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Abstract. Permeable sandy sediments are abundant on continental shelves, where they are increasingly recognized as major 15 

sites of intense organic matter mineralization. In offshore wind farms (OWFs), turbine-induced changes in hydrodynamics and 

organic matter inputs may modify these dynamic environments, yet the quantitative impact remains poorly constrained. Here, 

we present PermeableDia, a two-dimensional reactive transport model that explicitly resolves advective flows and apply it to 

data collected from sediments along a distance gradient (7-75 m) from the scour protection layer (SPL) of an offshore wind 

turbine in the Belgian Part of the North Sea across three seasons. The model adequately reproduces observed organic carbon 20 

and porewater nutrient profiles and reveals pronounced spatial gradients in carbon mineralization. Total mineralization rates 

were highest nearest to the turbine (up to ~176 mmol C m-2 d-1) and declined with distance. Oxic pathways dominated 

mineralization (58-92 % of total), reflecting efficient oxygen supply via advective exchange, while anoxic mineralization 

increased near the turbine (up to 41%) consistent with enhanced organic matter loading. Denitrification contributed only a 

minor fraction to total mineralization (1 – 4.5 %). By constraining the model with in situ observations, this data-driven 25 

approach enables the quantification of mineralization pathways in permeable sediments where direct rate measurements are 

challenging. The dynamic nature of mineralization processes in advective conditions indicates that observed biogeochemical 

impacts of offshore wind, such as increased carbon storage in surface sediments, are likely transient. 

1 Introduction 

Permeable sediments, generally defined as sandy sediment with a permeability exceeding 10-12 m2 cover 50 to 70% of the 30 

continental shelf surface (Emery, 1968). Once seen as “(bio-)geochemical deserts” because of their low organic carbon content, 

permeable sediments have later been recognized as sites of intense organic matter mineralization (B. P. Boudreau et al., 2001). 

Their high permeability facilitates advective porewater transport, which enhances the exchange of solutes (e.g. oxygen, O2) 
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and fine particles (e.g. organic matter) between the sediment and overlying water column (Huettel et al., 2014; Loeff, 1981; 

Lohse et al., 1996; Webb & Theodor, 1972). This dynamic environment promotes intense organic matter mineralization, as 35 

the high availability of oxygen and nitrate fuel degradation of organic matter in the sediment matrix (Ahmerkamp et al., 2020; 

Cook et al., 2006; Huettel et al., 2014). This makes the permeable sediments of the continental shelf an important link in global 

nutrient cycles (e.g. C, N, P), as it has been estimated that 17 – 52 % of the global organic matter deposition flux to marine 

sediments of 1.6 ± 0.6 Pg C y-1 is mineralized in these sediments (Dunne et al., 2007; Huettel et al., 2014). 

Representing the biogeochemical behaviour of permeable sands in diagenetic models is difficult compared to cohesive (non-40 

permeable) sediments, due to the driving role of advective transport terms which are constrained by the complex interplay of 

sediment grain characteristics, bedform topography, and local hydrodynamics (Chua et al., 2022; Meysman et al., 2007). 

Conceptually, however, this is straightforward: local bedform topography (e.g. sand ripples) cause variation in water velocity 

above the sediment interface which translates into variations in pressure at the spatial scale of bedforms (Bernoulli’s principle). 

This pressure field above the sediment interface (the “pressure head”) induces flows of water (“porewater flows”) through the 45 

sediment matrix from areas of high pressure towards areas of low pressure. These flows are known to extend deep into the 

sediment, with experimental results establishing advective exchange down to 30 cm depth (Precht & Huettel, 2004). While 

cohesive sediments are almost always represented in a vertical 1D framework, flows induced by horizontal pressure gradients 

can only be represented in two dimensions as these go beyond diffusion driven transport. It is thus necessary to employ at least 

a 2D model to represent diagenesis in permeable sands, which increases the complexity and computational load. Driven by 50 

tidal or wave-induced currents, advective flows through the sediment are also highly dynamic, varying strongly in magnitude 

and direction on timescales of seconds to hours (Huettel et al., 2014). Bedforms themselves are also dynamic features, with 

sand ripples capable of travelling centimeters per day (R. Soulsby, 1997). 

Building on the engineering-based literature on the physical description of flows through and over permeable sediments (e.g. 

Savant et al., 1987; Shum, 1992; Thibodeaux & Boyle, 1987), various model descriptions have been made to describe (aspects 55 

of) diagenesis in permeable sediments, although such applications are much less abundant than works addressing cohesive 

sediments (Paraska et al., 2014). For example, Shum & Sundby (1996) described how advective flows affect solute 

distributions and potentially organic matter mineralization. Rutherford et al. (1995) coupled sedimentary flow distributions to 

relatively simple oxygen kinetics to estimate the contribution of advective flow pumping to the sediment oxygen demand. 

Several studies focused (mostly) on advective flows generated by (macro)fauna pumping in burrows and the resulting 60 

biogeochemical microniches surrounding said burrows (Brand et al., 2013; Meile, 2003; Meysman et al., 2005, 2007). What 

these models share is their high level of specificity, preventing their wide-scale use to represent larger areas of permeable 

continental shelf, except for the sand ripple example in Meysman et al. (2007). More extensive modelling of early diagenesis 

(coupling of advection driven transport to a broader set of chemical reactions) has been done, focused on pollutants (Ren & 

Packman, 2004, 2005), riverbed biogeochemistry (e.g. Gomez et al., 2012; Zheng et al., 2019), and coupled nitrification-65 

denitrification in marine environments (Cardenas et al., 2008; Cook et al., 2006; Kessler et al., 2012, 2015). 
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Despite these advances, it appears we still lack a model framework that can be applied to organic matter cycling in permeable 

sediments over larger spatial (~m) scales. In studies where seafloor biogeochemistry is modelled over larger areas including 

permeable sediments, the effects of advective flows are often minimized, effectively treating these areas more like cohesive 

sediments than truly permeable sediments, potentially underestimating the exchange of solutes between water column and 70 

seafloor (e.g. Baretta et al., 1995; Capet et al., 2016; De Borger et al., 2021; Wakelin et al., 2012). Because of their one-

dimensional representation, cohesive sediment diagenetic modelling is computationally less demanding (see above), and it is 

much easier to collect the needed data to constrain such models compared to permeable sediments, since measurements in 

permeable sediments are fraught with difficulties. Whereas the vertical structure of cohesive sediments can be preserved in 

(widely used) benthic core sampling, sample cores with permeable sediments tend to leak, rapidly disturbing the redox-75 

zonation found in situ. Also, process rate measurements should take place in similar physical (hydrodynamical) conditions as 

on the seafloor since reaction rates are very dependent on the effects of advective flows. As these advective flows are rarely 

constant, a range of physical settings should be mimicked in the laboratory to represent variability in time, further complicating 

work and interpretation of results. In the last two decades, eddy covariance, a non-invasive technique to measure in situ oxygen 

fluxes integrated over a larger sediment surface has seen increasing use over permeable sediments (as summarized in Berg et 80 

al., 2022). While capable of accurately capturing the oxygen dynamics of permeable sediments, other species relevant to early 

diagenesis (e.g. dissolved inorganic carbon, nitrogen species, phosphate) cannot yet be measured by high frequency sensors 

needed for eddy covariance to work. 

While this “measurement problem” of biogeochemistry in permeable sands remains, we present PermeableDia, a model 

describing early diagenesis of carbon, nitrogen, and phosphorus in permeable sediments. This modelling package allows for 85 

the generation of a porewater flow field induced by a given bedform topography, and its subsequent use as a transport term in 

addition to diffusive transport in the reactive transport equations of the model components. We offer an open source, and user-

friendly modelling framework fit for the purpose of addressing early diagenesis and benthic-pelagic exchanges in the context 

of permeable sediments at the m2 scale. Whereas this model is still a 2D representation of the sediment, it is rapidly solved 

once calibrated. 90 

In this study, we apply PermeableDia to sediments in the immediate vicinity of offshore wind turbines on a permeable sand 

bank in the Southern Bight of the North Sea (NE Atlantic). Observations of sediment characteristics near these turbines have 

shown a gradual “fining” of the sediment matrix with inverse distance to the turbines, i.e. a decrease in median grain size 

paired with an increase in organic matter content (Coates et al., 2014). These patterns have been attributed to i) slightly reduced 

current velocities in the wake of turbine foundations, allowing finer particles to settle (Legrand et al., 2018), and ii) that an 95 

additional input of organic material originates from the fouling fauna growing on the turbine structures (Dannheim et al., 2025; 

Degraer et al., 2020; Maar et al., 2009). Regardless of the mechanism, such changes in sediment properties are expected to 

affect sediment biogeochemistry: lower permeability may reduce the role of advective flows, while increasing organic matter 

availability should elevate mineralization rates and perturb the succession of metabolic pathways (De Borger et al., 2021). 
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The model case study is constrained with field observations collected during three seasonal campaigns (spring, summer, fall). 100 

Sediment characteristics (porewater nutrients, grain size characteristics, organic carbon content and properties) were quantified 

at 4 fixed distances (7, 15, 25, 75 m) from the edge of the scour protection layer (SPL) of an offshore wind turbine with gravity-

based foundation. This scour protection layer consists of a band of rocks of about 25.5 m wide that surrounds the foundation 

(Peire et al., 2009). Our hypothesis is that turbine presence creates a distance-dependent gradient in sediment properties, which 

in turn leads to distance-dependent changes in sediment biogeochemical functioning, including total mineralization rates and 105 

the relative contribution of different mineralization pathways. 

