of interaction of bioturbation 

and overlying water flow on Cu efflux shows that the interaction of hydrodynamics and 

bioturbation can enhance Cu efflux relative to the effects of flow alone as well as effects of 

bioturbation alone (Xie et al., 2018). This is likely the result of sulfide oxidation (Hong et al., 

2011) due to increased O2 flux at the SWI. 

Here we perform numerical simulations to study the impact of bioroughness and 

bioirrigation on the oxygen distribution in sediments and O2 exchange at the SWI. By varying 

the overlying water velocity Uwater, the ratio of water velocity to burrow bioirrigation velocity, 

and the areal density of burrows, we examine the effects of flow, bioirrigation, bioroughness 

and 3 dimensional flow interactions between burrows. Specific questions we address include: 

(1) how does bioroughness influence the O2 dynamics at the SWI with increasing overlying 

water velocity, Uwater? (2) how does bioirrigation interact with bioroughness and influence the 

O2 flux? And (3) what is the effect of 3 dimensional flow interactions between burrows as their 

density increases? The results of the numerical simulations are compared to available 

experimental data and empirical models of bulk O2 transport generated from those experiments.  

2 Materials and Methods 

2.1 Governing Equations 

In this study the method of large-eddy simulation (LES), using the code Hydro3D, an 

eddy-resolving numerical method, is used for the overlying water. Hydro3D has been validated 

and applied to several flows of similar complexity to the one reported here (Fang et al., 2017; 

Liu et al., 2017; Ouro et al., 2017; Ouro & Stoesser, 2017). The code is based on finite 

differences on a staggered Cartesian grid and solves the filtered Navier-Stokes equations for 

incompressible, unsteady and viscous flow: 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 

 

(1) 

𝜕𝑢𝑖

𝜕𝑡
+

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
= −

1

ρ

𝜕𝑝

𝜕𝑥𝑖
+

𝜕(2𝜈𝑆𝑖𝑗)

𝜕𝑥𝑗
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 (2) 

where ui or uj is the resolved velocity vector (i or j = 1, 2, and 3 represent x-, y- and z-axis 

directions, respectively); and similarly xi represents the spatial vectors in the three directions; 

ρ is water density; p is the resolved pressure above hydrostatic pressure; ʋ = kinematic viscosity; 

and Sij is the strain-rate tensor. The sub-grid scale (SGS) stress is defined as 𝜏𝑖𝑗 = −2𝜈𝑡𝑆𝑖𝑗 and 

in this study the wall-adapting local eddy viscosity (WALE) model proposed by Nicoud and 

Ducros (Nicoud & Ducros, 1999) is used to compute the SGS stress. The turbulent sub-grid 

scale eddy viscosity, νt, is calculated in this model. 

The convection and diffusion terms in the Navier-Stokes equations are approximated 

by 4th-order accurate central differences. An explicit 3-step Runge-Kutta scheme is used to 

integrate the equations in time, providing 2nd-order accuracy. A fractional step method is 

employed; convection and diffusion terms are solved explicitly first in a predictor step which 

is then followed by a corrector step during which the pressure and divergence-free-velocity 

fields are obtained through a Poisson equation. The latter is solved iteratively through a multi-

grid procedure. More details of the code are reported in Cevheri & Stoesser (2018). Both 2 

dimensional and 3 dimensional simulations are conducted. Most experimental data has been 
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collected in 2 dimensional flumes or with isolated organism burrows; so the model is initially 

validated in 2 dimensions and then used to predict 3 dimensional behavior at different burrow 

densities. 

The flow is modeled explicitly in sediment voids created by the burrows but the flow 

in the surrounding consolidated sediment is assumed to be governed by continuity and Darcy 

equations: 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (3) 

𝑢𝑖 = −
𝑘

𝜇

𝜕𝑝

𝜕𝑥𝑖
 (4) 

where k is the permeability of the porous medium, 𝜇 is the dynamic viscosity of water (0.001 

Pa·s). Combining equation (3) and (4), we obtain the Poisson equation (5) and we use the same 

multi-grid method as used for free fluid motion to solve equation (5). 
𝜕

𝑥𝑖
(

𝜕𝑝

𝜕𝑥𝑖
) = 0 (5) 

The solute transport is calculated using the advection-diffusion equation: 
𝜕𝑐

𝜕𝑡
+ 𝑢𝑗

𝜕𝑐

𝜕𝑥𝑗
− 𝐷′𝑚

𝜕2𝑐

∂𝑥𝑗 ∂𝑥𝑗
= 𝑅 (6) 

where c is the solute concentration, D’
m is the effective diffusion coefficient in sediments and 

