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Hydro- and sediment
dynamics in a cold-water
coral reef: insights from
a 3D numerical model
Gerhard Bartzke*, Dierk Hebbeln and Katrin Huhn

MARUM - Center for Marine Environmental Sciences, Universität Bremen, Bremen, Germany
Introduction: Cold-water coral reefs shape their surrounding environment by

modifying local hydrodynamics and sediment dynamics, which in turn influence

reef development and mound formation.

Methods: This study employs a three-dimensional Computational Fluid

Dynamics (CFD) model, implemented in OpenFOAM, to investigate how the

coral colonies influence near-bed flow and sediment transport processes at

centimeter-to-meter scales. The simulated coral framework, composed of

twelve colonies arranged in a 3×4 grid, was exposed to steady ambient flow

conditions and a uniform sediment supply, to capture velocity fields, turbulent

kinetic energy (TKE), and sediment concentration patterns.

Results: Results reveal that coral structures induce spatial flow heterogeneity,

generating turbulent zones near stems that drive sediment resuspension and

low-velocity, where low-turbulence areas promote deposition. Inter-coral gaps

emerge as primary depositional zones, where low turbulence facilitates

sediment accumulation.

Discussion: This underscores the pivotal role of coral morphology in directing

sediment pathways and demonstrates how small-scale hydrodynamic processes

govern localized deposition. By linking small-scale hydrodynamics with sediment

dynamics, these findings suggest the early stages of mound aggradation,

advancing understanding of the physical processes supporting cold-water

coral reef development.
KEYWORDS

Cfd - computational fluid dynamics, OpenFOAM, 3D numerical model, cold-water
corals, reef (mound), hydrodynamics, sediment dynamics
1 Introduction

Framework-forming cold-water corals are known for their adaptability and resilience

and play a vital role in deep-sea ecosystems. Occurring from shallow waters to depths

exceeding 3,000 meters, they often form reefs, which are most common between 200 and

1000 m water depth (Roberts et al., 2009). These reefs can provide habitats for >1300
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species and, thus, can form biodiversity hotspots in the deep sea

(Marshall, 1954; Henry and Roberts, 2015; Orejas and Jiménez,

2017). Geographically widespread, cold-water corals are found from

the Barents Sea at 71°N to the Drake passage at 60°S in the Antarctic

(Roberts et al., 2009). Unlike their tropical counterparts that rely on

sunlight, cold-water corals are adapted to colder, deeper

environments and their reefs are important carbon sinks,

influencing the global carbon cycle (Roberts et al., 2009;

Mortensen et al., 2001). Over geological timescales, the

continuous growth of framework-building cold-water corals can

lead to the formation of coral mounds (Roberts et al., 2009). These

often several tens to a few hundred meter high mounds (e.g.,

Wienberg and Titschack, 2017) are composed to >70% of

hemipelagic sediments with corals only making a minor

contribution (e.g., Titschack et al., 2016) pointing to an

interdependent relationship between coral framework and

sediment deposition (Wang et al., 2021). The presence of cold-

water coral reefs may trigger sediment deposition, however, the

processes that control the interplay between sediment dynamics

and hydrodynamic forces are still poorly understood.

At the reef to mound scale (10s–100s of meters), the general

hydrodynamic principles related to cold-water corals are broadly

understood (Lim et al., 2020). For example, studies have shown that

topographic features and reef frameworks steer accelerate bottom

currents, enhance food supply, and influence mound growth

(Mienis et al., 2018; Corbera et al., 2022; Hennige et al., 2021).

While these observations highlight the role of hydrodynamics at the

reef to mound scale (10s–100s of meters) in mound positioning and

growth, they do not resolve the underlying mechanisms at the

colony scale (centimeter-to-meter) that initiate sediment trapping

and coral framework stabilization. As a result, much less is known

about the fine-scale interactions (centimeter to meter) that occur

within the coral canopy, where the cold-water coral framework,

which can have a structurally complex branched geometry,

significantly influences bottom water flow and sediment dynamics

at the seabed. For example, altered flow patterns around individual

coral branches can generate distinct hydrodynamic features, such as

turbulence, enhanced sediment scour and transport on the

upstream (flow-facing) side, and reduced forces promoting

sediment deposition on the leeward side (Bartzke et al., 2021).

Understanding these processes within the complex cold-water coral

framework is critical, because they impact cold-water coral health

and mound formation. For instance, increased current speeds on

the upstream side may enhance coral exposure to food particle-

laden waters, while sediment deposition on the lee side can

contribute to framework stabilization and, thus, to mound

aggradation (Wang et al., 2021). Therefore, in addition to

shedding light on coral–flow–sediment interactions, it is

important to understand small-scale hydrodynamic conditions

(e.g., turbulence and flow speed variations at centimeter-to-meter

scales) around and within cold-water coral reefs. These processes

influence food supply mechanisms—such as enhanced particle flux

and advection driven by local currents and reef topography—that

sustain coral growth, mound formation, larval transport, and

overall framework development (Mullins et al., 1981; Purser et al.,
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2010; Wagner et al., 2011; Jones and Berkelmans, 2010; Maier

et al., 2023).

Field studies provide invaluable direct observations, yet in these

remote ecosystems they face substantial logistical, technological,

and ethical challenges, such as the difficulty of deploying sensor

arrays among corals at the seabed. This often limits our ability to

fully capture the hydrodynamics and sedimentation patterns within

cold-water coral reefs, particularly on a small spatial scale.