2 Materials and methods 

2.1 Data collection 

2.1.1 Fieldwork 

Sediment core collection 110 

We studied the sediments in immediate vicinity of an offshore wind turbine within the C-Power wind farm concession in the 

Belgian Part of the North Sea (turbine “D5” at 51° 32,87952' N 2° 55,77318' E, Figure 1 A). This 5MW turbine with gravity 

based foundation was constructed in 2008 and has been the focus of several environmental studies (e.g. (De Mesel et al., 2015; 

Kerckhof et al., 2010; Lefaible et al., 2025; Mavraki et al., 2020). We sampled the sediment along a transect extending 

southwest from the turbine, at distances of 7, 15, 25, and 75 m away from the edge of the SPL, aligned with the direction of 115 

the main tidal current (Figure 1 B). Given restrictions on the maneuvering of the research vessel close to the turbines, the 

samples at 7, 15, and 25 m were collected by scientific divers, whereas at 75 m a NIOZ boxcorer was deployed from a research 

vessel to sample sediments. 

A scientific dive team collected nine perspex cores of 3.6 cm inner diameter (Ø) at each distance: six for the extraction of 

porewater nutrients, and three to six for the determination of granulometry to investigate grain size trends, and pigments and 120 

total organic carbon (TOC) to quantify organic carbon sources. The cores were pressed into the seafloor by hand, aiming for 

15 cm of sediment in the cores, and sealed with a rubber stopper. The cores were then carefully lifted out of the seafloor and 

sealed below as well. The cores were placed into a PVC rack, to keep them upright during transport to the support vessel. 

From the research vessel, the NIOZ boxcore (Ø 30 cm) was lowered to the seafloor at 75 m away from the edge of the SPL 

and retrieved after closing. From the undisturbed boxcore, nine subcores (Ø 3.6 cm) were collected: 5 for the extraction of 125 

porewater nutrients, and 4 for the same environmental parameters as described above. 

This sampling scheme was replicated seasonally when possible. In summer the NIOZ boxcore was not available to take samples 

at 75 m distance; in winter, no samples were collected due to unfavorable weather conditions, see Table S.1 for an overview 

of sampling dates and conditions. 
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  Sediment trap procedure 130 

To estimate organic matter deposition rates within the OWF, a sediment trap mounted on a tripod was deployed seasonally at 

a site 200 m southwest of turbine D5 (Cepeda-Gamela et al., in prep.). This trap consisted of an open-ended PVC tube (1000 

mm length, 125 mm diameter), without side-holes. At the bottom end of the tube, a funnel shaped appendage with threads 

allowed for the attachment of a 250 mL recipient filled with tap water. Traps were mounted on a tripod 1 m above the sediment 

water interface. 135 

The tripod mounted trap was deployed from 3 to 12 days. Upon recovery, recipients were carefully unscrewed, collecting any 

overflow in a bucket to avoid sample loss and kept at -20 °C until further analysis. Once in the lab, the collected material was 

weighed and subdivided for different analysis using a splitter to promote equal distribution of the samples. Then, half of the 

samples were stored with 4% formaldehyde and the other half stored by freezing at -20 °C. 

 140 

Figure 1: Location of the study with (A) the median grain size in the Belgian EEZ (brown-green gradient), locations of the offshore 

wind concessions (blue polygons), and its setting within the North Sea (inset top right). (B) location of turbine “D5” in the C-Power 

concession, and sampling design surrounding the turbine. Grain size data and turbine location layers retrieved from RBINS (RBINS 

Metadata Catalog, 2025), bathymetry from GEBCO (Gridded Bathymetry Data | GEBCO, 2024). 

2.1.2 Sample analysis 145 

Sedimentary characteristics 

Cores for the sedimentary characteristics were sliced into 1 cm sections, throughout the length of the retrieved cores. Cores 

were placed upright onto an extruder, where the overlying water was carefully siphoned off without disturbing the sediment 

surface. Then the core was pushed upwards, cm by cm, and each section was stored separately in an aluminium cap vial and 

stored at -80 °C until further processing. 150 

These sediment samples were freeze-dried for further analysis. The water content (weight fraction) was determined as the 

volume of water removed by freeze-drying wet sediment samples. Porosity was then determined from water content and solid 
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phase density measurements, accounting for the salt content in the porewater. The grain size distribution (median grain size in 

μm and distribution) was determined using laser diffraction on a Malvern Mastersizer 2000G, hydro version 5.40. From median 

grain size (D50), sediment permeability was derived following Wilson et al. (2018) (Eq. 1). TOC (% of sediment dry weight) 155 

content of the sediment was determined using an Interscience Flash 2000 organic elemental analyzer (uncertainty: 0.01%, 

standard used: sulphanilamide). Photosynthetic pigment contents (chlorophyll a, pheophorbide, pheophytin) were measured 

on the freeze-dried samples, through HPLC analysis after Wright & Mantoura (1997). 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 10−9.213𝐷50
4.615         (Eq. 1) 

Porewater nutrients 160 

Porewater was extracted from the cores with rhizon samplers (0.15 μm, Rhizosphere Research Products) through pre-drilled 

holes. A sample of the overlying water in the cores was collected by inserting a rhizon sampler in the surface water and 

collecting ~5 mL into a vial. Rhizons, pre-soaked in low nutrient filtered seawater flushed with N2 gas to reduce exposure of 

porewater to oxygen were inserted into the sediment and a maximum of 3 mL of porewater was extracted from each interval 

by connecting a 3 mL syringe and creating a vacuum (Dickens et al., 2007; Seeberg-Elverfeldt et al., 2005; Shotbolt, 2010). 165 

Porewater nutrients were stored frozen (-20 ℃) until further processing. Once thawed, nutrient samples were analysed by a 

SEAL QuAAtro segmented flow analyser (Jodo et al., 1992). 

  Sediment trap analysis 

Half of the frozen subsamples were used for carbon analysis. Those were treated to remove as much chloride from the sample 

as possible to prevent damage to the analyzing machines. Therefrom, samples were centrifuged with a 0.01 M calcium sulphate 170 

3 times (3500 rpm for 5 min), discarding each time the supernatant. The sediment fraction was then freeze dried for 24 hours 

and stored at – 80 °C.  From the freeze-dried samples 5 mg were taken for total carbon analysis and packed into tin cups. For 

organic carbon analysis, 40 mg were taken into silver cups and fumigated with 37% HCl for 24 hours, then freeze-dried and 

packed into tin cups for analysis with an EA–IRMS (Elemental Analyzer–Isotope Ratio Mass Spectrometry). 

2.2 Model setup 175 

2.2.1 Model description 

We used the permeableDia model (Soetaert & De Borger, in prep.), a model of early diagenesis which includes advective 

flows as a transport mechanism. In this model, a variable pressure head across the seabed surface is imposed, mimicking how 

bedforms (e.g. sand dunes, sand ripples, burrow extensions, ..) create variations in current speeds and induce pressure gradients 

across the sediment water interface. The pressure head then drives solute flows through the sediment matrix, which also vary 180 

depending on the sediment porosity and permeability. This approach requires a 2D model grid, describing a sediment cross-

section of y m deep, along a length of x m of seabed surface, where x and y can be arbitrarily specified. 

In practice, the flow in permeable sediments is generated in two steps. 

First, a boundary value problem is solved for the hydraulic head ℎ (in m, Eq. 2), or pressure 𝑃(in kg m-1 s-2): 
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𝑠
𝜕ℎ

𝜕𝑡
=

1

𝐴
𝛻𝐴 [

−𝜌𝑔𝜅

𝜇
𝛻ℎ] + ∑𝐺ℎ         (Eq. 2) 185 

With 𝐴❑ the surface area (m2), κ the permeability (m2), s the storativity (m-1), µ the dynamic viscosity of the porewater (kg m-

1 s-1), ρ the seawater density (kg m-3), and 𝑔 the gravitational constant (m s-2). 𝐺ℎ is the source or sink of the hydraulic head (s-

1), calculated as the flow rate per unit of volume. The more general form of Eq. 1 that considers density variations is given by 

(Eq. 3): 

𝑠

𝑔

𝜕𝑃

𝜕𝑡
=

1

𝐴
𝛻𝐴𝑥𝜌 [

−𝜅

𝜇
(𝛻𝑃 + 𝛿𝜌𝑔)] + ∑𝐺𝑃        (Eq. 3), 190 

Where 𝛿 is 1 for the vertical axis and 0 for the horizontal axis (i.e. the effect of horizontal density gradients on flows is ignored). 

From the above the pressure head ℎ (m), the pore water velocity, 𝜐 (m s-1), is estimated as: 

𝜙𝜐 =
−𝜌𝑔𝜅

𝜇
(𝛻ℎ)           (Eq. 4) 

or 

𝜙𝜐 =
−𝜅

𝜇
(𝛻𝑃 + 𝛿𝜌𝑔)          (Eq. 5), 195 

 where 𝜙 is the porosity. 

The boundary condition in the horizontal axis 𝑥 imposes a zero-gradient in horizontal velocity at the domain edges (𝑥 = 0, 𝐿𝑥). 

This allows movement in or out of the domain (Eq. 6): 

𝜕2ℎ

𝜕𝑥2
|𝑥=(0,𝐿𝑥) = 0           (Eq. 6) 

For the vertical (y-direction), the pressure head is imposed (𝑓) near the surface (𝑦 = 0), while zero-gradient flows are assumed 200 

at the lower boundary (𝐿𝑦) (Eq. 7). 