R is the reaction rate, e.g. oxygen consumption rate. The effective diffusion coefficient of 

dissolved oxygen in the sediment pore system (D’
m) is a function of sediment porosity (∅) and 

sediment tortuosity (θ) (Boudreau, 1997): 

𝐷𝑚
′ =

∅

𝜃2
𝐷𝑚 (7) 

Based on an empirical relationship between volume averaged tortuosity and porosity, the 

diffusion coefficient can be expressed as a function of the sediment porosity (Boudreau & 

Jorgensen, 2001): 
𝐷𝑚

′ = ∅3𝐷𝑚 𝑓𝑜𝑟 ∅ > 0.7 (8a) 

𝐷𝑚
′ = ∅2𝐷𝑚 𝑓𝑜𝑟 ∅ < 0.7 (8b) 

we used a Dm value of 1.97*10-9 m2/s, which corresponds to the diffusion coefficient of oxygen 

at 20C° for all model calculations (Maerki et al., 2004). In the sediment, R is described using 

first-order kinetics: 
𝑅 = −𝑘𝑟𝑐 (9) 

for reactive solutes, e.g. oxygen. In the burrow and the overlying water, we assumed that O2 

consumption is negligible. For permeable marine sediments, the bulk sediment respiration rate 

summarized by Huettel et al. (2014) from 15 literature sources is in the range of 6 to 283 

mmol/m-2/d-1. Considering an O2 penetration depth of 4 mm for flat permeable sediments (See 

Figure 4) and average O2 concentration in the sediment approximately half of the O2 

concentration in the overlying water (assumed saturated), this corresponds to a reaction rate 

constant f 0.48 h-1 to 22.67 h-1. This is also similar to the range of O2 consumption rates 

estimated for freshwater lake sediments by Brand et al. (2013) (kr=1 h-1 to 40 h-1). Therefore, 

we chose a representative reaction rate constant of kr=10 h-1 for both lake sediments and 

permeable marine sediments and use a sensitivity analysis to examine both higher and lower 

reaction rates. 

2.2 Numerical Setup and Boundary Conditions 

Several kinds of benthic fauna are observed to dig burrows in sediments, such as 

thalassinid shrimp, razor clams, chironomid larvae and polychaete (marine) and olicogchaete 

(freshwater) worms (Kristensen et al., 2012). Polychaete worms are widely observed in muddy 

and sandy coastal areas (Renz & Forster, 2014; Volkenborn et al., 2007); they often construct 
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U- and J-shaped burrows, 6 to 35 cm deep, 2 mm mean diameter (Quintana et al., 2011; Renz 

& Forster, 2013). Thalassinid shrimp construct U-shaped burrows in muddy sand and sand, 10 

cm to 30 cm deep, 1~2 cm diameter (Volkenborn et al., 2012; Ziebis et al., 1996a). The typical 

burrows described by Ziebis et al. (1996a) of Callianassa truncata (Decapoda: Thalassinidea), 

are employed in this work because of the availability of velocity data with which to compare 

the model. The implications for other burrow geometries will be discussed. 

Ziebis et al. (1996a) investigated the burrow geometry of C. truncata from field 

observations. They reported the dimensions for a C. truncata burrow, with burrow diameter 

approximately 2 cm, burrow depth 5 to 10 cm, mound height 1 to 9 cm, and burrow densities 

of up to 120 per m2. They subsequently carried out flume experiments (200 cm long, 30 cm 

wide and 12 cm deep) studying the influence of the burrow mounds (1 cm in height) on flow 

velocity and O2 transport (Ziebis et al., 1996b). In their flume experiments, they chose a flow 

velocity of 6.5 cm/s at 5 cm above sediment surface to represent natural tidal flow (2 cm/s to 

16 cm/s at 5 cm above sediment surface in field observation). Ten velocity profiles were 

measured starting 5 cm upstream of the C. truncata mound and continuing in the direction of 

flow (See Figure 1). Starting at a height of 20 mm above the sediment surface the flow velocity 

was measured at 1 mm intervals toward the sediment. For each step the data was recorded for 

30 s. We set up three sets of numerical simulations in an equivalent system, one for flow over 

flat rough sand beds (Flat), one for flow over abandoned burrows (Bioroughness only) and the 

third for flow over burrows with organism bioirrigation (Bioirrgiation and bioroughness). The 

domain for all simulations is 75 cm in length, 30 cm in width, 5 cm of water depth and 10 cm 

of sediment depth (Fig. 1). The SWI is represented by z=0 cm (red surface in Figure 1). 
 