Consequently, numerical models can be useful in providing

deeper insights into the fluid- and sediment dynamics that occur

within cold-water coral reefs, particularly on the centimeter-to-

meter scale. By accurately computing fluid- and sediment dynamics,

numerical models can serve as an additional tool supporting field or

laboratory investigations to refine our understanding of the

governing processes within a cold-water coral reef. For this

purpose, we utilize a three-dimensional (3D) numerical model to

explore the hydro- and sediment dynamics surrounding a cold-

water coral canopy. Building on our previous work, the present

model is specifically designed to focus on the fluid- and sediment

dynamics that may occur within a cold-water coral reef. Such a reef

is represented by a set of twelve corals arranged in a 4x3 grid. The

model also includes a sediment concentration solver. A special focus

has been placed on localizing hydrodynamic features, such as

turbulence and flow speed variations, which further reveal regions

of sediment deposition patterns within the reef.
2 Methods

2.1 Numerical method

A numerical Computational Fluid Dynamics (CFD) model was

used to simulate the flow and sediment behavior around several

cold-water coral colonies. Utilizing OpenFOAM (Open Field

Operation and Manipulation), a CFD open-source software suite,

enabled the detailed and precise simulation of hydrodynamic

processes, such as turbulence and wakes, as well as sediment

dynamics. This model was specifically chosen for its capability to

accurately simulate the effects of coral structures on both the flow

field and sediment transport. It provided insights into interactions

occurring in both the far-field and immediate vicinity of the coral

assembly and was particularly effective in identifying potential

regions of sediment accumulation within the cold-water

coral canopy.

OpenFOAM utilizes the Finite Volume Method (FVM) for

solving flow equations, a methodology with origins in the work of

Godunov and Bohachevsky (1959) and further developments by

Drikakis and Rider (2005). OpenFOAM provides a wide array of

solvers that are pre-compiled but can also be customized for specific

user requirements (Schmeeckle, 2014). In our study, we applied the

driftFluxFOAM solver, designed for simulating incompressible

multiphase mixtures. This approach employs a non-hydrostatic

framework, solving the full incompressible Navier-Stokes equations

via the solver to capture dynamic pressure and vertical steering

around the coral structures. Incorporating the drift-flux model in
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our simulations allowed us to effectively quantify and analyze the

concentration of various phases within the flow. This approach is

particularly advantageous in multiphase flow scenarios, like those

encountered around coral colonies, where different substances (e.g.,

water, sediment particles, and possibly other biological or chemical

components) have distinct velocities and behaviors. The drift-flux

model simplifies the representation of multiphase flows by

considering the relative motion between the phases. In our study,

this was critical for accurately simulating the concentration and

distribution of sediments in the water surrounding the coral

structures. The model calculates the velocity of each phase

relative to a reference frame and allows for the determination of

the concentration distribution of the dispersed phase within the

continuous phase. As a result, the solver employs the drift-flux

approximation to model the relative motion of the phases. The

drift-flux model, integral to this solver, facilitated effective

quantification and analysis of phase concentrations within the

flow, a key aspect in accurately modeling the sediment dynamics

around coral structures. In the driftFluxFOAM solver, three

fundamental equations are implemented to model the fluid

dynamics around coral structures: the Momentum Equation, the

General Continuity Equation for the Mixture, and the Continuity

Equation for the Dispersed Phase.

Momentum Equation for the Mixture:

∂ (rwu)
∂ t

+m · (rmUU)

= −m ·Pm +m · ½t + t t � −m · (
ad

1 − ad

rcrd
rm

udjudj) + rmg +Mm

Continuity Equation for the Mixture:

∂ rm
∂ t

+m · (rm ​ u) = 0

Continuity Equation for the Dispersed Phase:

∂ad

∂ t
+m · (adu) = −m ·(

adrc
rm

udj) +m · Gm ad

Where rw is the water density, u is the velocity vector, rm is the

mixture density, U is the velocity field, Pm is the pressure field, t is
the shear stress tensor, tt is the turbulent stress tensor, ad is the

volume fraction of the dispersed phase, rc and rd are the densities of
the continuous and dispersed phases, respectively, udj is the velocity

vector of the dispersed phase, g is the gravitational acceleration, Mm

is the momentum source term, and G is the diffusion coefficient of

the dispersed phase. The Momentum Equation governs the

dynamics of the fluid mixture, which includes both the

continuous phase (e.g., water) and the dispersed phase (e.g.,

sediment particles). It takes into account forces such as pressure

gradients, viscous stresses, the effects of turbulence, and the

interactions between the continuous and dispersed phases. This

equation provides a comprehensive description of the flow behavior

in the presence of multiple phases. The two continuity equations

resolve separate key processes. The continuity equation for the

mixture ensures the conservation of mass across the entire fluid

system, encompassing both the continuous phase (e.g., water) and
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the dispersed phase (e.g., sediment particles). This equation

maintains the total mass balance within the simulation domain.

Additionally, the continuity equation for the dispersed phase

specifically governs the conservation of the volume fraction of the

dispersed phase. This equation accounts for the relative motion

between the dispersed and continuous phases and includes terms

for the diffusion of the dispersed phase within the continuous phase,

essential for accurately modeling the sediment dynamics around

coral structures. Consequently, sediment settling is modeled

through the drift-flux approximation, where gravity induces

relative velocity between phases, leading to downward motion of

the dispersed sediment. (Re)suspension is facilitated by turbulent

diffusion and shear stresses from the LES (Large Eddy Simulation)

model, enabling particles to remain or be re-entrained in the flow

based on local dynamics.

A LES Smagorinsky model was incorporated to address

turbulence. We chose this model for our turbulence simulations

due to its effectiveness (Smagorinsky, 1963; Germano et al., 1991) in

handling complex flow dynamics around intricate structures like

coral colonies. This model excels in resolving large-scale turbulent

eddies, essential for accurate flow representation around corals. Its

capability to compute sub-grid scale viscosity enables a detailed

portrayal of turbulence, particularly important in the irregular flow

patterns near coral structures. This aligns with our study’s aim to

explore the complex interaction between fluid dynamics and coral

morphology. LES resolves the larger energy-containing eddies

directly, while the smaller subgrid-scale eddies are modeled. The

Smagorinsky model computes a sub-grid scale turbulent viscosity nt
based on the local rate of strain:

nt  = (CsD)2 ∣ S ∣

Where Cs is the Smagorinsky constant (0.135 in this study,

typically around 0.1-0.2), D is the filter width (often approximated

as the local grid size), and ∣S∣ is the magnitude of the strain rate

tensor. Additionally, the PISO (Pressure-Implicit with Splitting of

Operators) algorithm, proposed by Issa et al. (1986), was integrated

into the solver. This pressure-correction method ensures accurate

velocity-pressure coupling for transient flows and is particularly

efficient for incompressible flow computations. Consequently, our

approach employs a non-hydrostatic approach, solving the full

incompressible Navier-Stokes equations with the driftFluxFOAM

solver to capture dynamic pressure and vertical accelerations

around the coral structures. All simulations were run using the

latest OpenFOAM available at that time (version 2112).
2.2 Model configuration and numerical
experiment

The numerical model domain was designed to mimic the flow

and sediment dynamics around an array of cold-water coral

colonies. Within a domain of 2.0 × 0.6 × 0.3 meters, 12 coral

structures were strategically arranged in a 3 by 4 array (Figure 1).