𝜕2ℎ

𝜕𝑦2
|𝑦=(𝐿𝑦) = 0; ℎ(𝑥)|𝑦=0 = 𝑓(𝑥)         (Eq. 7) 

The pressure head near the surface is derived from local seabed topography and granulometric information (see 2.2.2.1). 

The advective flows (Eq. 4) are used in combination with diffusive terms to transport solutes in the sediment matrix. The 

biogeochemical formulations are based on the OMEXDIA model of early diagenesis (Soetaert et al., 1996) extended with 205 

simplified phosphorus dynamics (Ait Ballagh et al., 2020). This diagenetic model is a 3G-description of organic matter 

mineralization (OM) in marine sediments, i.e. where organic matter consists of three “fractions” that differ in their 

degradability: highly degradable (fresh), intermediate degradable (older), and refractory (non-degradable). The two reactive 

fractions of organic matter are degraded at fixed specific rates, whereas the mineralization pathways vary depending on the 

availability of oxidants (Table 1): oxic mineralization when oxygen is available, denitrification when the oxygen concentration 210 

is low and nitrate is available, anoxic mineralization in the absence of oxygen and nitrate (processes such as sulfate reduction, 

manganese reduction, iron reduction,… are lumped together). In total, the model state variables comprise four solid species 

(fast and slow degrading organic matter FDET and SDET respectively, iron bound phosphorus FeP, and calcium bound 

phosphorus CaP), and 6 solute species (oxygen O2, nitrate NO3
-, ammonia NH3, “Oxygen Demand Units” - ODU’s, phosphate 
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PO4
3-, and dissolved inorganic carbon DIC). Here ODU are the lump sum of reduced products of anoxic mineralization 215 

(sulphide, iron and manganese ions), expressed in the amount of oxygen required to reoxidize them. 

Dynamics of the solid (Eq. 8) and solute (Eq. 9) species 𝐶𝑖 are governed by the reactive transport equation (Boudreau, 1997): 

(1 − 𝜙)
𝜕𝐶𝑖

𝜕𝑡
= (1 − 𝜙)𝛻(𝐷𝑏𝛻𝐶𝑖 − 𝑤𝐶𝑖) + (1 − 𝜙)𝑅𝑖       (Eq. 8) and 

𝜙
𝜕𝐶𝑖

𝜕𝑡
= 𝜙𝛻(𝐷𝑖𝛻𝐶𝑖 − 𝑣𝐶𝑖) + 𝜙𝑅𝑖         (Eq. 9), 

with 𝜙 the porosity of the sediment matrix, 𝑣 the pressure driven advective flows described above (m s-1), 𝑤 the sediment 220 

accretion rate, Db the bioturbation coefficient which varies with depth y (Eq. 10), and 𝐷𝑖  the molecular diffusion coefficient 

(Di
mol) corrected for tortuosity (Eq. 11): 

𝐷𝑏𝑦 = 𝐷𝑏0𝑒

−(𝑦−𝐿𝑚𝑖𝑥)

𝐷𝑏𝑐𝑜𝑒𝑓𝑓           (Eq. 10) 

𝐷𝑖 = [1 − 2𝑙𝑛𝜙]−1𝐷𝑖
𝑚𝑜𝑙           (Eq. 11), 

and lastly 𝑅𝑖, the biogeochemical transformations affecting the species i, which are outlined in supplement S1. (Eq. S. 1 – Eq. 225 

S. 12 as per Soetaert et al., 1996). 

The model was solved to steady state (deriving equilibrium concentrations of state variables for a given set of boundary 

conditions and parameters), using the “steady” function on the rootSolve package (Soetaert & Herman, 2009).  

Table 1: Main diagenetic reactions of the permeableDia model. 

Process Reaction 

Oxic mineralization (CH2O)x (NH3)y (H3PO4)+ xO2 → xCO2 + yNH3 +H3PO4 +xH2O 

Denitrification (CH2O)x (NH3)y (H3PO4) + 0.8 x HNO3 → xCO2 + yNH3 + 0.4 x N2 +H3PO4 + 1.4 x H2O 

Anoxic mineralization (CH2O)x (NH3)y (H3PO4) + an oxidant → xCO2 + yNH3 +H3PO4 + xODU + xH2O 

Nitrification NH3 + 2O2 → HNO3- + H2O 

ODU oxidation ODU+O2 → an oxidant 

 230 

2.2.2 Parameterization 

Model dimensions and Flow field 

In the permeableDia workflow, a field of advective flows is first generated based on the local topography (function 

permeable.flow, github repository in prep.). This function also sets the dimensions of the model’s grid (Table 3). 

We estimated the characteristics of bedforms in the area for each season - distance combination using the empirical 235 

relationships between sediment median grain size (𝑑50) and maximal ripple length (𝜆𝑚𝑎𝑥) and height (𝜂𝑚𝑎𝑥) provided by 

Soulsby et al., (2012) for current generated ripples: 

η𝑚𝑎𝑥 = 𝑑50202𝐷∗
−0.554 for 1.2 < 𝐷❑ < 16        (Eq. 12) 

λ𝑚𝑎𝑥 = 𝑑50(500 + 1881𝐷∗
−1.5) for 1.2 < 𝐷❑ < 16       (Eq. 13), 
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with dimensionless grain size 𝐷∗ calculated as: 240 

𝐷∗ = [𝑔(𝑠𝑟 − 1)/𝑣2]1/3𝑑50          (Eq. 14),  

with 𝑣 the kinematic viscosity of water, 𝑠𝑟 the density ratio of sediment (ρ) over (sea)water (𝜌𝑠), and 𝑔 the gravitational 

constant. In this formula, 𝜆𝑚𝑎𝑥 , 𝜂𝑚𝑎𝑥 and 𝑑50 are expressed in m. 

In highly energetic conditions, so-called washout conditions, water movements erode and destroy the crests of established sand 

ripples, resulting in a flat or featureless seafloor. So for a given set of current conditions and sediment properties we first need 245 

to evaluate whether bedform topography has ripple features that cause advective flows. Evaluating the washout condition 

threshold 𝜃𝑤𝑜 using the Shields parameter 𝜃 is done following Soulsby et al. (2012) to verify the presence of ripples: 

𝜃 =
𝜏

(𝜌𝑠−𝜌)𝑔𝑑50
           (Eq. 15) 

𝜃𝑤𝑜 = 1.66𝐷∗
−1.3           (Eq. 16) 

With variable values: 𝑑50 = 0.000292 – 0.000435 (m), 𝑣 = 1.10 – 1.36 10-6 (m2 s-1 - temperature-dependent), 𝑔 = 9.81 (m s-2), 250 

ρ = 1025 (kg m-3), 𝜌𝑠= 2650 (kg m-3), and 𝜏 = 0.6 (Pa; Mean bottom shear stress during one spring-neap tidal cycle for the 

sampling location as calculated in Van den Eynde et al. (2020). 

Applying these formulae to the environmental conditions in the different sampling campaigns resulted in minor variations in 

maximal ripple height between 1.93 and 2.77 cm, and horizontal wave lengths of 17.2 and 24.6 cm (see Table 2). 

Table 2: Parameters used for the calculation of maximal ripple height (𝜼𝒎𝒂𝒙) and lengths (𝝀𝒎𝒂𝒙) for different distance – season 255 
combinations, starting from median sediment grain size (µm). salinity (PSU), and temperature (ºC). From these, the Shields 

parameter (θ), dimensionless grain size (D*), and washout condition (θwo) were calculated. 

season Distance 
[m] 

Temperature 
[ºC] 

median grain size 
[µm] 

Salinity 
[PSU] 

 

 

θ D* θwo 𝜂𝑚𝑎𝑥 
 [cm] 

𝜆𝑚𝑎𝑥 
[cm] 

Spring 7 9 364 33  0.102 7.5 0.119 2.34 20.8 

15 9 339 33  0.109 7.06 0.127 2.48 22.1 

25 9 292 33  0.127 6.15 0.148 2.77 24.6 

100 9 364 33  0.102 7.5 0.119 2.34 20.8 

Summer 7 18.5 364 33  0.102 7.85 0.113 2.28 20.3 

15 18.5 384 33  0.097 8.09 0.109 2.17 19.4 

25 18.5 372 33  0.1 7.94 0.111 2.23 19.9 

Autumn 7 20 354 33  0.105 7.88 0.112 2.29 20.3 

15 20 392 33  0.095 8.23 0.106 2.12 18.9 

25 20 435 33  0.086 8.94 0.096 1.93 17.2 

100 20 355 33  0.105 7.9 0.112 2.28 20.2 

 

The biogeochemical processes in the sediment porewater below one ripple were modelled down to 1 m deep to satisfy the 

assumption of negligible gradient that underlies the boundary conditions. This resulted in a model domain of dimensions equal 260 
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to the wavelength (x-direction) by 1 m (y-direction). The wavelength was divided into 10 cells in the x-direction. The 1 m 

depth was divided into 50 cells in the y-direction; the grid size is 0.001 m at the surface, increasing downwards. 

With the ripple geometry fixed, the pressure head h at the sediment-water interface was implemented as a sinusoidal wave 

along the sediment-water interface (Eq. 17): 

ℎ(𝑥)|𝑦=0 =
𝜂𝑚𝑎𝑥

2
[1 + sin (

2𝜋𝑥

𝜆𝑚𝑎𝑥
−

𝜋

2
)]        (Eq. 17) 265 

Note that the ripple geometry is used to generate the pressure head, but is not applied to the model geometry itself, which 

remains flat on the sediment-water interface. 