In our simulations with burrows, we keep the burrow dimensions (mound height, 

mound diameter, burrow diameter), flow hydrodynamics (flow velocity, water depth) and 

sediment properties (medium grain size, permeability, porosity) to be consistent with the 

experiments of Ziebis et al. (1996a,b) as shown in Table 1. We use a half-circular ring to 

represent the organism burrow with an inner radius of 3 cm and an outer radius of 5 cm. Thus, 

the burrow has a horizontal length of 10 cm, a depth of 5 cm, an inside diameter of 2 cm. We 

assume an average flow of 60 mL/min per burrow as an average bioirrigation rate. The 

bioirrigation flow rate of this specie is unknown, but the selected value is similar to that 

reported for a mud shrimp, Upogebia major, 50 ml/min per burrow (Koike & Mukai, 1983). 

Given the dimensions of the burrow this corresponds to Ubio=2 cm/s in the burrow.  

We vary the overlying water velocity from 2 cm/s to 16 cm/s (Table 1), a range of 

values that encompasses the region where such organisms and burrows have been reported by 

Ziebis et al. (1996b). The Reynolds number based on water depth Hwater, overlying water 

velocity Uwater and water kinematic viscosity, ʋ, varies from 1000 to 8000. The bioirrigation is 

simulated by applying an axial force at the lowest level of the burrow in a manner similar to 

Brand et al. (2013). The resulting parabolic flow is maintained at an average of 2 cm/s over the 

burrow cross-section. The sediment permeability, k=5.1*10-11 m2, sediment diameter, ds=0.35 

mm and porosity, ∅=0.4, are chosen to be the same as those in the Bay of Campese, Isola del 

Giglio, Italy (42°20’ N, 10°52’ E) where the shrimp mounds and burrows are observed at a 

density of 120 per m2. We varied the permeability of the sediments over the range suggested 

by Huettel et al. (2014) of 10-9 to 10-12 m2 to evaluate sensitivity to this parameter.  

We compared the pressure distribution at the SWI and velocity profiles in the overlying 

water on three different meshes; a coarse mesh of 360×144×72, a medium mesh of 

720×288×144, and a fine mesh of 1440×576×288. The highest grid resolution in wall units 

defined by the friction velocity and kinematic viscosity ∆+=
∆ ∙ 𝑢∗

𝜐⁄ , is obtained on flat rough 
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beds when Uwater=2 cm/s (∆𝑥+ = ∆𝑦+ = ∆𝑧+ ≈ 0.8), and the lowest grid resolution in wall 

units is obtained in case of mound and burrow without bioirrigation when Uwater=16 cm/s 

(∆𝑥+ = ∆𝑦+ = ∆𝑧+ ≈ 18).  

The boundary conditions for the flow and O2 in the overlying flow is set as periodic in 

the streamwise (x direction) and spanwise directions (y direction). For the streamwise 

direction, a spatial-uniform body force is applied for the whole domain to drive the flow. The 

body force is adjusted every time step according to the cross-averaged velocity at the domain 

outlet to achieve the target averaged velocity, Uwater. The water surface is modeled as a free slip 

condition and saturated with O2. We assume that the flow across the sediment-water interface 

is negligible compared to the overlying water flow so that a no-slip condition is applied to the 

sediment by the direct forcing immersed boundary method proposed by Uhlmann (2005). 

Continuity of O2 concentration and flux is assumed across the SWI interface.  

The pressure distribution at the SWI calculated from LES is used to drive the Darcy 

flow in the sediment. The streamwise and spanwise direction is also set to be periodic for flow 

and O2 in the sediment. A no-slip condition is applied for the flow at the bottom of the 

computational domain, where the O2 concentration is set to zero (although the sediment layer 

is deep enough that the reactive O2 approaches 0 before reaching this boundary).  
 

3 Results 

3.1 Model Validation 

As noted previously, model validation is conducted in 2D since most experimental data 

is available from 2D flumes or isolated burrows that are not influenced by adjacent burrows. 

Figure 2 shows the time-averaged streamwise velocity profiles at cross section A to J (in Fig. 