This setup was chosen as a simplified and controlled configuration

that allowed us to isolate and analyze the hydrodynamic and
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sedimentary effects induced by coral structures. The regular

arrangement creates clearly defined sheltering zones in the lee of

the colonies, which makes it possible to systematically evaluate flow

reduction, turbulence generation, and sediment deposition in a

reproducible manner. The computational mesh originated from a

background mesh (600 x 200 x 100 cells), created using

OpenFOAM’s blockMesh utility. Further mesh refinement,

including the integration of coral structures initially modeled in

the opensource CAD (Computer-Aided Design) program Blender

(blender.org) and imported as STL (Stereo Lithography) files, was

accomplished through the snappyHexMesh utility of OpenFOAM.

The mesh was wall-modeled for LES using nutUWallFunction.

Coral surfaces were refined via snappyHexMesh with level (0 0),

achieving a near-boundary resolution of approximately 0.003 m,

ensuring accuracy while avoiding excessive computational cost.

The flow in the numerical model was designed to be

unidirectional, entering from the left (upstream) and exiting to

the right (downstream). Therefore, the following boundary

conditions were set: a fixed velocity inlet on the left face (X-min)

and a velocity inlet/outlet on the right face (X-max). The front (Y-

min) and back (Y-max) walls of the domain were set with

zeroGradient conditions for velocity to simulate frictionless

symmetry planes. The bottom (Z-min) and coral structures were

set with no-slip conditions to simulate seabed and coral interactions

with the flow. In contrast, the top wall (Z-max) was assigned a slip

condition, enforcing zero normal velocity (preventing mass flux

through this boundary) and zero shear stress, approximating a

frictionless rigid lid. The inlet flow was set with no background

turbulent perturbations to focus on coral-induced turbulence, with

a velocity of U = 0.1 m/s, which is within the range of near-bed

currents observed in cold-water coral habitats (Mienis et al., 2007).

For sediment transport modeling, a sediment influx at the inlet with

a concentration of 0.1 g/l was introduced, selected for consistency

with validated multiphase sediment simulations in Le Minor et al.

(2019), which validated the driftFluxFOAM solver against settling

experiments for accurate representation of suspension and

deposition processes. The minimum sediment concentration of

0.1 g/L is a direct result of the constant sediment inlet condition,

which is maintained throughout the domain due to the
Frontiers in Marine Science 04
unidirectional flow. This flow, governed by the transport

equation, combined with no-slip conditions at the walls and coral

structures and a slip condition at the top, prevents any reduction

below this value. The introduced sediment corresponds to a

medium silt grain size (17 mm particle size) and a density of 2650

kg/m³, as documented by Byun andWang (2005). This specific type

of sediment was selected due to its relevance to the environmental

conditions typical for cold-water coral reefs (e.g., Wang et al., 2021).

Fluid properties were selected with a kinematic viscosity (n) of
1e-6 m²/s and a density (r) of 1000 kg/m³, consistent with prior

laboratory flume experiments used for model validation (Bartzke

et al., 2021). These values closely approximate seawater properties

at typical cold-water coral temperatures (4–12 °C), where density is

approximately 1025–1027 kg/m³ and kinematic viscosity is 1.3–

1.5e-6 m²/s (Sharqawy et al., 2010). The small differences have

negligible impact on the simulated hydrodynamic and sediment

dynamics, as the flow regime remains comparable. Each simulation

represents 30 seconds of real-time with time steps of a maximum of

0.0025 seconds. The Courant–Friedrichs–Lewy (CFL) number was

constantly monitored to stay below 0.1, ensuring the stability of the

numerical simulations. The CFL, a measure for numerical stability

and time-stepping, is defined as CFL= uDt=Dx where u refers to the

velocity, t  to the time step, and Dx to the streamwise cell distance. A

CFL below 1 is the commonly accepted criterion for such numerical

stability (Courant et al., 1928; Ferziger and Perić, 2002). In addition,

it needs to be noted that in previous research, this model’s accuracy

was benchmarked against laboratory flume experiments (Bartzke

et al., 2021). In addition, the sediment concentration dynamics

computed by the present solver have been rigorously benchmarked

and validated in prior works by Le Minor et al. (2019).
2.3 Post-processing of simulation data

All post-processing and visualization tasks were conducted

using Matlab and paraFoam, a version of ParaView specifically

adapted for OpenFOAM. Data from the simulation at t=30 seconds

was used for analysis to ensure the flow had fully stabilized around

the centrally located corals in the computational domain, providing
FIGURE 1

The numerical model is shown in three dimensions, indicating the domain size, the positioning of the cold-water coral colonies, and the mesh (in
dark grey). For visual representation of the flow field in this model setup, the blue to red color gradient represents the flow velocity magnitude (U),
with blue indicating lower velocities and red indicating higher velocities. P1-P5 indicate the locations of velocity and sediment concentration
measurement profiles at y=0.2, along the domain’s length.
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a coherent and accurate representation of hydrodynamic behavior.

To enhance visualization and interpretation, slices were taken along

the Y and Z axes within the computational domain. These slices

captured both instantaneous and mean flow conditions, as well as

sediment distribution patterns, offering detailed insights into the

interplay between flow and sediment dynamics near the coral

structures. The mean flow refers to the time-averaged velocity

field (UMean in OpenFOAM nomenclature), which was

computed by averaging the instantaneous velocity fields over

time. Vertical measurement profiles, indicated by the vertical

dashed lines in Figure 1, were generated from the numerical

model at five strategically selected spots. These profiles, all placed

at Y = 0.2 m, included a position at X = 0.5 m, representing the

undisturbed upstream flow, and positions at X = 0.575 m, X = 0.745

m, X = 0.915 m, and X = 1.085 m within the corals for comparative

analysis. To provide a comprehensive view of the flow behavior, the

mean velocity components were plotted, with a focus on the

downstream velocity component (Ux). Each profile consisted of

2000 data points. Sediment concentration profiles were also

generated at the same locations to thoroughly analyze sediment

dynamics relative to coral placement.