A representative example of the flow field is shown below (Figure 2).  

 

Figure 2: Visualization of a 2 cm high symmetric sand ripple (A), the resulting pressure head (in m B), and advective flow velocity 270 
and direction (black arrows, in m d-1, C) in the sediment below that ripple. Only the top 0.4 m of the model domain is shown as 

advective flows are negligible in deeper layers for our settings (and general cases, see Huettel et al., 2014). 
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Table 3: Parameterization of the advective flow model (only non-standard values are shown, while default values are described in 

the “permeableDia” package (Github repository in prep.). 

Parameter Unit Value / Range Source 

Height domain m 0.0193 – 0.0277 S1. Supplementary materials and methods 

Length domain m 1 S1. Supplementary materials and methods 

Number of cells x-

dimension - 10 
 

Number of cells y-

dimension - 50 
 

Max. pressure head m See height domain See Eq. 17 and above. 

Porosity - 0.3 Representative measured value from field 

Permeability m2 1.31 10-11- 2.09 10-12 Representative computed value from field 

Temperature ºC 9.9 - 20 Seawater temperature at time of data collection 

Salinity PSU 33.3 Average value field measurements 

Specific storativity m-1 5.50 10-5 Average value sandy sediments (Chowdhury et al., 2022) 

 275 

Diagenetic model 

While a fitting procedure took place to find optimal parameter values for each season – distance combination (see 2.2.3), initial 

values and ranges for parameters of the diagenetic model were adapted to shallow permeable sediment where possible (e.g. 

rFast, rSlow, w, Db, rNit) (Table S. 3). Mineralization rates of the highly degradable and degradable fractions (rFast, rSlow) 

were set to the higher reported values (Arndt et al., 2013), as expected in oxygenated permeable sediments. To determine the 280 

initial guess for the carbon input flux (Cflux), literature data was compiled to find the range of potential values for the 

productive coastal setting of the Belgian Part of the North Sea (Table 4). pFast, the fraction of highly degradable OM in the 

incoming carbon flux was kept constant to 0.74 (as in Soetaert et al., 1996), as we did not have data to constrain this parameter 

simultaneously to Cflux, and the mineralization rates. Environmental variables such as bottom water concentrations of solutes 

were set according to field-data (see Table S. 2 for available field information). Other parameter values were left to the default 285 

as described in Soetaert et al. (1996) (Table S. 3). 

Table 4: Estimates of organic carbon deposition rates found in literature. 

Reported value Reported unit mmol C m-2 d-1 
Location and period - type of 

estimation Source 

51 gC m-2 yr-1 11.6 Overall BPNS estimate – model 

simulation 
Lancelot et al. (2005) 
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72.4 ± 5.1 gC m-2 yr-1 16.5 ± 1.2 Sandy sediment BPNS average 

annual value – model simulation 
Provoost et al. (2013) 

4.1 – 13.3 gC m-2 d-1 341.7 – 1108.3 Inside OWF measurement Sediment trap 

155 - 320 gC m-2 yr-1 35.4 - 73.1 BPNS – model simulation Joiris et al. (1982) 

> 200 mgC m-2 d-1 > 16.7 In summer when mussels are 

producing at their maximum in 

BPNS OWF – model simulation 

Ivanov et al. (2021) 

22 mmol C m-2 d-1 22 Inside BPNS OWF simulations – 

model simulation 

De Borger et al. (2021) 

104 ± 8 Mg km-2 yr-1 23.8 ± 1.8 Non-trawled average sandy North 

Sea sediment – model simulation 
Zhang et al. (2024) 

 

2.2.3 Model fitting 

Optimizing model parametrizations for reactive transport models such as PermeableDia presents several challenges. First a 290 

clear correspondence must be established between simulated and observed biogeochemical species. In this work, model outputs 

are two-dimensional, whereas field observations consist of one-dimensional vertical sediment profiles. To enable comparison, 

model results were horizontally averaged into a single vertical profile. This assumes that measured profiles represent a spatial 

average along ripple structures, which is reasonable given the use of replicate cores and the associated variability (standard 

deviations) observed in field measurements. 295 

Secondly, several model parameters can have similar effects on output variables, leading to issues of parameter identifiability 

and collinearity. To counter these issues, several constraints between parameters were imposed based on prior knowledge, in 

addition to ranges derived from literature discussed above. A 10:1 relation between rFast and rSlow was imposed, and 

bioturbation depth L was derived from the average reactivity of the organic matter and the bioturbation coefficient Db, as 

specified in Middelburg (2019) (see S1. supplementary materials and methods). The true fitting procedure was performed in 300 

successive steps in which subsets of parameters were constrained using selected observations and fitting approaches. 

In a first step, initial estimates for fast and slow degradation rates (rFast, rSlow), bioturbation rate (Db), and bioturbation depth 

(L) were determined by manually comparing modelled TOC and NH3 profiles with measured profiles, and selecting a set of 

values that could reproduce the major features of all profiles for a range of possible carbon deposition fluxes (Cflux), namely: 

low TOC values, relatively straight TOC profiles, and a low but non-zero NH3 buildup. 305 

In the second step, the carbon deposition flux (Cflux) was constrained for each station using TOC and NH3 profiles. This was 

performed using a brute-force screening approach implemented with functions from the R package FME (Soetaert & Petzoldt, 

2023). Candidate Cflux values between 10 and 250 mmol C m⁻² d⁻¹ were evaluated in increments of 10 mmol C m⁻² d⁻¹. For 

each candidate value, model output was compared with observations, and the model cost was calculated as the sum of squared 
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residuals between measured and modelled profiles. The Cflux value minimizing this cost function was retained. This step 310 

therefore reduced the plausible range of Cflux values prior to the final optimization step. 

Since the bottom water temperature varied per season, temperature dependencies were incorporated by applying a Q10 factor 

of 2 to rFast and Db relative to a reference temperature of 15 °C: 

𝑟𝐹𝑎𝑠𝑡(𝑇) = 𝑟𝐹𝑎𝑠𝑡(𝑇𝑟𝑒𝑓) ∙ 2
𝑇−15

10          (eq. 18) 

𝐷𝑏(𝑇) = 𝐷𝑏(𝑇𝑟𝑒𝑓) ∙ 2
𝑇−15

10           (eq. 19) 315 

In the last fitting step, values for a fixed parameter set (Cflux, Db, L, nitrification rate rNit, and saturation constants ksNO3denit 

and ksO2nitri) were optimized using the “BOBYQA” (Bounded Optimization by Quadratic Approximation) algorithm in the 

“nloptr” package (Johnson, 2008), where the bounds were set to within 10 – 50 % of the values depending on the parameter 

(supplement - scripts). The parameters included in this step were selected after evaluating potential parameter collinearity and 

the sensitivity of model output to individual parameters (Soetaert & Petzoldt, 2023). Model calibration in this final step used 320 

measured profiles of TOC, NH3, and NO3
-. 

Standard deviations around the solutions and parameter estimates were generated through sensitivity analysis. First, the 

solution space was explored in a Markov Chain Monte Carlo analysis (MCMC, 2000 repetitions), to check for model 

convergence and to generate a mean and standard deviation around parameter values. This distribution of parameter values 

was subsequently used to generate uncertainties around model process outputs (using function sensRange, Soetaert & Petzoldt 325 

(2023)). 

Sensitivity of the model output to changes in the flow regime was also assessed using the sensRange function by altering the 

parameters storativity, permeability, porosity, ripple length, and ripple height within realistic ranges and identifying the 

direction of change for integrated mineralization processes (total mineralization, oxic and anoxic mineralization, 

denitrification, and the relative contributions of the oxic, anoxic mineralization and denitrification to total mineralization). 330 

2.3 Statistical analyses 

To assess differences between the measured concentrations of TOC in the sediment, median sediment grain sizes, and pigment 

content between different seasons, distances, and season - distance interactions, Type II ANOVA’s were performed (for 

unbalanced designs, as summer - 75 m values were not available. Two models were tested per variable, one for surface values 

(0 – 2 cm), and one for the subsurface layer (> 2 – 12 cm), given that the dynamics deeper in the cores differed from surface 335 

observations. Because of the sparse nature of the distances (effectively 3 – 4 discrete stations depending on the season), distance 

was treated as a categorical factor instead of a continuous predictor. Values per replicate were averaged over the depth range. 

Assumptions for the ANOVA (homoscedasticity and normality of residuals) were tested using Levene’s test for homogeneity 

of variance and Shapiro-Wilk normality test. If either of these assumptions was not fulfilled (most of the cases), an alternative 

non-parametric permutation test was performed to provide p-values (9999 permutations, Type II sums of squares, function 340 

“aovperm” from the R package “permuco” - Frossard & Renaud (2021)). 
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No meaningful statistics could be conducted on the model outputs themselves due to the limited number of independent 

observations remaining (n = 11 unique season – distance combinations). Therefore, we performed a graphical exploration of 

the relations between a selection of model outputs (total mineralization, rates of oxic, anoxic mineralization and denitrification 

(mmol C m-2 d-1), percentage of these processes of total mineralization (%), and the nitrification rate (mmol N m -2 d-1) and 345 

hypothesized predictors that were not already explicitly included as model parameters (distance from SPL (m), TOC surface 

sediment, MGS, pigment concentrations). Loess smoothers were used to visualize potential relationships. Approximate 95 % 

confidence intervals were calculated from the standard errors of the Loess predictions and shown as bands in the visualization. 