1) for three different meshes compared with experimental data from Ziebis et al. (1996b). Our 

simulated results agree reasonably well with the measured data except some discrepancies in 

the near bed region. The experimental velocity profile near the SWI is sensitive to surface 

conditions (particularly at sections A, B, C and D) and there is substantial scatter in the data at 

some cross sections (D, E, F) in the region H<0.5 cm, which may be caused by the short 

duration of averaging in the measurements (30s). Despite these discrepancies, our results 

successfully captured the main features of the flow over a single mound, including flow 

acceleration upstream of the mound and wake zone downstream of the mound. The differences 

between the medium and fine mesh are negligible. Therefore, all subsequent calculations are 

carried out on the medium mesh of 720×288×144, in the x-, y- and z- directions. As we are 

using the pressure distribution at the SWI from LES as the boundary for calculating Darcy flow 

in the sediment, we also plot the pressure distribution at the SWI for the three meshes in Figure 

3. The results of velocity and pressure both suggest the medium mesh to be sufficient in 

simulating flow and O2 exchange at SWI.  

 

3.2 Influence of Bioroughness 

Figure 4 plots the time-averaged O2 concentration distribution in the sediment for 

Uwater=10 cm/s, over a flat sand bed compared to the bed with bioroughness. For the flat sand 

bed, O2 penetrates uniformly into the sediments. We compared the oxygen distribution in the 

sediments with the measured profiles from Ziebis et al. (1996b). The simulated profile agrees 

well with the data. 
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The appearance of bioroughness alters the distribution of O2 in the sediment, increasing 

the penetration depth (defined as the depth below the SWI where O2 concentration is C/Cw=0.1) 

upstream of the mound (x<-5 cm) and further downstream of the mound (x>1 cm). We also 

compare the O2 profiles at three locations (x=-12 cm, -7 cm and -6 cm) with the data reported 

from Ziebis et al. (1996b). Our model simulates the O2 profile at x=-12 cm (A) well, where O2 

penetration is dominant by diffusion. The model slightly underestimates the O2 penetration 

depth and O2 concentration in the sediment for x=-7 cm (B) and x=-6 cm (C). The 

underestimation is probably due to the difference of bed morphology between the experiments 

and our simulations. There is small roughness of height 2-3 mm nonuniformly distributed 

upstream of the mound in the experiments (Ziebis et al., 1996b), while we do not simulate the 

small roughness. Despite the underestimation, our model is able to capture the general 

influence of the organism mound on O2 distribution in the sediment. 
 

3.2 Influence of Bioirrigation 

 

Figure 5 plots the time-averaged pressure and velocity contours with streamlines for 

simulations Uwater=2 cm/s with and without bioirrigation. A high pressure zone on the upstream 

side of the mound and a low pressure zone on the downstream side are observed without 

bioirrigation (Fig 5(a)). Overlying water is pumped into the sediment due to the elevated 

upstream pressures and out of the low pressure zone. The highest Darcy velocity is observed 

underneath the upstream side of mound (Fig. 5(c)). 

With bioirrigation from upstream to downstream through the burrow at a velocity 

Ubio=2 cm/s, the pressure distribution is significantly altered and pressure gradients and 

advective flows in the sediment increase in magnitude. The highest pressure zone is observed 

where the bioirrigation exits the burrow and lowest pressure (highest negative pressure) is on 

the upstream inlet side of the burrow (Fig. 5(b)). Note that in Fig. 5(d) the thick lines starting 

at about z=2.5 cm separate the mean stream flow from that which enters the burrow and the 

bed. The pressure above the bed at x=1 cm is high because of the streamline curvature and 

pressure is low at x=-4.5 cm due to the mound. The separation downstream of the burrow in 

Fig. 5(d) is due to the jet-like bioirrigation flow exiting from the burrow.  

 

The O2 distribution in sediments around burrows is also influenced by bioroughness 

and bioirrigation (Figure 6). Without bioirrigation, the oxygen concentration is distributed quite 

uniformly along the sediment-water interface as well as the burrow wall, except a slight 

increase in O2 penetration depth upstream of the mound from x=-8 cm to x=-5 cm (Fig. 6(a)). 