To understand the resistance exerted by the coral structures on

the flow, taking into account both the physical characteristics of the

corals and the flow dynamics, we calculated the drag forces on all

the coral colonies. This approach also served as a validation step,

enabling comparisons with findings from previous studies. The

pressure values facing against the flow direction were analyzed,

highlighting zones of high and low normal pressure. These

pressures were integrated over the coral colony surfaces using

ParaView’s ‘Extract Surface Normals’ and ‘Integrate Variables’

filters. The area of the coral colony surfaces, provided as part of

the field data in ParaView, was used in conjunction with the

integrated pressure data to compute the drag force (Fd). The drag

coefficient (Cd) was then calculated using this force data, fluid

density (r), and velocity (U). Additionally, the Turbulent Kinetic

Energy (TKE) distribution was computed using the Reynolds

stresses derived from the OpenFOAM simulation, calculating the

TKE magnitude as:

TKE = 0:5   (u
0 2 + v

0 2 + w
0 2) where u

0 2, v
0 2, and w

0 2 are the

diagonal components of the Reynolds stress tensor representing the

variance of velocity fluctuations in the X, Y, and Z directions,

respectively (Pope, 2000). The TKE distribution was then visualized

in ParaView by applying a calculator filter to the entire Reynolds

stresses field, enabling the spatial analysis of turbulence intensity

across the domain.
3 Results

3.1 Flow dynamics around the cold-water
corals

The instantaneous flow velocity at t=30 s and the time-averaged

flow velocity around the corals are illustrated in Figure 2. The

figures display slices oriented in both the Y-normal and Z-normal
Frontiers in Marine Science 05
directions. The locations of the Z-normal slices were chosen close to

the bottom of the domain, near the stems of the cold-water corals at

Z = 0.005 m, as well as within the branches, which were processed at

Z = 0.1 m. As a result, all slices reveal patterns in the velocity field

values throughout the domain and provide representative insight

into the flow dynamics, particularly in the vicinity of the

coral structures.

The flow interaction with the cold-water coral structures showed a

distinct pattern. From the beginning of the domain up to the first

encounter with the coral structures (X = 0 to X = 0.55 m), the flow

predominantly exhibited a nearly uniform character. Nonetheless, in

the region before the flow encountered the cold-water corals, ranging

approximately from X = 0.50 to X = 0.55 m, a noticeable decrease in

flow speeds was observed. This indicated the onset of flow reduction

due to the interaction with the coral structures. In the region where the

flow directly interacts with the complex cold-water coral structures (X

= 0.55 to X = 1.25 m), significant variations in flow speed were

observed. Above the corals (X = 0.55 to X = 2.0 m and Z = 0.15 to Z =

0.3 m), the flow remained relatively unperturbed, but slightly

enhanced mixing occurred at the coral–freestream boundary.

Within the spaces between the corals, flow speeds decreased

progressively downstream. As the flow progressed downstream of

the corals (from X = 1.25 to X = 2.0 m), varying velocities were

observed, a phenomenon which can be attributed to flow separation

caused by the coral branches (Figure 2).

Observing the velocity field near the bed (Z = 0.005 m) and

within the coral branches (Z = 0.1 m) within the coral-influenced

region (X = 0.55 to X = 1.25 m) highlights notable differences. Near

the bed, the flow velocity distribution showed a relatively structured

pattern, with low velocities of approximately 0.02 m/s to 0.04 m/s in

dominating the leeside of the coral stems. In the inter-coral gaps

(i.e. the continuous long coral-free areas parallel to the flow

direction), higher velocities of around 0.06 m/s to 0.09 m/s were

observed, with distinct low-velocity zones behind the stems. In

contrast, within the coral branches (Z = 0.1 m, X = 0.55 to X = 1.25

m), the flow field exhibited high variability due to interactions with

the complex coral structure. The velocity magnitudes ranged from

0.03 m/s in low-velocity zones to 0.13 m/s in high-velocity patches,

reflecting increased turbulence and disrupted flow patterns.

Specifically, high velocities of 0.1 m/s to 0.13 m/s were observed

in the inter-coral gaps, while low velocities of 0.03 m/s to 0.06 m/s

occurred in the wake of the branches, creating highly dynamic

zones of flow redistribution near the individual coral branches. This

complexity underscores the cumulative effect of coral structures in

obstructing and redistributing the flow as it moves downstream.

The time-averaged velocity distribution, illustrated in Figure 2,

showcased a similar pattern, emphasizing the differences in flow

behavior between the bed and the coral canopy regions.

Consequently, the results shown in Figures 2 allow for

categorizing the findings into three key regions: the undisturbed

region (X = 0 to X = 0.55 m), the coral-influenced region (X = 0.55

to X = 1.25 m), and the wake region (X = 1.25 to X = 2.0 m). In the

undisturbed region (from X = 0 to X = 0.55 m), the flow largely

maintained a consistent velocity of around 0.1 m/s, with only minor

fluctuations, indicating a uniform and stable flow unaffected by
frontiersin.org
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external disturbances. However, a slight flow reduction directly in

front of the corals was observed. Upon entering the coral-influenced

region (from X = 0.55 to X = 1.25 m and Z = 0 to Z = 0.1 m), this

uniformity was disrupted. The coral branches significantly altered

the flow, created localized high-velocity regions of up to 0.13 m/s
Frontiers in Marine Science 06
near their surfaces, while intensified turbulence in the surrounding