Different span parameters were explored to assess the robustness of observed trends. As patterns were sensitive to the degree 

of smoothing, a higher span (1.2) was selected to emphasize general trends and reduce overfitting. 350 

Model simulations and statistical analyses were performed in the RStudio (Posit team, 2022) environment for R (R Core Team, 

2021). 

3 Results 

3.1 Sediment properties 

Throughout the measurement period, surface sediment median grain size was significantly affected by the season-distance 355 

interaction (interaction p = 0.009) and varied between 292 ± 7 µm (spring – 25 m) and 435 ± 56 µm (autumn – 25 m) (Table 

5), (Table S. 4). The same goes for the deeper layers (2 – 12 cm, Table S. 5 for averaged values, Figure S. 1 for full profiles), 

where values at the 25 m distance went from finest to coarsest average values from spring to autumn (interaction p < 0.001, 

Table S. 4). 

Surface total organic carbon content (TOC, 0 – 2 cm, Table 5), was highest in spring and summer (0.05 ± 0.01 - 0.08 ± 0.02 360 

%), and significantly lower in autumn (0.03 ± 0.01 - 0.05 ± 0.01 %; season p = 0.009, Table S. 4). No significant distance-

related patterns were detected for surface TOC values. In deeper layers (2 – 12 cm, Table S. 5), average TOC values showed 

significant differences between specific season – distance combinations (interaction p = 0.013, Table S. 4). 

Like TOC, surface chlorophyll a (chl a) contents were significantly higher in spring (range of 0.2 ± 0.06 µg chl a g-1 dry 

sediment to 1.26 ± 0.75 µg g-1; Table 5) compared to other seasons (season p < 0.001, Table S. 4). In the subsurface layers (2 365 

– 12 cm, Table S. 5), average values differed more strongly between specific seasons – distance combinations, with this 

interaction clouding individual responses to either season or distance (interaction p < 0.001, Table S. 4). 

For surface pheophorbide concentrations, there was significant variability between different season – distance combinations 

(interaction p = 0.031; Table S. 4) that obscured a potential significant difference between seasons as seen in chl a content. 

Highest contents were seen in subsurface samples in spring but otherwise displayed no consistent season or distance related 370 

trends (Table S. 4, Table S. 5). 
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Surface pheophytin values were significantly higher in spring (range 0.01 – 0.14 ± 0.2 µg g-1), compared to autumn (range 

0.01 – 0.02 ± 0.01 µg g-1; Table 5). Pheophytin concentrations reached maximum concentrations in deeper sediment layers in 

spring, as seen in the pheophorbide values (Table S. 5). 

Table 5: Measured surface (average top 2 cm ± SD) values for median grain size (MGS, µm), permeability (m2), total organic carbon 375 
(TOC, %), chlorophyll a (Chl a, µg g-1), pheophorbide (µg g-1), and pheophytin (µg g-1). 

Season 
Distance 
(m) 

MGS (µm) Permeability 
TOC 
 (%) 

Chl a 
 (µg g-1) 

Pheophorbide 
(µg g-1) 

Pheophytin 
(µg g-1) 

spring 7 364 ± 70 5.77 10-12 0.07 ± 0.04 0.64 ± 0.35 0.05 ± 0.04 0.12 ± 0.14 

spring 15 339 ± 32 4.16 10-12 0.05 ± 0.01 0.99 ± 1.24 0.04 ± 0.04 0.14 ± 0.2 

spring 25 292 ± 7 2.09 10-12 0.08 ± 0.02 1.26 ± 0.75 0.08 ± 0.05 0.11 ± 0.08 

spring 75 364 ± 13 5.77 10-12 0.05 ± 0.01 0.2 ± 0.06 0.01 ± 0 0.01 ± 0 

summer 7 364 ± 30 5.77 10-12 0.05 ± 0.01 0.3 ± 0.11 0.03 ± 0.02 0.06 ± 0.02 

summer 15 384 ± 23 7.39 10-12 0.05 ± 0.01 0.16 ± 0.05 0.04 ± 0.02 0.04 ± 0.02 

summer 25 372 ± 35 6.38 10-12 0.05 ± 0.01 0.22 ± 0.17 0.05 ± 0.05 0.07 ± 0.07 

autumn 7 354 ± 15 5.08 10-12 0.04 ± 0.01 0.2 ± 0.08 0.02 ± 0.02 0.01 ± 0 

autumn 15 392 ± 35 8.13 10-12 0.05 ± 0.01 0.34 ± 0.09 0.02 ± 0.01 0.02 ± 0.01 

autumn 25 435 ± 56 1.31 10-11 0.04 ± 0.01 0.22 ± 0.15 0.01 ± 0.01 0.01 ± 0.01 

autumn 75 355 ± 16 5.14 10-12 0.03 ± 0.01 0.17 ± 0.1 0.01 ± 0 0.01 ± 0 

 

3.2 Nutrient profiles 

Porewater nutrient concentrations displayed patterns linked to seasonality and distances away from the SPL (Figure 3). In 

spring, concentrations of ammonia, nitrite and phosphate were highest nearest to the SPL and decreased further away. Nitrate 380 

displayed the opposite pattern, as nitrate concentrations increased with distance away from the SPL. 

In summer, concentrations of ammonia and phosphate were also highest at 7 m, though the contrast with 15 and 25 m was less 

pronounced than in spring. Nitrate and nitrite did not display trends with distance in summer. 
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In autumn, nitrate and phosphate concentrations respectively increased and decreased with increasing distance from the SPL, 

similar to the spring observations. Ammonia and nitrite concentrations did not display a pattern, though ammonia 385 

concentrations were consistently elevated at all distances when compared to the other seasons. 
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Figure 3: Smoothed (black lines) average porewater nutrient profiles for ammonia (NH3), nitrate (NO3
-), nitrite (NO2

-), and 

phosphate (PO4
3-) (columns) for the different season – distance combination (rows). Individual values shown by dots. 

3.3 Sensitivity analysis 390 

The model was not sensitive to changes in storativity S (Figure S. 2, A), and outputs varied only little with changes in porosity, 

although towards higher porosity the percentage of oxic mineralization decreased slightly, and anoxic mineralization and 

denitrification increased (Figure S. 2, B). Permeability (κ) strongly affected the magnitude of different mineralization 

processes: at low permeabilities (1 10-13 m2 – cohesive sediment) almost all (99 %) of mineralization occurred through anoxic 

mineralization (Figure S. 2, C). This percentage decreased with increasing permeability, while oxic mineralization and 395 

denitrification increased in importance. Denitrification reached a peak value at intermediate permeabilities after which it 

decreased again. The proportion of oxic mineralization continued to increase until all OM mineralization occurred through the 

aerobic metabolism, at a permeability of 2.5 – 3 10-11 m2 and higher. Ripple length and ripple height (Figure S. 2, D-E) had 

opposite effects: increasing the ripple length increased the proportion of anoxic mineralization over other processes, while 

increasing the ripple height strongly increased the proportion of both oxic mineralization and denitrification.  400 

3.4 Best fit – MCMC – parameter estimates 

Through the fitting and Markov Chain Monte Carlo (MCMC) procedures, we generated probability distributions around best-

fit parameter estimates of all season – distance combinations (Table 6, with full parametrization of each site in Table S. 3). We 

were able to satisfactorily simulate porewater profiles, especially for NH3, though the model was incapable of reproducing the 

straight TOC profiles, or those where TOC values increased with depth (see Figure S. 3 – Figure S. 13). 405 

The incoming carbon flux (Cflux) ranged from 53.6 ± 3.1 to 178 ± 3.9 mmol C m-2 d-1, with highest values in spring at 7 m, 

and lowest in spring at 15 m from the SPL. In all seasons, Cflux values appeared highest closest to the turbine (7m) and were 

lower further away. In fall, values for Cflux further away (15 and 75 m) were similar to the 7 m values, with a lower value 

only at the 25 m station(Table 6). Bioturbation rates followed the enforced Q10 relation, with higher bioturbation rates in 

summer – autumn when temperatures were higher (range of 8.65 ∙ 10⁻⁵ ± 4.85 ∙ 10⁻⁶ - 9.62 ∙ 10⁻⁵ ± 5.32 ∙ 10⁻⁶ m2 d-1), compared 410 

to spring (5.53 ∙ 10⁻⁵ ± 3.22 ∙ 10⁻⁶ - 6.18 ∙ 10⁻⁵ ± 2.81 ∙ 10⁻⁶ m2 d-1). Bioturbation depths varied between 0.14 and 0.16 m in all 

season – distance combinations. There was relatively little difference between the fitted values for the nitrification rate (rNit, 

5.8 ± 1.5 - 12.8 ± 1.8 d-1), the half saturation value of nitrate in denitrification (ksNO3denit, 11.4 ± 3.3 - 15.9 ± 4.5), and half 

saturation of oxygen in nitrification (ksO2nitri, 13.6 ± 4.4 - 18.3 ± 3.6), and neither did values for these parameters display 

clear relations to either season or distance. The probability distributions provided by the MCMC procedure for these parameters 415 

were then used to generate 2000 simulations to provide uncertainty estimates around main model diagnostics, as reported in 

Table 6. 
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Table 6: Best fit parameter estimates and confidence intervals derived from the MCMC procedure, for fitted parameters. Values 

reported as average value with standard deviation [± SD]. 