With bioirrigation, the O2 penetration depth is significantly increased both upstream of the 

mound from x=-10 cm to x=-5 cm (point 1) and downstream, from x=-3 cm to x=3 cm (point 

2) (Fig. 6(b)). The O2 concentration is distributed asymmetrically along the burrow bottom wall 

with more O2 penetrating into the sediment from x=0 cm to x=5 cm (point 3) compared to that 

from x=-5 cm to x=0 cm. Not surprisingly, O2 penetration depth increases where there is inflow 

(from water to sediment) while it decreases in outflow regions. There is a substantial increase 

in oxygen penetration into the sediment above the burrow. Note that despite the increase in 

overall sediment oxygen demand with bioirrigation, the water remains saturated with O2 at the 

SWI, i.e. mixing in the overlying water remains sufficiently fast that O2 transport remains 

controlled by sediment-side processes.  
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3.3 Influence of overlying flow velocity 

The influence of overlying flow velocity is investigated by varying Uwater from 2 cm/s 

to 16 cm/s at 2 cm/s intervals. For the Flat case, increasing Uwater results in an increase of O2 

penetration depth (59% increase as Uwater goes from 2 cm/s to 16 cm/s; Figure S1 in supporting 

information). This is due to the enhanced turbulence-induced pressure fluctuation near the SWI.  

In the Bioroughness case, increases in Uwater gives rise to approximately quadratic 

increases in pressure gradients (Fig. 7(a)). The convective and O2 fluxes are also increased, due 

not only to the increased mean pressure gradients on the SWI but fluctuations in pressure at the 

surface due to the increased turbulence. At 16 cm/s, approximately 23% of the flux across the 

SWI is due to the turbulent fluctuations (Figure S6 in supporting information). The increased 

flux through the SWI results in substantial increases in O2 penetration depths. (Fig. 7(b)). 

Between the mound and burrow outlet (-3 cm<x<3 cm), almost all the sediment above the 

burrow top wall maintains oxic conditions. 

  

At higher velocities in the bioirrigation cases, the basic features of bioirrigation on 

pressures and O2 penetration remain but are increasingly dominated by the effects of 

bioroughness. As shown in Fig. 8, the asymmetry of the bioirrigation remains but the overall 

magnitude of pressure gradients and the O2 penetration is largely controlled by the 

bioroughness at highest simulated velocity.  

 

3.4 Area-averaged effective diffusion coefficient 

Both bioroughness and bioirrigation significantly influence the spatial variations in 

pressure and O2 penetration but the net impact on water and sediment quality is controlled by 

areal-averaged O2 flux. We compared average O2 flux to the relationship proposed by OH. The 

effective diffusion coefficient De is calculated according to the Fick’s first law at the SWI:  

𝐽 = −𝐷𝑒

𝑑𝐶

𝑑𝑧
|𝑧=0 (10) 

Figure 9 plots the effective diffusion coefficient calculated from our 2 dimensional LES 

simulations and from several flume experiments along with the empirical formula proposed by 

OH. The effective diffusion coefficients calculated from our LES simulations without 

bioirrigation and LES simulation over flat sand beds at high Uwater are in the range of measured 

data of flow over glass bead beds (Lai et al., 1994; Richardson & Parr, 1988), over triangles 

(Elliott & Brooks, 1997) and over ripples (Packman et al., 2000). We compare in Table 2 the 

hydraulic parameters used in the current study with the experiments. All the key parameters 

fall in the range of the experimental data, which may explain the close agreement between our 

bioroughness case with the formula. For flow over flat beds when Re*Pek
1.2<2*103, the 

effective diffusion coefficient equals to the molecular diffusion coefficient in sediments. All 

simulated results for cases of flat rough bed and bioroughness agree well with OH’s formula. 

This also suggests that roughness largely controls net O2 transport and whether the roughness 

results from mounds at burrow mouths or other forms of roughness matters little.  

With bioirrigation, the effective diffusion coefficient is significantly higher than all the 

measured results when Re*Pek
1.2<105

 and cannot be predicted by empirical formulas for flux 

over bedforms (OH). For the lowest water velocity flow, De/D’m increases approximately 10 

times due to the bioirrigation behavior of organisms. For RePek
1.2>105, however, the 

bioirrigation induced flux at SWI (z=0) becomes insignificant compared with the bioroughness 

induced flux, and the OH formula is again valid.  
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3.5 Sensitivity of Results to O2 Consumption Rate and Bed Permeability  

In our simulations, we have several input parameters which could vary greatly in nature, 

including the oxygen reaction rate and sediment permeability. Simulations were conducted 

varying the reaction coefficient rate from 4 h-1 to 40 h-1, with a permeability of k=5.1*10-11 m2 

and Uwater=16 cm/s. With a constant reaction rate of kr=10 h-1, we also varied the permeability 

from 10-12 m2 to 10-9 m2, with Uwater=16 cm/s. The O2 penetration depth changes as a result of 

these changes in conditions (See SI) with greater O2 penetration for lower reaction rates and 

higher permeability due to the expected changes in advective transport of O2.  