flow. Within the coral canopy, this region became a zone of

complex flow interactions, characterized by eddies, vortex

formations, and swirling motions. The branches disrupted the

uniform flow and contributed to the formation of alternating
FIGURE 2

Overview of the instantaneous velocity field (U) at t = 30 s and the mean streamwise velocity field (time-averaged over t=0–30 s,.Umean) from the
numerical model with an inlet boundary condition velocity of 0.1 m/s. Slices are presented as follows: (A) instantaneous and (B) mean velocity fields
in the y-normal plane at y = 0.3 m; (C) instantaneous and (D) mean velocity fields in the z-normal plane near the bed at z = 0.005 m; and (E)
instantaneous and (F) mean velocity fields in the z-normal plane within the coral canopy at z = 0.1 m.
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zones of acceleration and deceleration, driven by flow obstruction

and vortex shedding around the branches. These dynamics

highlight the role of the branches in amplifying flow disturbance

and promoting mixing within the coral-influenced region,

contrasting with the relatively structured flow observed at the bed

level. Yet, just above the corals, an undisturbed flow persisted,

reflecting undisturbed flow patterns also observed in the

undisturbed region, although slightly enhanced mixing occurred

at the canopy–freestream boundary. In the wake region (from X =

1.25 to X = 2.0), the flow exhibited subtle contrasts, with velocities

fluctuating between 0.07 m/s and 0.11 m/s, reflecting the ongoing

influence of the corals on the flow.
3.2 Fluid flow profiles

The hydrodynamic profiles presented in Figure 3 offer a detailed

insight into fluid behavior across the undisturbed region and the

coral-influenced region, spanning from X = 0.5 m to X = 1.085 m, at

Y = 0.2 m. In P1 (Profile 1 at X = 0.5 m), serving as a reference for

undisturbed flow, and P2 (Profile 2 at X = 0.575 m), positioned

closely to capture transitional velocity changes, both located in the

undisturbed region, the profiles revealed a very similar pattern, with

P2 showing slightly decreased velocities. They showed a distinctive

logarithmic trend with an almost linear gradient in velocities from

the top of the domain (Z = 0.3 m) down to near the bottom (Z =

0.025 m). As the profiles approached the bottom of the domain, a

noticeable transition occurred, with the flow gradient smoothly

converging towards zero velocity. Moving into the coral-influenced

region, P3 (Profile 3 at X = 0.745 m), P4 (Profile 4 at X = 0.915 m),

and P5 (Profile 5 at X = 1.085 m), changes in the velocity gradients

were noticeable. In these profiles, the upper sections maintained

linearity—specifically, up to Z = 0.15 m for P3, Z = 0.2 m for P4, and

Z = 0.225 m for P5, although a slightly enhanced velocity increase

occurred at these canopy–freestream boundaries. Below these

heights, the linear gradients changed to a gentle, irregular pattern

in flow velocities, highlighting the interplay between fluid dynamics

and the coral structures. Below these heights, the linear gradients

changed to a gentle, undulated pattern in flow velocities, with peaks

reaching up to approximately 0.09 m/s, reflecting the dynamic

interaction between the flow and the coral structures.
3.3 Drag forces

The velocity and pressure values were used to compute the drag

forces exerted on the cold-water corals in the tested flow scenario.

In the tested flow velocity scenario, the drag force was calculated to

be 0.30 N/m², and the computed drag coefficient (Cd) was

determined to be 0.12. This result aligns with the expected

relationship between flow speed and drag force, where, for

example, decreases in flow speed lead to corresponding

reductions in drag force.
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3.4 Turbulent kinetic energy distribution
and 3D turbulent structures

To show the energy distribution within the cold-water coral

canopy, the turbulent kinetic energy (TKE) distribution processed

from the 30-second time step is presented in Figure 4. In the

upstream region of the model domain (X = 0.0 m to X = 0.55 m,

Figure 4A), no turbulent kinetic energy was evident. This was

related to the inflow boundary condition of the model, where no

background turbulent perturbations were specified, which allowed

us to focus solely on the turbulence generated by the corals

themselves. Within the coral-influenced zone (X = 0.55 m to X =

1.25 m), a subsequent increase in TKE values was observed as the

flow interacted with the corals. A concentrated increase in TKE

values was particularly evident in the leeside of the corals close to

the bottom of the domain (Z = 0.005 m), indicated by values to

0.0006 m²/s². However, within the inter-coral gaps (Figure 4B) the

TKE values were lower with values in the range of 0.0001 to 0.0002

m²/s². Further upward (Z = 0.10 m), within branches of the corals

(Figure 4C), a broader TKE value distribution was evident,

spreading laterally and downstream. TKE values appeared to be

enhanced directly in the lee side of the branches. TKE values

appeared to originate directly in the lee side of the branches.

Here, interaction effects between neighboring coral structures

were also evident, contributing to a complex turbulent field with

values ranging towards 0.0006 m²/s², trailing downstream and

increasing towards the end of the domain (X = 1.55 to 2.00 m).
3.5 Sediment dynamics around the cold-
water corals

The instantaneous sediment concentration at the 30-second

time step, along with the time-averaged sediment concentration

field surrounding the coral structures, are illustrated in Figure 5.

Slices oriented in both Y-normal and Z-normal directions,

analogous to the fluid velocity fields, provide a representative

view of the sediment concentration patterns across the domain.

High sediment concentrations typically occurred in regions where

turbulent kinetic energy is low. Conversely, areas with higher

turbulence tended to exhibit lower concentrations due to

increased mixing. This is consistent with the drift-flux transport

formulation used in the numerical solver, where sediment

accumulation results from the local balance between settling

velocity and turbulence-driven mixing, as the settling velocity

allows particles to deposit in low-turbulence zones while mixing

disperses them in high-turbulence areas.

The slices shown in Figure 5, indicate that sediment distribution in

the undisturbed region upstream of the cold-water corals (from X = 0

to X = 0.55 m) exhibited a uniform pattern, averaging around 0.1 g/L.

The uniformity in sediment distribution suggests that the flow

remained steady and relatively undisturbed before encountering the

coral structures downstream. However, an increase in sediment
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concentration to approximately 0.13 g/L was observable close to the

bed at Z = 0.005 m, from X = 0.50 to X = 0.55 m, towards the onset of

the coral canopy, corresponding to the reduction in flow velocity in

this region.