  Cflux Bioturbation Bioturbation depth rNit ksNO3denit ksO2nitri 

Season Distance (m) mmol C m-2 d-1 m2 d-1 m d-1 mmolNO3 m
-3 mmolO2 m

-3 

Spring 

7 178 ± 3.9 6.18 ∙ 10⁻⁵ ± 2.81 ∙ 10⁻⁶ 0.156 ± 0.005 9.7 ± 2.5 15.2 ± 4.2 15.4 ± 0.4 

15 53.6 ± 3.1 5.62 ∙ 10⁻⁵ ± 2.85 ∙ 10⁻⁶ 0.141 ± 0.007 10.3 ± 1.9 13.9 ± 4.3 15.1 ± 4.4 

25 57 ± 4.1 5.53 ∙ 10⁻⁵ ± 3.22 ∙ 10⁻⁶ 0.148 ± 0.007 10.9 ± 2.9 15.9 ± 4.5 14.8 ± 4.2 

75 61.1 ± 5.8 5.57 ∙ 10⁻⁵ ± 2.95 ∙ 10⁻⁶ 0.142 ± 0.009 12.8 ± 1.8 14 ± 3.9 13.6 ± 4.4 

Summer 

7 148.8 ± 4 8.96 ∙ 10⁻⁵ ± 4.87 ∙ 10⁻⁶ 0.139 ± 0.005 8.5 ± 2.6 14.3 ± 4.2 15.7 ± 4.6 

15 76.6 ± 4.4 9.13 ∙ 10⁻⁵ ± 3.97 ∙ 10⁻⁶ 0.156 ± 0.006 5.8 ± 1.5 11.4 ± 3.3 18.3 ± 3.6 

25 78.9 ± 6 8.65 ∙ 10⁻⁵ ± 4.85 ∙ 10⁻⁶ 0.167 ± 0.01 7.8 ± 1.4 14.4 ± 3.9 14.2 ± 4.1 

Fall 

7 138.7 ± 8.3 9.43 ∙ 10⁻⁵ ± 5.25 ∙ 10⁻⁶ 0.14 ± 0.008 9.2 ± 2.7 14.7 ± 4.2 15.7 ± 4 

15 136.7 ± 8.9 9.33 ∙ 10⁻⁵ ± 5.04 ∙ 10⁻⁶ 0.135 ± 0.005 10.1 ± 2.3 15.6 ± 4.1 14.5 ± 4.6 

25 73.6 ± 5.4 9.56 ∙ 10⁻⁵ ± 5.03 ∙ 10⁻⁶ 0.153 ± 0.008 8.9 ± 2.77 15.8 ± 4.6 15.4 ± 4.5 

75 118.6 ± 6.5 9.62 ∙ 10⁻⁵ ± 5.32 ∙ 10⁻⁶ 0.164 ± 0.009 9.4 ± 2.6 14.4 ± 4.3 15.4 ± 4.6 

 420 

3.5 Mineralization rates and fluxes 

Modelled mineralization processes displayed trends between seasons and distances away from the turbine (Figure 4, Table 7). 

In line with the fitted CFlux, the total mineralization values were highest closest to the turbine. This was clearest in spring and 

summer where values peaked at 176.1 ± 7.7 and 146.4 ± 8.6 mmol C m-2 d-1 at 7 m and decreased strongly further away to 

reach values of 61.4 ± 6.9 and 80.1 ± 8.5 mmol C m-2 d-1 in spring (75 m) and summer (25 m) respectively. In fall, total 425 

mineralization rates were more similar between sites (137.5 ± 11.5 – 116.3 ± 10.2 mmol C m-2 d-1), though at 25 m there were 

distinctively lower values (72.3 ± 7.6 mmol C m-2 d-1). For the most part, Oxic mineralization was the major mineralization 

process (ranging from 34.6 to 111.6 mmol C m-2 d-1, or 58.6 - 91.8 % of total mineralization), followed by anoxic mineralization 

(ranging between 5.3 to 72.2 mmol C m-2 d-1, or 7.3 – 40.9 % of total mineralization), whereas denitrification took up only a 
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small part of total mineralization (0.7 – 5.3 mmol  C m-2 d-1, or 1 – 4.5 % of total mineralization) (Figure 4). Nitrification 430 

ranged between 1.3 – 4.2 mmol N m-2 d-1. 

Table 7: Mineralization rates (mmol m-2 d-1), percentages of different mineralization processes of total mineralization (%), and 

exchange rates (mmol m-2 d-1) of the different season x distance from turbine combinations. Values reported as average value with 

standard deviation [± SD]. 
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Season Distance 
Mineralization rates (mmol C m-2 d-1) Percentage of total mineralization mmol N m-2 d-1 

Total Oxic Denitrification Anoxic Oxic Denitrification Anoxic Nitrification 

Spring 

7 176.1 ± 7.7 99.7 ± 3 4.2 ± 0.9 72.2 ± 5.4 56.7 ± 1.4 2.4 ± 0.5 40.9 ± 1.4 2.2 ± 0.8 

15 51.9 ± 5.8 44.6 ± 4.1 1.8 ± 0.4 5.5 ± 1.5 86.2 ± 2.2 3.5 ± 0.7 10.3 ± 1.9 1.6 ± 0.5 

25 59.4 ± 6.8 34.6 ± 2 2.7 ± 0.4 22.2 ± 4.9 58.6 ± 3.6 4.5 ± 0.8 36.9 ± 3.9 1.3 ± 0.4 

75 61.4 ± 6.9 53.8 ± 5.2 2.3 ± 0.4 5.4 ± 1.4 87.7 ± 1.6 3.7 ± 0.4 8.7 ± 1.4 2.6 ± 0.4 

Summer 

7 146.4 ± 8.6 101.6 ± 4.3 5.3 ± 1.4 39.5 ± 5 69.5 ± 2 3.6 ± 1 26.9 ± 1.9 4.2 ± 1.5 

15 79.4 ± 7.5 69.9 ± 6.1 1 ± 0.2 8.5 ± 1.5 88.1 ± 0.9 1.2 ± 0.3 10.6 ± 0.9 2.1 ± 0.5 

25 80.1 ± 8.5 69.1 ± 6.6 1.6 ± 0.5 9.4 ± 1.9 86.3 ± 1.3 2.1 ± 0.6 11.7 ± 1.2 3.3 ± 1 

Fall 

7 137.5 ± 11.5 95.5 ± 4.7 1.4 ± 0.5 40.5 ± 7.1 69.7 ± 2.7 1 ± 0.4 29.2 ± 2.9 1.5 ± 0.6 

15 135.7 ± 11.9 111.6 ± 8.4 1.6 ± 0.6 22.5 ± 3.8 82.4 ± 1.4 1.2 ± 0.4 16.5 ± 1.5 2.5 ± 0.9 

25 72.3 ± 7.6 66.3 ± 6.7 0.7 ± 0.2 5.3 ± 0.9 91.8 ± 0.6 1 ± 0.3 7.3 ± 0.6 2.2 ± 0.7 

75 116.3 ± 10.2 86.5 ± 5.5 2.9 ± 0.9 27 ± 4.9 74.5 ± 2.3 2.5 ± 0.8 23 ± 2.3 3.1 ± 1.1 
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Figure 4: Carbon mineralization process rates (in mmol C m-2 d-1, y-axis), grouped per season (panels) – distance (x-axis) from scour 

protection layer combination. Flags show standard deviation based on 2000 input parameter variations. Values above each bar 

group are the summed total mineralization (in mmol C m-2 d-1). 

Table 8: Exchange fluxes between sediment and overlying water (mean ± SD, mmol m-2 d-1), where negative values represent fluxes 455 
out of the sediment. 

Season Distance (m) O2 NH3 NO3
- PO4

3- DIC 

Spring 

7 107.4 ± 2.2 -23.6 ± 1.6 1.2 ± 0.2 -1.5 ± 0.1 -176.1 ± 7.7 

15 50.8 ± 4.5 -6 ± 1 -0.2 ± 0.3 -0.4 ± 0.1 -51.8 ± 5.9 

25 38.9 ± 1.6 -7.4 ± 1.2 0.8 ± 0.2 -0.5 ± 0.1 -59.1 ± 6.7 

75 61.6 ± 5.7 -6.3 ± 1.1 -0.8 ± 0.4 -0.5 ± 0.1 -61 ± 6.9 

Summer 

7 115.1 ± 3.2 -17.2 ± 2.2 0 ± 0.5 -1.2 ± 0.1 -146.6 ± 8.6 

15 78.9 ± 6.4 -9.6 ± 1.2 -1.3 ± 0.3 -0.7 ± 0.1 -79.4 ± 7.5 

25 80.3 ± 6.9 -8.4 ± 1.7 -2 ± 0.6 -0.7 ± 0.1 -80 ± 8.5 

Fall 

7 104.6 ± 4 -18.6 ± 1.8 -0.4 ± 0.2 -1.1 ± 0.1 -137.3 ± 11.2 

15 123.7 ± 8.2 -17.4 ± 2.1 -1.3 ± 0.5 -1.1 ± 0.1 -135.9 ± 11.7 

25 74.4 ± 7.3 -8.4 ± 1.4 -1.6 ± 0.6 -0.6 ± 0.1 -72.3 ± 7.7 

75 98.5 ± 4.8 -13.9 ± 2.1 -0.8 ± 0.5 -1 ± 0.1 -116.3 ± 10.1 

 

Modelled exchange fluxes followed general mineralization patterns outlined above, with highest oxygen (in)fluxes closest to 

the turbine, ranging from 104.6 ± 4 mmol O2 m-2 d-1 in fall to 115.1 ± 3.2 mmol O2 m-2 d-1 in summer (Table 8). In line with 

this, ammonia (NH3) (ef)fluxes resulting from mineralization were also highest nearest to the turbine (-23.6 ± 1.6, -17.2 ± 2.2, 460 

and -18.6 ± 1.8 mmol N m-2 d-1 in spring, summer and fall respectively), with lower values further away. Nitrate (NO3
-) fluxes 

were more variable, with influxes into the sediment in spring (7 and 25 m, 1.2 ± 0.2 and 0.8 ± 0.2 mmol N m-2 d-1) and summer 

(7 m, 0 ± 0.5 mmol N m-2 d-1), and consistent effluxes in the other instances (range: -0.2 ± 0.3 mmol N m-2 d-1 in spring – 15 

m to -2 ± 0.6 mmol N m-2 d-1 in summer – 25 m). 

