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Text S1. Early diagenetic model used for calibration of iron isotope fractionations 

(‘site-specific model’) 

 

Our first goal was to calibrate the iron isotope fractionations that are induced during 

sedimentary iron cycling. To this end, we constructed an early diagenetic model and 

calibrated it on two sites where iron isotopes of pore-water and solid-phase fractions were 

measured (see main text; Severmann et al., 2006). Because our focus was on the 

concentrations and isotope values measured by Severmann et al. (2006), we decided to 

omit any elements for which we had no data, as to avoid over-parameterisation of our 

model. Hence, we did not include nitrogen or manganese and omitted moderately 

reactive, poorly reactive and unreactive iron mineral classes. We did however make a 

subdivision in the highly reactive class to contain ‘fresh’ iron oxides and ‘aged’ iron oxides, 

as is commonly done (Berg et al., 2003; van de Velde et al., 2020). We also omitted 

elemental sulphur or hydrogen. 

 

S1.1 Diagenetic model formulation 

 

The early diagenetic model follows the standard approach to describe reaction-transport 

in marine sediment (Wang and Van Cappellen, 1996; Boudreau, 1997; Berg et al., 2003; 

Meysman et al., 2003). The core of this reaction-transport model consists of a set of mass 

balance equations of the advection-diffusion-reaction form (Boudreau, 1997; Meysman et 

al., 2005). Adopting the assumption of steady-state compaction, the balance equation for 

a pore-water solute and solid components becomes (Meysman et al., 2005): 
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The quantity ,D iC  represents the concentration of a pore-water compound, ,

OW

D iC  is the 

value in the overlying water, F  denotes the porosity (implemented via an exponentially 

decreasing depth relation as described below), F


 is the asymptotic porosity at depth, iD  

is the diffusion coefficient, Fv  is the burial velocity of the pore fluids, Sv  is the burial 

velocity of the solids, and z  is the depth into the sediment. The concentration ,S iC  of a 

solid compound is expressed per unit volume of solid sediment. The quantities kR  

represent the rates of the biogeochemical reactions (expressed per bulk sediment volume), 

where ,i k  is the stoichiometric coefficient of the i-th species in the k-th reaction. The 

effect of bioturbation (bio-mixing and bio-irrigation) is implemented by the bio-mixing 

parameter BD  and the bio-irrigation parameter i , which is solute specific (Meile et al., 

2005).  

The model includes a set of transport processes that is characteristic for cohesive (i.e. low 

permeable) sediments impacted by fauna: (1) solute diffusion in the pore water, (2) 
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downward advection due to sediment accumulation, (3) bio-mixing and (4) bio-irrigation. 

Pore water advection induced by bottom currents and waves, characteristic for permeable 

sediments, is not incorporated. The solute flux due to molecular diffusion and advection 

is described by Fick’s first law (Fick, 1855), 

,
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   [2] 

where the molecular diffusion coefficient 
mol

iD  is first calculated as a function of 

temperature and salinity using the CRAN:marelac package (Soetaert et al., 2010a) and 

corrected for tortuosity according to the modified Wiessberg relation of Boudreau (1996), 

( )1 2lnmol

i i FD D = − . 

 

S1.1.1 Model parameterisation: porosity and transport processes 

 

An exponential declining porosity profile was imposed, 
0 0( ) attz z

F F F F e    −= + −   [3] 

where 
0

F  is 0.948, F


 is 0.824 and attz  is 3.6 cm for the model calibration. This is the 

porosity profile used by Meysman et al. (2003), when they modelled the Santa Barbara site 

(Figure S1a). A change in porosity implies sediment compaction with depth, and different 

burial velocities for solutes and solids. The model adopts a constant sedimentation velocity 

in consolidated sediment of Sv  = Fv  = 0.25 cm yr-1, which is the sedimentation velocity of 

both sites that were used to calibrate the model parameters (Severmann et al., 2006). The 

depth-dependent advection velocities were calculated from the porosity profile and the 

burial velocities in consolidated sediment using the CRAN:ReacTran package (Soetaert and 

Meysman, 2012). 