As the flow moved into the coral-influenced zone (X = 0.55 to X =

1.25 m), a noticeable change in sediment distribution occurred. In

contrast to the uniformity observed upstream, among the corals varied

sediment concentration patterns can be seen. Concentrations in the

coral-influenced region varied between 0.099 and 0.16 g/L, reflecting

complex sediment–structure interactions. Near the bed at Z = 0.005 m,

local maxima up to 0.16 g/L were found in inter-coral gaps, where

sediment concentrations increased. In contrast, lower concentrations,

averaging around 0.1 g/L, occurred in the lee of individual coral stems.

Within the branches at Z = 0.1 m, sediment accumulation was

concentrated in the low-energy zones between coral branches, while

vertically, the sediment concentration above the corals (> 0.1 m)

remained relatively homogeneous at approximately 0.1 g/l. This

uniformity indicated that coral-induced disturbances had a localized

effect and did not significantly alter sediment concentrations in the

overlying water layers. In the wake region, ranging fromX= 1.25 to X =

2.0 m, the sediment distribution became increasingly complex, with

concentrations fluctuating between 0.1 g/L and 0.115 g/L. Higher

concentrations, reaching up to 0.115 g/L, were observed near the bed

at Z = 0.005 m in depositional zones between eddies, though these

values are lower than the peak concentrations in the coral-influenced

zone. Conversely, concentrations remained closer to 0.1 g/L in the

upper layers (Z > 0.1 m), reflecting the persistent influence of coral-

fluid interactions. This pattern resulted from turbulent mixing, eddies,
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and vortices shed by the corals, which drive localized sediment

resuspension and deposition in the wake.
3.6 Sediment concentration profiles

Building on the elevated sediment distributions in Section 3.5,

this section focuses on quantitative profiles at the bed level to

illustrate the near-bottom accumulation. Sediment concentration

profiles revealed a complex interaction between sediment dynamics

and cold-water coral structures. As illustrated in Figure 6, the

profiles between X = 0.5 m and X = 1.085 m encompassed both

undisturbed and coral-influenced regions at Y = 0.15 m. Note that

these profiles showed concentrations at the bed (Z = 0 m), where

sediment accumulation was highest, compared to the slightly

elevated slices (Z = 0.005 m and Z = 0.1 m) in Figure 5. In the

undisturbed region, Profile 1 (P1) at X = 0.5 recorded a sediment

concentration of 0.145 g/l at Z = 0 m, while Profile 2 (P2) at X =

0.575 m showed a slightly higher concentration of 0.148 g/l. This

consistent pattern in areas not yet directly influenced by coral

structures reflected both the steady sediment supply from the inlet

boundary and the gradual reduction in flow velocity upstream of the

coral canopy, which favored early sediment settling. As the flow

interacted with the coral structures, Profiles 3 (P3) at X = 0.745 m, 4

(P4) at X = 0.915 m, and 5 (P5) at X = 1.085 m revealed a slight

decline in sediment concentration. For example, in Profile 3, the

concentration was approximately 0.114 g/L near the bottom,

decreasing with height. Profile 4 showed a similar pattern,
FIGURE 3

(A–E) Velocity profiles extracted from five positions of the numerical model. The distinct profile locations are indicated in Figure 1. Profiles are taken
from Profile1 at x=0.5 m, Profile2 at x=0.575 m, Profile3 at x=0.745 m, Profile4 at x=0.915 m, and Profile5 at x=1.085 m at y=0.2 m, illustrating the
flow distribution over height (Z).
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starting at 0.115 g/L at the bottom, while Profile 5 had a slightly

higher 0.116 g/L, both decreasing upward. These profiles suggest

that cold-water corals significantly influence sediment dynamics,

particularly by promoting sediment accumulation near the bottom,

but lower compared to P1 and P2. However, as the flow progressed

downstream, the overall sediment distribution began to stabilize.

The consistent pattern observed across Profiles 3, 4, and 5 indicated

that the coral structures exert a persistent influence on

sediment transport.
4 Discussion

In this study we use a three-dimensional Computational Fluid

Dynamics (CFD) model to analyze the interactions between fluid

flow, turbulent structures, and sediment dynamics in a cold-water

coral colony. The model’s hydrodynamic and sedimentological

findings are interpreted to understand deposition processes

potentially driving the early stages of mound aggradation. Our

findings demonstrate that cold-water corals significantly alter

hydrodynamic patterns and sediment dynamics, promoting

sediment deposition. Distinct sediment distribution patterns were

observed, with sediment preferentially deposited in inter-coral gaps

near the bed where mean flow delivers particles and reduced
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turbulence allows their settling. In contrast, within the branches,

low mean velocities combined with high turbulent kinetic energy

maintain particles in suspension, resulting in more heterogeneous

concentrations. The inter-coral gaps provide “spaces” where

sediment can settle, playing a dominant role in shaping the

observed patterns and establishing them as the primary sites of

accumulation. The interplay between high TKE-driven ongoing

suspension on the lee side stems, lateral transport toward the inter-

coral gaps, and lower turbulence facilitating deposition in inter-coral

gaps underlines the complex sediment-trapping mechanism induced

by the corals. These findings highlight the capacity of coral colonies to

shape sediment dynamics through their structural influence on

hydrodynamics, providing insights into potential contributions to

the sediment budget and the initiation of coral mound formation,

particularly near the bed where accumulation is consistent.
4.1 Fluid dynamics around the cold-water
corals

The use of the three-dimensional numerical model provides

detailed insights into how cold-water corals influence

hydrodynamics. As part of model validation, the drag coefficient

(Cd) is a crucial parameter for quantifying the resistance cold-water
FIGURE 4

Visualization of turbulent kinetic energy (TKE) distribution within a cold-water coral canopy with an inlet boundary condition velocity of 0.1 m/s. The
TKE is shown for three cross-sections: (A) Y-normal plane at Z = 0.33 m, (B) Z-normal plane at Z = 0.005 m, and (C) Z-normal plane at Z = 0.10 m.
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corals impose on flow; our findings reveal a Cd value of 0.12, which

aligns closely with established literature values. For example,

Samuel and Monismith (2013) reported a Cd value relevant for

coral colonies, potentially applicable to cold-water corals, under

flow velocities between 0.02 m/s and 0.26 m/s. Similarly, Lentz et al.
Frontiers in Marine Science 10
(2017) found a Cd range of 0.005–0.2 for coral reefs, with values

around 0.12 plausible for deeper waters under flow velocities

ranging from 0.05 m/s to 0.5 m/s. Comparable findings are also

reported in studies of coral hydrodynamics, such as by Rosman and

Hench (2011), who documented Cd values in the range of 0.01–0.8
FIGURE 5

Overview of the instantaneous and mean sediment concentration fields from the numerical model at t=30 s with an inlet boundary condition
velocity of 0.1 m/s. Slices are presented as follows: (A) instantaneous and (B) mean sediment concentration fields in the y-normal plane at y = 0.3 m;
(C) instantaneous and (D) mean sediment concentration fields in the z-normal plane near the bed at z = 0.005 m; and (E) instantaneous and (F)
mean sediment concentration fields in the z-normal plane within the coral branches at z = 0.1 m.
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influenced by canopy geometry, thus supporting the plausibility of a