The effects of these changes on the average O2 transport rate or sediment oxygen 

demand, however, does not differ substantially from the OH formula as shown in Figure 10. 

Note that changes in permeability, in particular, lead to orders of magnitude change in De/D’m, 

but the magnitude of Re*Pek
1.2 is also altered and the effect of permeability is to move values 

approximately up and down the OH formula. There are modest deviations from the formula, 

typically much less than a factor of 2, and these variations under different conditions may 

explain some of the scatter of the data in Figure 9. The results suggest that Re*Pek
1.2 remains 

the dominant parameter influencing De/D’m but other factors may also cause some variations.  

 

3.6 Comparison of 2D and 3D simulations 

A major limitation of 2D modeling is that it cannot describe flow interactions between 

burrows or O2 transport in the spanwise direction. To investigate the transverse O2 transport, 

we also simulated 3D burrows with Uwater=16 cm/s. We increased the burrow individual density 

from 4 ind./m2 (individuals/m2) to 120 ind./m2. Flow simulations show that the pressure 

distribution between mounds alters the Darcy flow and O2 in the sediment.  

The O2 distributions in the sediment for 4 ind./m2 and 120 ind./m2 are shown in Figure 

11. Figures 11(a) and (d) show the time-averaged O2 distribution in the sediment along the 

centerline of the 3D burrow for 4 ind./m2 and 120 ind./m2. The distribution of O2 for 4 ind./m2 

in the sediment looks similar to that around a 2D burrow (Fig. 7d), except it exhibits a lower 

penetration depth at the SWI due to spanwise transport. Figures 11(b) and (e) plot the O2 

distribution in the sediment at y=13 cm for 4 ind./m2 and 120 ind./m2, respectively, which is 1 

cm outside the burrow wall in the spanwise direction. The injection of O2 upstream is 

significant for 120 ind./m2, while for 4 ind./m2 the influence of bioroughness is much weaker. 

Figures 11(c) and (f) plot the O2 distribution 5 mm below the SWI for the two different burrow 

densities. For 4 ind./m2, an ellipse-shaped area upstream of the mound receives injection of O2 

from the SWI at x=-10 cm to x=-5 cm. Downstream of the ellipse-shaped area, two regions 

with low O2 concentration are found between the burrow inlet and outlet (x=-3.5 cm to x=0 

cm) where convective flow is directed out of the bed. This behavior was also observed in the 

experiments by Huettel et al. (1996) and Ziebis et al. (1996b). For 120 ind./m2, the distance 

between burrows are so small that the two enhanced O2 injection areas in Figure 11(c) merge 

to form a large area with enhanced O2 between burrows. 
 

We also calculated the area-averaged effective diffusion coefficient De/D’m and 

compared it with the OH formula. Figure 12 shows that the OH formula underestimates the 

effective diffusion coefficient De/D’m by approximately a factor of 4 at 40 ind./m2 and above. 

OH obtained their relationship using flume data over 2D sediment dunes and uniformly packed 

glass spheres. There is no significant transverse pressure difference in these flume experiments. 

However, in our simulation with 3D burrows, the transverse pressure difference also generated 

O2 flux at SWI. 
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The effect of organism density and 3D flow is characterized by a dimensionless burrow 

number, Bu 

Bu = (𝜌𝑏𝑖𝑜)1/2𝑘𝑠 

where 𝜌𝑏𝑖𝑜 is the organism density in individuals/m2 and ks is the roughness height (m) for a 

single burrow. (𝜌𝑏𝑖𝑜)1/2 is the characteristic distance between burrows on the planar sediment 

surface. The two densities that do not deviate from the OH formula are for Bu<0.05 while the 

densities that conform to the fully 3D flow line have Bu of 0.13, 0.18 and 0.23 (18-120 

burrow/m2). 18 burrow/m2 exhibits an effective transport rate intermediate between the two 

curves and has a Bu of 0.09. In general, it appears that Bu<0.05 suggests a flow that is 

effectively 2D while a Bu>>0.1 suggests a highly 3D flow and an oxygen transport 

approximately 4 times higher due to spanwise interactions. We further ran simulations of flow 

over 120 burrows/m2 with different flow rates (2 cm/s to 16 cm/s) (also Figure 12). The oxygen 

transport at the high Bu (0.23) is consistent with 
𝐷𝑒/𝐷𝑚

′

𝑅𝑒∗𝑃𝑒
1.2 = 𝑎 = 0.002 over the entire range of 

𝑅𝑒∗𝑃𝑒
1.2. 