The presence of bioturbation is modelled as two different extra transport parameters; bio-

mixing and bio-irrigation. Following the conventional description, bio-mixing is modelled 

as a diffusive-like process (Boudreau, 1997; Meysman et al., 2010) 

,
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   [4] 

Benthic fauna require food resources (organic matter) that arrive from the overlying water 

at the top of the sediment pile, and thus most of their activity occurs near the sediment-

water interface, and decreases with depth (Boudreau, 1998). The bio-diffusivity coefficient 

accordingly follows a sigmoidal depth profile 
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  [5] 

where ,0bD  is the bio-diffusivity at the sediment-water interface, Lz  is the depth of the 

mixed layer and 
bmz  is an attenuation coefficient determining the transition zone from 

mixed to unmixed sediment horizons. Bio-mixing is governed by two separate parameters: 

the intensity of mixing as represented by the bio-diffusivity, ,0bD , and the depth of the 

mixed layer, as represented by Lz  (the width of the transition zone 
bmz  is of secondary 
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importance) (Figure S1b). In natural systems, these two parameters are correlated 

(Boudreau, 1998; Middelburg, 2019). Hence, to account for this interdependency, and 

facilitate model sensitivity analysis, the mixing depth was made dependent on the bio-

diffusivity by means of the following relation (van de Velde and Meysman, 2016), 

( ),0 ,/

,0 ,max 1 b b refD D

L L Lz z z e
−

= + −    [6] 

where ,0Lz  (=1 cm) is the minimum depth of bioturbation, ,maxLz  is the maximum mixing 

depth ( ,0Lz + ,maxLz = 10 cm; Boudreau, 1998) and ,b refD  (=3 cm2 yr-1) is a reference mixing 

intensity (Figure S1d; van de Velde and Meysman, 2016). This relation implies that the 

mixing depth first rapidly increases with a rising mixing intensity, but then saturates. This 

saturation response implies that when the population density of the infauna increases, the 

burrowing depth does not necessarily increase.  

The second effect of bioturbating fauna, bio-irrigation, is typically described as a non-local 

exchange process, in which pore water parcels are exchanged with bottom water parcels 

(Boudreau, 1984) 

, ,( ) ( )( ( ))ow

irr D i D iI z z C C z= −    [7] 

where the quantity ( )z  represents the depth-dependent irrigation intensity, ,

ow

D iC  is the 

solute concentration of the bottom water, and , ( )D iC z  is the solute concentration at depth

z . The bio-irrigation effect is generally most pronounced in the top layer of the sediment. 

However, the faunal activities that induce bio-mixing (e.g. locomotion and burrow 

construction) are different from those that underlie bio-irrigation (e.g. burrow ventilation), 

and so the depth dependency of both processes must not be the same. Indeed, in natural 

systems, bio-irrigation is best represented using an exponential relation of the form 

(Kristensen et al., 2018) 
/

0( ) irrz z
z e  −
=   [8] 

where 
0  is the bio-irrigation coefficient at the sediment-water interface and irrz  is an 

attenuation coefficient determining the transition zone from irrigated to un-irrigated 

sediment horizons (Figure S1c). The irrz parameter is adapted for each simulation to so 

that depth of bio-irrigation matches the depth of bio-mixing. Following Meile et al. (2005), 

we introduce solute-specific irrigation coefficients, to capture the differential 

biogeochemical behaviour of individual pore-water species (specifically reduced Fe2+ and 

ΣH2S). The fast oxidation kinetics of Fe2+ and ΣH2S means that these species are generally 

not flushed out of the sediment, but are oxidised in the worm burrow. During model 

calibration, we fitted the solute specific irrigation coefficients to be 
2

0.5H S  = and 

2 0.05
Fe

 + = .  

 

S1.1.2 Model parameterisation: biogeochemical reaction set 

 

The focus of this reaction-transport model was to calibrate the iron isotope fractionation 

factors. Therefore, we tailored the reaction set to the available data of the two field sites 

presented in Severmann et al. (2006). The dataset only contained information about highly 
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reactive iron minerals (reactive iron oxides, iron sulphides, sorbed iron and pyrite). 

Therefore, we omitted moderately reactive, poorly reactive and unreactive iron mineral 

classes, and made a subdivision in the highly reactive class to contain ‘fresh’ iron oxides 

(comparable to 2-line ferrihydrite; Poulton et al., 2004; van de Velde and Meysman, 2016) 

and ‘aged’ iron oxides (comparable to goethite; Poulton et al., 2004). Additionally, to keep 

the reaction set as simple as possible, we did not include elemental sulphur or hydrogen, 

but instead allowed pyrite precipitation after reaction of FeS with sulphide and sulphate 

(see, e.g., van de Velde et al., 2020). The reactions included in the model are listed in Table 

S1, the reaction equations are listed in Table S2 and the parameters and boundary 

conditions are given in Table S3. 