3.6 Graphical exploration of relationships with environment 465 

Model outputs exhibited variable relationships with environmental predictors, with several consistent directional patterns 

emerging despite substantial variability (Figure S. 14 – S. 18). 
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A clear trend was observed with distance from the SPL, where total, oxic, and anoxic mineralization generally decreased from 

7 to 25 m, to similar values at 75 m, and this pattern was consistent across seasons (Figure S. 14 A, B, D). 

The percentage of oxic mineralization was generally higher towards lower TOC content values (Figure S. 15 E), whereas the 470 

percentage of anoxic mineralization showed the inverse trend, where percentages tended to increase for higher TOC values 

(Figure S. 15 G). 

The percentage of oxic and anoxic mineralization, and denitrification showed trends related to grain size of surface sediments 

(Figure S. 16). The percentage of oxic mineralization tended to increase with increasing grain size (Figure S. 16, E), whereas 

the percentage of anoxic mineralization, and denitrification showed the reverse trend (Figure S. 16, G, F). 475 

Organic matter indicators (chlorophyll a and pheophorbide concentrations) showed indications of increasing mineralization 

rates at higher concentrations (Figure S. 17, Figure S. 18 A, total; C, denitrification; D, anoxic), as well as decreasing oxic 

mineralization €, increasing anoxic mineralization and dentrification (F, G). However, these relationships were variable and 

associated with wide confidence intervals, particularly at the upper range of observed values which contained the spring values. 

4 Discussion 480 

Traditionally, mineralization processes in marine sediments are derived from measurements in sediment cores during 

incubation experiments, which require cores of sufficient diameter to provide reasonable estimates of biogeochemical 

transformation rates. This is especially the case in permeable sediments, where experiments need to include mechanisms to 

mimic the advective flows that occur in natural settings (e.g. Braeckman et al., 2014; Huettel & Gust, 1992; Toussaint et al., 

2021). In the immediate vicinity of offshore wind turbines, where strong environmental gradients occur (Lefaible et al., 2025), 485 

this was not possible since scientific divers could not recover coarse permeable sands with cores of sufficient diameter (Ø 10 

cm and upward). For safety reasons, research vessels with equipment capable of collecting these large samples are not allowed 

to operate this close to wind turbines in the study area. Hence, a data-driven modelling approach was needed to characterize 

gradients in diagenetic properties near offshore wind turbines in combination with the data obtained from the smaller core 

samples. 490 

The permeable nature of these sediments required the use of a model accounting for advective flows. Initial attempts with a 

model designed for cohesive sediments (an iteration on the widely applied OMEXDIA, Soetaert et al. (1996)), failed in 

reconciling the low –to very low measured TOC values (Table 5, Figure S. 1), with the presence of elevated nitrate and 

ammonia values in porewaters (Figure 3). Also, the higher range of C-deposition fluxes seen within the OWF area (Table 4) 

directly results in too high TOC concentrations when set in the context of cohesive sediments. Even at the lowest estimated 495 

deposition rates in the research area, modelled TOC concentrations remained too high and exceeded observed values by an 

order of magnitude. Porewater nutrient concentrations were similarly overestimated. In contrast, the PermeableDia model, 

which includes advective flows driven by pressure gradients, provides a more efficient processing of the high organic matter 

loads by the continuous provision of oxidants, and export of inorganic nutrients. This results in lower residual TOC in the 
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sediment and elevated porewater nutrient concentrations due to enhanced mineralization, much more in line with the observed 500 

conditions. 

Below we first discuss the performance and current limitations of the model itself, and afterwards the model results in the 

context of the offshore wind farm setting. 

4.1 Model limitations and performance 

Even though PermeableDia is a 2D model, the lack of information about the distribution of biogeochemical species along the 505 

sand ripples forced a simplification step in the fitting procedure. To find suitable parameter values we fitted horizontally 

averaged 2D model outputs to 1D nutrient profiles. This reduces the impact of the complex bedforms on local sediment 

biogeochemistry and simultaneously assumes that the measured porewater profiles represent some average state of 

biogeochemical processes across the bedform topography. At least, the measured profiles are themselves averages of three 

replicates, and the standard deviation of these measurements is used to weigh the model cost during the evaluation; data points 510 

with a large standard deviation exert a weaker constraint in the parameter calibration procedure relative to data points with a 

small standard deviation. Ideally, 2D data could be gathered for biogeochemical species, for example using planar optodes 

(Glud et al., 1996; Li et al., 2019) and gel probing applications (Santner et al., 2015). However, this would spectacularly 

increase the complexity of the fieldwork involved in a marine environment with strong hydrodynamics as within the studied 

OWF. 515 

The model shows a strong sensitivity to bedform topography, which in this instance alters the balance of different 

mineralization processes for a given deposition flux (Figure S. 2 D, E). In longer, less high sand ripples the pressure gradient 

is smaller, and exerted on a larger surface resulting in lower advective transport rates (Figure 5 A). Shorter, higher sand ripples 

on the other hand, allow for higher flowthrough velocities as a larger pressure gradient is exerted on a smaller surface (Figure 

5 B). From our results we noted that the ripple length effects dominate the resulting occurrence of different mineralization 520 

processes, as the modelled percentage of anoxic mineralization increases with increasing ripple height, similar to ripple length, 

whereas the sensitivity analysis showed an opposite effect (Figure S. 2 D, E). In this study bedform topography was derived 

from sediment grain size, which was measured in the different seasons and locations, but these remain empirical relations and 

not direct observations. In future endeavors, direct observations of bedform topography (e.g. Cook et al., 2007; Kessler et al., 

2012) can provide model inputs to finetune the porewater flow fields. 525 

The largest discrepancies between measurements and model results were for the TOC profiles, as measured profiles tended to 

have their highest values in deeper layers especially in spring (e.g. Figure S. 3; Figure S. 5; Figure S. 9), or remained relatively 

straight throughout (e.g. Figure S. 4; Figure S. 6). These types of profiles have been observed previously in permeable 

sediments (Rusch et al., 2000), and were linked to increased percentages of fines in deeper layers, in turn linked to organic 

carbon content.  We do see increasing percentages of fine sediments (d 0.1) with depth in some sampling instances, but these 530 

were not consistently linked to increasing TOC values (e.g. 15 m spring and summer, Figure S. 1). It is possible that this is 

caused by the steady-state assumption explicit in the model. The model indeed requires a given TOC profile to produce the 
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observed nutrient profiles, resulting in elevated modelled TOC values. In reality, mineralized TOC (no longer observable) 

leaves traces in the form of mineralization products - the observed nutrient profiles. 

An additional explanation for this mismatch is that fine, organic matter rich particles can be transported into the sediment 535 

matrix by advective flows (Bacon et al., 1994; Huettel & Rusch, 2000). This process delivers substrate for mineralization 

directly into deeper sediment layers, creating TOC distributions that display subsurface peaks, instead of the model’s default 

top-down exponential decrease that results from reactive transport affected by surficial biodiffusion. In permeableDia, high 

biodiffusion rates may act as a proxy for this advective input, since it similarly represents transport of organic matter away 

from the surface. Indeed, during model fitting we noticed that high biodiffusion values (Db) consistently led to better fits to 540 

the data, even though permeable sediments generally host low bioturbator species richness and biomass compared to muddy 

sediments (e.g. Braeckman et al., 2014; Toussaint et al., 2021). To stay within realistic bounds compared to literature, we 

imposed a realistic but relatively high (for permeable sands) upper limit on Db. The persistence of high fitted Db values 

suggests that the model requires a mechanism equivalent to strong downward transport, likely caused by entrainment of fines, 

to approximate the measured TOC and associated nutrient profiles. 545 

 

Figure 5: Comparison of flow fields in a ripple with dimensions of 30 cm in length, and 1 cm high (A), and of 20 cm long, and 3 cm 

high (B). 