4 Discussion 

An important question is the broader implications of this work for bioroughness and 

bioirrigation under other conditions or with different organisms. The model could be modified 

to address any burrow geometry and intensity and characteristics of bioirrigation, but the results 

suggest that at high roughness Reynolds number, the primary characteristic controlling 

transport of O2 across the SWI is the roughness height. Thus, different organism burrow shapes 

and the extent of bioirrigation become less important to the O2 transport. It is apparently for 

this reason that the relationship of OH is apparently applicable across a range of roughness 

types, heights and organisms at low organism densities. At high organism densities spanwise 

transport of O2 increases the average O2 rate but only by approximately a factor of 4 and the 

results appear independent of organism density after a transition from the approximately 2D 

flow over isolated roughness elements and organism burrows. In either case the effective O2 

transport rate scales well with RePek
1.2 with only minor deviations over a range of permeability 

and O2 degradation rates. 

Deviations from the RePek
1.2 scaling is only observed with bioirrigation and at low 

roughness Reynolds number. It is only in this range of low roughness Reynolds number that 

the effects of specific organism behavior including the nature and magnitude of bioirrigation 

are likely to become more important. Baranov et al. (2016b) show that with increasing burrow 

density, a density-dependent population feedback will arise and metabolic inhibition will lead 

to a decrease of the bioirrigation pumping activity. In our simulations, only observed field 

densities were used for simulations and the effects of density-dependent population feedback 

is not expected. Furthermore, D'Andrea and DeWitt (2009) show that the O2 flux is linear with 

burrow density in steady water up to 600 ind./m2 for Upogebia pugettensis (Crustacea: 

Thalassinidae). Even at higher organism density that might lead to a decrease in bioirrigation, 

the roughness Reynolds number is also likely large and bioirrigation is not likely to 

significantly influence net O2 transport and these conditions are unlikely to lead to deviations 

from RePek
1.2 scaling. 

While only U-shape burrows with mounds are investigated in our simulations, 

organisms also generate J-shape and Y-shape burrows and may not build mounds at the SWI 

(Kristensen et al., 2012). Mermillod-Blondin and Rosenberg (2006) show that in advection-

dominated sediments, organism bioirrigation will not enhance O2 consumption as significantly 

as organisms in gallery building. This phenomenon is further confirmed by Baranov (2018) 
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and Renz and Forster (2014). Mermillod-Blondin & Rosenberg (2006) suggested this was due 

to a reduction of availability of nutrients for bacteria and Renz & Forster (2014) suggested this 

was the result of different burrow depths and bioirrigation between organisms, but it appears 

from this work that the primary factor is turbulence generated by surface roughness. In our 

numerical simulations, we observed no influence of bioirrigation on the O2 flux when Uwater≥8 

cm/s (Figure 9). The variations in burrow shape and organism behavior are likely to affect the 

internal distribution of O2 even if it does not significantly change the overall O2 transport. 

Understanding how the O2 distribution changes would require simulations of the specific 

burrow geometry and organism types.  

Although our focus was on net O2 consumption due to bioroughness and bioirrigation, 

the O2 transport and distribution can have other substantial effects. For example, bioirrigation 

has been observed to enhance heavy metal mobilization, such as Cd and Cu (He et al., 2017; 

Schaller, 2014), likely due to oxidation of reduced forms of Cd and Cu in the sediments (Hong 

et al., 2011a). The influence of hydrodynamics and bioirrigation on metal release can be further 

investigated by incorporating metal redox chemistry and transport into the current model. It 

may also be appropriate to extend the current work to unsteady mean overlying flow as our 

boundary conditions, e.g. due to cyclic changes in conditions such as pH or O2 in the overlying 

water (Hong et al., 2011b) or consider dynamic biological processes such as intermittent 

bioirrigation (Volkenborn et al., 2012).  

5 Conclusions 

This study develops a model for O2 transport from water to the sediment bed that 

integrates a LES description of the overlying water hydrodynamics with in-bed advective 

processes and organism-related bioroughness and bioirrigation. The main findings are as 

follows: 

 Organism mounds and burrows substantially alter the surface roughness (bioroughness) 

and flow and oxygen transport over the SWI and the coupling between surface flow 

and subsurface flow.  