Cd of 0.12. This close agreement with previous studies confirms the

validity of our model in simulating the hydrodynamic interactions

of cold-water corals.

Previous research focusing on the flow dynamics around a

single coral colony observed deceleration in flow due to the

presence of the coral (Bartzke et al., 2021). This observation is in

line with the findings of the current study, which expanded the

analysis to an array of 12 coral colonies arranged in a 3 by 4 grid

under flow velocities typical for cold-water coral habitats (Roberts

et al., 2009). The results of the numerical model indicate that the

corals exert a pronounced effect on the flow, with the changes

caused by one cold-water coral affecting the flow conditions

experienced by adjacent cold-water corals. This effect varies

vertically: near the bed, flow deceleration is pronounced at the

leeside, behind stems, creating structured low-velocity zones

accompanied by high turbulent kinetic energy, while within the

branches, the flow exhibits greater variability and disruption due to

the complex coral structure generating elevated turbulent kinetic

energy. As a result, the spatial variations in flow reduction—marked

by pronounced deceleration near the bed and greater variability

within the branches—lead to emergent flow patterns influenced by

the arrangement and orientation of the coral colonies. These

complex flow patterns around multiple corals mirror observations

from research on tropical coral flow dynamics, such as those by

Hench and Rosman (2013). They observed that the flow

downstream from one coral colony can be significantly altered by
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the presence of another colony, highlighting the intricate

hydrodynamic interactions between colonies. These findings also

suggest that the orientation of individual coral branches relative to

the flow direction can directly influence the flow’s direction.

The model results demonstrate that cold-water coral structures

profoundly influence the distribution of turbulent kinetic energy

(TKE) within their vicinity, playing a critical role in shaping

sediment mobilization, transport, and deposition patterns across

the coral canopy. Near the bed, particularly in the wake zones

behind coral stems, high TKE levels were observed. This turbulence

promotes the dynamic suspension of sediments from the immediate

vicinity of the stems, mobilizing particles that are then transported

laterally into the inter-coral gaps, where turbulence is notably lower.

These low-energy zones serve as depositional areas, facilitating the

accumulation of sediments, as further explored in Section 4.2. In

contrast, within the coral branches, the TKE distribution is more

diffuse, stemming from direct interactions between the flow and

the branch structures. The localized nature of this turbulence

creates protected zones immediately behind the branches,

offering ideal conditions for the deposition of fine particles with

minimal lateral redistribution into the inter-coral gaps.

Consequently, the model reveals two distinct TKE-driven

processes within the coral canopy. High TKE near the bed

promotes dynamic suspension and lateral transport, enriching the

inter-coral gaps as low-energy zones trap mobilized sediments.

These results align with prior studies, such as Roberts et al.

(2009) and Mienis et al. (2012), which highlight how cold-water
FIGURE 6

(A–E) Overview of the sediment concentration profiles extracted from five positions of the numerical model. Profiles are taken from Profile 1 at
x=0.5 m, Profile 2 at x=0.575 m, Profile 3 at x=0.915 m, and Profile 5 at x=1.085 m at y=0.2, illustrating the sediment concentration value
distribution over height.
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corals act as obstacles, altering hydrodynamics and sediment

transport, for instance by generating upwelling and downwelling

that enhance nutrient delivery and sediment resuspension in ways

consistent with our TKE patterns. Parallels also emerge with

Wheeler et al. (2007), who noted the role of turbulent flow in

redistributing sediments around coral mounds.

The results of the numerical model also demonstrate how cold-

water corals modify flow patterns in their vicinity. As the flow

encounters the coral structures, a marked shift occurs, transitioning

from uniform to an altered flow pattern characterized by localized

deceleration and acceleration zones around the corals, as evidenced by

changes in flow velocity and elevated TKE values. This modification in

flow, particularly intensified by interactions among multiple corals,

enhances food supply by increasing both the delivery and retention of

suspended particles near the coral polyps, thereby supporting their

health, growth, and reproductive capacity (Frederiksen et al., 1992;

Davies et al., 2009). Furthermore, the emergence of a distinct zone of

stable velocities above the canopy may suggest a vertical gradient in

food distribution within the coral habitat. This gradient could indicate

the presence of vertical ecological niches within the coral ecosystem,

consistent with observations of vertical flow structuring and food

supply mechanisms in cold-water coral reefs (Thiem et al., 2006;

Mienis et al., 2007). Nonetheless, the model assumes a steady,

uniform, and undisturbed inflow at the inlet, emphasizing the

changes in velocity induced by the coral structures themselves. In

natural settings, however, the approaching flow likely exhibits pre-

existing velocity variations, which could further shape the flow

dynamics created by the corals.
4.2 Sediment dynamics around the cold-
water corals

The model results indicate that cold-water corals significantly

influence sediment dynamics in their vicinity by causing flow

deceleration through physical obstruction, as supported by Mienis

et al. (2007). The constant sediment introduction at the inlet

ensures a steady upstream supply, contributing to additional

sediment loading towards the canopy. High turbulent kinetic

energy near the bed mobilizes sediment particles in the

downstream of individual coral stems. These sediments are then

redistributed and accumulate preferentially in the inter-coral gaps,

where reduced turbulence facilitates deposition despite higher flow

velocities, leading to elevated concentrations near the bed compared

to the leeside zones. In contrast, within the branches, sediment

deposition is more variable due to localized flow perturbations, with

accumulation primarily occurring in small, sheltered zones behind

the branches, while the leeside of individual branches shows lower

concentrations due to turbulence-driven resuspension. Above the

coral canopy, sediment concentrations remain relatively

homogeneous, indicating that coral-induced disturbances are

largely confined to the lower regions of the domain. This trapping

and accumulation of sediment, particularly in inter-coral gaps, is

critical for understanding mound formation processes and

supporting the growth of cold-water coral communities by
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providing an elevated habitat, as postulated by Roberts et al.