4.2 Seasonal and distance related patterns 

Total mineralization rates evolved throughout the year as expected for the study area (Braeckman et al., 2014; Provoost et al., 550 

2013). In spring organic matter content in the sediment was highest (chlorophyll a, TOC), in line with the recent deposition of 

fresh organic matter, but mineralization process rates were lower compared to later seasons, as they are transitioning from cold 

temperatures (bottom water temperature 8-9 °C in spring). Water temperatures increased in summer - early fall (18-20 °C), 

driving higher mineralization rates in these model simulations, while simultaneously depleting the organic matter in the 

sediment (Table 5, Table 7). 555 

Modelled total mineralization rates displayed trends related to distance to the turbine. Total mineralization was highest closest 

to the turbine, after which values dropped strongly (Table 7, Figure S. 14). Profiles of ammonia, phosphate and nitrate 

predominantly align with these observations, as they show a clear link to distance from the turbine (Figure 3). For ammonia 
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this was clearest in spring and summer (at 7 m). Higher ammonia and phosphate values in the sediment imply higher 

mineralization rates producing these compounds. Lower nitrate values close to the turbine (clearest in spring and autumn) 560 

imply less oxygenated conditions, as higher mineralization rates consume oxygen first. Why this pattern in nitrate 

concentrations is not observed in summer is not clear. 

High mineralization values naturally corresponded to highest carbon deposition fluxes, fueling mineralization (Table 6), with 

deposition values of 178 ± 3.9, 148.8 ± 4, and 138.7 ± 8.3 mmol C m-2 d-1 in spring, summer, and fall respectively. These 

values exceed averaged annual mineralization rates previously estimated for the Southern North Sea – BPNS region (Table 4) 565 

by a factor of 2 – 10. However, these values were still below those of sediment trap observations which estimated potential 

deposition within the OWF at 341.7 – 1108.3 mmol C m-2 d-1 (4.1 – 13.3 g OC m-2 d-1) (Cepeda Gamela et al., in prep.). In 

addition to the sediment trap observations, several in situ estimates of oxygen consumption in permeable sediments by means 

of eddy covariance are of similar magnitude as the rates we modelled (Berg & Huettel, 2023; Chipman et al., 2016; Table 9). 

With eddy covariance, oxygen consumption (and production) rates are measured in situ, over a larger sediment surface, thus 570 

integrating the effect of advective flows on mineralization pathways over bedform features, similar to our model (Berg, 2003; 

Berg et al., 2022). Eddy covariance rates for the North Sea specifically are lower than our estimates, but they stem from much 

greater water depths as well, where less organic deposition and lower current speeds are expected. Oxygen flux measurements 

obtained by other means, e.g. stirred cores and incubation chambers, or flow-through experiments vary strongly, but bracket 

our results (Table 9). 575 

In summary, our modeled rates fall within the mid-to-upper range of reported O₂ consumption rates, consistent with the 

elevated transformation rates typically captured by eddy covariance measurements and supporting the view of permeable sands 

as biogeochemical hotspots (Boudreau et al., 2001). 

Table 9: Literature summary of sediment oxygen uptake rates in permeable sediments in various settings. 

Maximal O2 

consumption rate (mmol 

O2 m
-2 d-1) 

Water depth 

(m) 
Current velocity (m 

s-1) 
Study Comments 

Up to 100 3.6 0.2 Berg & Huettel, (2023) Eddy covariance in megaripple field 
10 – 283 2 < 0.1 Chipman et al. (2016) Eddy covariance on organic poor sands 
30 74 0.11 McGinnis et al. (2014) Eddy covariance in North Sea 
10 120 n.d. Dale et al. (2021) Eddy covariance in North Sea 
7 ± 6 12 – 27 0.5 Braeckman et al. 

(2014) 
Core incubations with stirring disc in 

BPNS 
14 – 29 20 – 23 0.5 Toussaint et al. (2021) Core incubations with stirring disc in 

BPNS 
37 ± 29 16 0.2 – 0.35 Janssen (2004) In situ stirred incubation chambers 
> 100 0.5 0.8 (max.) (Cook et al., 2007) In situ stirred incubation chambers 
49 - 175 1 - 2 0.1 de Beer et al. (2005) Lower range from stirred incubation 

chambers, higher rates from core 

perfusions 
39 - 124 25 0.6 This study Data driven diagenetic model 
 580 

The pattern of decreasing mineralization rates away from the turbine implies that there is a source of organic matter closer to 

the turbine, which is present throughout the measurement period (April – October). Indeed, highest TOC and chlorophyll a 
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values occur in spring and summer at 7 m, especially in subsurface values, again indicating the potential role of advective 

input of organic material (Table 5, Table S. 5). In autumn, these distance-based differences are not present, as most organic 

materials have likely already been mineralised. 585 

Organic enrichment around offshore wind turbines is likely driven by a combination of biodeposition and hydrodynamic 

processes. Biodeposition originates from suspension feeders such as Mytilus edulis (the blue mussel) that colonize turbine 

foundations, which produce fecal and pseudo-fecal pellets that sink rapidly and can accumulate in the surrounding sediment 

(Callier et al., 2006; Liutkus et al., 2012). Given the high filtration capacity of these communities (19000 m3 of water per 

turbine per day, Voet et al. (2022), substantial biodeposition is expected. These pellets are often rich in algal pigments, 590 

particularly during periods of high primary production, and are known to elevate pigment concentrations in sediments near 

mussel aggregations such as aquaculture installations (Callier et al., 2006; Cole et al., 2023; Giles et al., 2006; Navarro & 

Thompson, 1997). In addition, the fouling fauna can also be dislodged (Dannheim et al., 2025) and end up in patches in the 

sediment, contributing to a temporary organic enrichment. 

In addition to biodeposition, turbine-induced hydrodynamic effects may influence the transport and deposition of suspended 595 

material. Turbulence generated in the wake of turbine structures alters vertical mixing and can affect both vertical salinity and 

temperature gradients in the water column (Hendriks et al., 2025), and settling behavior of particles (Legrand et al., 2018). In 

addition, the drag induced by offshore infrastructure can locally affect tidal currents and bottom stress (Denis et al., 2025). For 

fine, organic-rich particles, this may have contrasting effects that depend on the exact environmental setting. Increased 

turbulence can prolong suspension and promote downstream transport before deposition (van Maren et al., 2020), but may also 600 

reduce net residual current velocities, enhancing local settling behind the turbine (Legrand et al., 2018). Consequently, it is not 

possible to determine whether biodeposition or hydrodynamic processes contribute to elevated mineralization rates closest to 

the turbine, with both mechanisms likely contributing. 

Regardless of the source, elevated concentrations of organic matter in the sediment closest to the SPL correspond to highest 

modelled mineralization rates. This adds to existing evidence that turbine-associated processes influence not only pelagic 605 

communities, but also enhance the flux of organic matter to the sediment, altering benthic biogeochemistry both within and 

beyond OWF boundaries (Coates et al., 2014; De Borger et al., 2021; Ivanov et al., 2021; Slavik et al., 2019). Grain size, a 

known driver of biogeochemical process rates (e.g. Ahmerkamp et al., 2020; Toussaint et al., 2021), was not correlated to 

distance from the turbine (in contrast to the findings of Lefaible et al. (2025), which concentrated on the fall data), suggesting 

that this specific distance effect was primarily driven by organic matter dynamics rather than sediment structure. 610 

Nevertheless, graphic exploration of the relationships of our model outputs with the environment indicated that grain size 

exerted a clear influence on the relative contribution of mineralization pathways (Figure S. 16). The percentage of oxic 

mineralization tended to increase with increasing grain size, whereas the percentages of anoxic mineralization and 

denitrification decrease. This is a result of both the physical effect of increasing grain size; a greater permeability which allows 

for efficient provision of oxygen to mineralization processes (e.g. Ahmerkamp et al., 2020; de Beer et al., 2005; Toussaint et 615 
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al., 2021), and the association of finer sediment particles with higher organic matter loads (which increase the demand for 

other oxidants) (Mayer, 1994). 

Overall, these findings indicate that enhanced organic matter deposition near turbine foundations is efficiently processed by 

the elevated mineralization rates sustained in permeable sediments under advective flow conditions. This strengthens the view 

of permeable sediments as highly dynamic processing systems, where increased inputs are rapidly recycled rather than 620 

accumulated. Given these high turnover rates, the currently estimated enrichment of ~7-11 % of organic carbon over baseline 

conditions in the seafloor of this offshore wind farm (Braeckman et al., in prep.; De Borger et al., 2021, 2025) is likely transient. 

Once the source of enhanced deposition disappears or diminishes, such as under decommissioning scenarios, this excess 

organic carbon pool is expected to be depleted in several years, to decadal timescales at most. 

5 Conclusions 625 

By combining a model with data collected in the field, we demonstrate that mineralization in permeable sediments within the 

offshore wind farm is particularly intense in the near-turbine zone, where elevated TOC and chlorophyll a loads indicate 

enhanced organic matter deposition. This enrichment is consistent with biodeposition from turbine-associated suspension 

feeders and (-or) hydrodynamic wake effects that promote particle settling. Beyond this local footprint, mineralization followed 

expected seasonal patterns of organic matter supply and temperature. 630 

Our modelling results confirm the broader view of permeable sediments as biogeochemical hotspots, to which turbine-induced 

enrichment adds an additional layer of intensity and spatial variability. Although our modelling approach necessarily simplifies 

bedform complexity (as we lacked spatially resolved 2D porewater data, for example), the high mineralization rates reproduced 

by PermeableDia are consistent with independent oxygen flux measurements in permeable sediments from a variety of 

measurement techniques, and with elevated deposition inferred from sediment trap deployments. 635 

By applying PermeableDia, we also present an open-source, user-friendly framework for quantifying benthic mineralization 

in permeable sediments under advective flow conditions. This approach can be extended to future studies, bridging gaps where 

direct measurements are logistically challenging. 
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