 Bioirrigation also enhances oxygen transport and generates asymmetric distribution of 

O2 around burrows although the influence of bioirrigation becomes negligible at high 

roughness Reynolds number 

 The enhanced O2 transport scales with roughness height and roughness Reynolds 

number- described well by OH (𝐷𝑒/𝐷′𝑚 = 0.005 𝑅𝑒∗ 𝑃 𝑒1.2) when flow is effectively 

2D, i.e. Bu = [burrow density]1/2[burrow height]<0.05 

 The O2 transport increases by as much as a factor of 4 under mound-induced three-

dimensional flow when there are substantial interactions between the flow over nearby 

mounds Bu>>0.1 
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Table 1. Hydrodynamics, mound morphology and burrow morphology of the numerical 

simulations. 

 

Case 

Hydrodynamics 
Mound 

morphology 
Burrow morphology 

Hwater 

[cm] 

Hsediment 

[cm] 

Uwater 

[cm/s] 

Ubio 

[cm/s] 

Height 

[cm] 

Width 

[cm] 

Depth 

[cm] 

Length 

[cm] 

Diameter 

[cm] 

Flat 5 10 2~16 - - - 

Bioroughness 5 10 2~16 - 1 4 5 10 2 

Bioirrigation 5 10 2~16 2 1 4 5 10 2 

 

 

Table 2. Comparison of the hydraulic parameters used in our Bioroughness simulations with 

experimental data. 

Source 
D50 

[mm] 

k 

[10-6 

m2] 
∅ 

ks 

[cm] 

L 

[cm] 

u* 

[cm/s] 

U 

[cm/s] 

H 

[cm] 

Richardson 0.1~3.0 0.17~71 0.36~0.40 - - 0.3~1.3 3.7~22.9 0.6~1.9 

Lai 0.5~3.2 2.3~19 0.36~0.38 - - 0.2~0.6 7.4~15.4 0.5~2 

Elliott 0.1~0.5 0.08~1.1 0.30~0.33 1.1~2.5 9~30 1.3~2.4 8.6~13.2 3.1~6.5 

Packman 0.5 0.58~1.8 0.29~0.38 0~3.7 0~32 1.1~3.2 9.0~36.1 11.3~20.5 

Current 

Study 
0.35 0.51 0.40 1.0 30-75 0.22~1.72 2.0~16.0 5.0 
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Figure 1. Numerical setup of the computational domain. a) flow over a 2D burrow; b) flow 

over a 3D burrow; c) longitudinal section (XZ) of the burrow. 
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Figure 2. Time-averaged streamwise velocity profiles at cross sections A to J for three 

different meshes. 
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Figure 3. Time-averaged pressure distribution along the SWI for three different meshes. 
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Figure 4. Time-averaged O2 distribution and O2 profiles for flow over flat sand bed (left 

column – no burrows or mounds) and bed with bioroughness (right column). 
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Figure 5. Time-averaged pressure and velocity contours with streamlines for simulations 

Uwater=2 cm/s without (left column) and with bioirrigation (right column). 
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Figure 6. Time-averaged O2 concentration in the sediment for case Bioroughness (left 

column) and Bioirrigation (right column) with Uwater=2 cm/s. 
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Figure 7. Time-averaged pressure distribution and O2 concentration for bioroughness case 

with Uwater=16 cm/s. 
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Figure 8. Time-averaged pressure distribution and O2 concentration for case bioirrigation 

with Uwater= 16 cm/s. 
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Figure 9. Dimensionless effective diffusion coefficient, De/D’m, calculated from our LES 

simulations and from several flume experiments along with the empirical formula proposed 

by OH. 
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Figure 10. Influence of changes in O2 reaction rate constant and bed permeability on net O2 

transfer rate 
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Figure 11. O2 distribution around a 3D burrow with density 4 ind./m2 (top) and 120 ind./m2 

(bottom) along the burrow centerline (a and c), 1 cm outside of the burrow in the spanwise 

direction (b and e) and in the horizontal plane 0.5 cm into the sediment (c and f). 
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Figure 12. The dimensionless effective diffusion coefficient, De/D’m for simulations with 

different burrow individual densities (open squares) and different flow rates (solid triangle) 

with the OH empirical formula (broken line). Solid line is 0.002 𝑅𝑒∗ 𝑃 𝑒1.2 for 3D simulation 

of high burrow density 

 