(2006) and Dorschel et al. (2007). Comparing these findings with

previous studies, such as Bartzke et al. (2021), parallels are evident

in how cold-water corals act as obstacles influencing

hydrodynamics and, consequently, sediment transport, providing

a foundation for further exploring their role in mound aggradation.
4.3 Implications for mound formation

The numerical model provides essential insights into the

hydrodynamic and sedimentary conditions around cold-water coral

colonies. We observed that sediment deposition patterns near cold-

water corals are influenced by varying hydrodynamic conditions. In

regions of reduced turbulence, such as the inter-coral gaps and

sheltered zones behind branches, sediment trapping is enhanced.

Assuming a consistent sediment supply and stable environmental

conditions (e.g., appropriate temperature, nutrient availability, and

limited disturbance by strong currents), these micro-scale trapping

processes could contribute to the early stages of mound aggradation,

particularly for fine sediments as modeled. The extent of sediment

accumulation, however, depends strongly on granulometry. Coarser

particles may settle more readily while finer ones remain longer in

suspension, and terrigenous fractions—which often constitute a

significant proportion of mound sediments—are likely to play a key

role in long-term stabilization and mound buildup (Pirlet et al., 2011).

Thus, regions with naturally faster water flows might experience

varying degrees of sediment accumulation based on the specific

sediment characteristics present, which could potentially affect the

rate of mound growth. Beyond the micro-scale, recent work by van

der Kaaden et al. (2021) demonstrated that the structural presence of

coral mounds modulates local hydrodynamics at larger scales,

including enhanced turbulent energy dissipation and the trapping of

internal tides, thereby increasing particle flux toward the coral

framework. While their study focused on mound-scale feedbacks,

our findings illustrate a complementary process at the colony scale:

coral structures act as ecosystem engineers by creating sheltered zones,

reducing local turbulence, and facilitating sediment accumulation.

Together, these multi-scale processes highlight the potential

mechanistic pathways from small-scale trapping to mound initiation

and vertical growth. While our numerical model cannot directly

capture geological timescales, the results provide mechanistic

insights that may inform hypotheses on early mound initiation.

Therefore, continuous sediment deposition in low-flow areas could

lead to substantial coral mound development over several millennia.

This could particularly be the case in areas along the Atlantic Ocean’s

continental margins, known for coral mounds comprising skeletal

fragments and hemipelagic sediments. However, these are speculative

assertions and warrant further observational or modeling studies for

validation. Nonetheless, the results underscore how coral–flow–

sediment interactions provide a foundation for mound formation

along Atlantic margins, where sediment supply and hydrodynamic

forcing drive the development of carbonate mounds composed largely

of hemipelagic sediments and skeletal fragments (Wheeler et al., 2007;

Wang et al., 2021).
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4.4 Limitations and future steps

The present study has provided insights into the interactions

between cold-water corals and their surrounding hydro and

sediment dynamics. While the model employed focused on a specific

coral configuration, it highlights the necessity for broader research

encompassing various cold-water coral reefs. Expanding the scope of

investigation would significantly deepen our understanding of coral

mound formation on larger spatial scales. One promising direction for

future research is the integration of detailed 3D coral scans into

numerical models, allowing for a more comprehensive analysis of

coral behavior under diverse flow and sedimentation conditions.

However, this advanced methodology faces significant computational

challenges, requiring high-performance computing clusters beyond the

scope of standard computational resources. Additionally, investigating

the collective effects of large-scale reefs on hydrodynamic and

sedimentary processes, especially the role of sediment deposition in

mound formation, remains a critical area of study. The present model

assumed zero background turbulence at the inlet, thereby isolating the

effects of coral-induced turbulence. In natural settings, pre-existing

(inlet) turbulence may amplify or modify the observed patterns.

Despite these challenges, the present research lays a solid foundation,

paving the way for more extensive future studies to further unravel the

complex dynamics of cold-water corals within marine ecosystems.
5 Conclusion

A three-dimensional Computational Fluid Dynamics (CFD)

model was used to examine the interactions between fluid flow,

turbulent structures, and sediment dynamics in the vicinity of a

cold-water coral colony. The analysis employed the simulation of a

setup comprising 12 coral colonies arranged in a 3x4 grid, subjected

to flow velocities representative of typical cold-water coral habitats.

The model assessed the influence of coral geometry on

hydrodynamic patterns, as well as on the mobilization, transport,

and deposition of sediments, with a constant inlet sediment

concentration established as the baseline condition. The results

show that cold-water corals exert a significant influence on both

flow and sediment dynamics, facilitating spatially heterogeneous

sediment transport and deposition patterns. Several key finding

emerge: (1) the inlet concentration is modulated by coral-induced

turbulence, resulting in spatially variable sediment dynamics; (2)

dynamic sediment suspension is primarily associated with elevated

turbulent kinetic energy (TKE) and moderate flow velocities,

suggesting a consistent turbulence-driven sediment transport

process; (3) deposition is markedly enhanced near the seabed and

within inter-coral gaps, where reduced velocities and increased

concentrations indicate sediment accumulation driven by flow

retardation; and (4) intensified TKE between coral structures

redistributes sediment, underscoring the pivotal role of coral

geometry in modulating local hydrodynamic conditions. The

geometry of the coral colonies—particularly their spacing, height,

and branching complexity—creates localized funneling and open

zones, which in turn determine where sediments are mobilized,
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retained, or redeposited. These findings underscore the profound

influence of coral structures on sediment budgets and the initiation

of mound formation, establishing a robust framework for advancing

future investigations into the ecological dynamics of cold-water

coral ecosystems.
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