Table S1 specifies the 16 reactions that are included in the reaction list. The model 

incorporates a detailed description of Fe cycling, including dissimilatory iron reduction, 

adsorption of Fe2+ on solid phase particles, aerobic oxidation of dissolved and adsorbed 

Fe2+, multiple iron oxides fractions with different kinetics towards sulphide, iron oxide 

aging, formation and dissolution of iron sulphide, and pyrite precipitation. Additionally, 

we include a realistic description of organic matter degradation kinetics by approximating 

the reactive continuum model (Boudreau and Ruddick, 1991) by a 14 component multi-G 

model (Dale et al., 2015). Each of the organic matter (‘G’) fractions can be degraded by 

four different mineralisation pathways; aerobic respiration (AR), dissimilatory iron 

reduction (DIR), sulphate reduction (SR) and methanogenesis (MG) (Table S1, note that 

these redox pathways are implemented for each of the organic matter fractions). The redox 

sequence is implemented via conventional limitation-inhibition formulations (Table S2) 

(Soetaert et al., 1996). 

Iron oxides are modelled as two separate fractions; fresh iron oxides and aged iron oxides, 

where the fresh iron oxide fraction can reduce organic matter and oxidise sulphide, and 

the aged iron oxides only reacts with sulphide (Berg et al., 2003). The reactivity of these 

two fractions towards sulphide broadly corresponds to the reactivity lepidocrocite (‘fresh’) 

and goethite (‘aged’), as determined by Poulton et al. (2004). Organic matter mineralisation 

coupled to iron oxide reduction released ferrous iron (Fe2+) in the pore water, which can 

adsorb on solid-phase particles, which is implemented as a thermodynamic equilibrium 
22 2Fe

adsX Fe K Fe
++ +    =     [9] 

where 
2Fe

adsK
+

 is the dimensionless adsorption constant. Both dissolved and adsorbed forms 

can become re-oxidised by oxygen, or ferrous iron precipitate as iron sulphide (Table S1). 

Sulphate reduction produces free sulphide, which can be re-oxidised by oxygen, re-

oxidised by iron oxides, precipitated as FeS, reacted with FeS to form FeS2 (Table S1). When 

electron acceptors (O2, FeOOH, SO4
2-) are depleted, methanogenesis produces methane, 

which can be oxidised by oxygen or sulphate. The kinetic rate expressions of all re-

oxidation processes are described by standard second-order rate laws (Table S2). 

 

S1.1.3 Isotopic fractionation  

 

To be able to track the isotope compositions of individual Fe compounds, the model 

contains an extra state variable for each of the Fe compounds. This extra state variable 



 

 

6 

 

represents the 56Fe pool of the bulk Fe compounds (e.g., 
56

2[ ]FeS  is the 56Fe pool of 

2[ ]FeS ). From the concentration of the 56Fe specific state variables and the bulk state 

variables, one can then calculate the isotope ratio 
56

iCr  (note that we do not use the capital 

R  notation to avoid confusion with the reaction symbol in Eq. [1]), 
56

56

56i

i
C

i i

C
r

C C
=

−
  [10] 

where 
56

iC  is the concentration of the 56Fe pool of species iC . Note that we here assume 

that the Fe isotope pool only consists of 56Fe and 54Fe (the two most abundant iron 

isotopes). From the isotope ratio, one can calculate the δ56Fe signature, 

( )
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56 54
1.0 1000

/
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r
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  [11] 

where ( )56 54/
ref

Fe Fe  is the isotope ratio of a standard sample (which is defined in the 

main text). Each individual reaction can be assigned a fractionation factor 
56

kR  (expressed 

in ‰), which is converted to 
56

kR , 

56

56 1
1000

k

k

R

R


 = +  [12] 

Fractionation is then implemented by calculating the reaction for the 56Fe pool from the 

bulk reaction rate 
kR , 

56 56

56

56 561

k i

k i

R C

k k

R C

r
R R

r




=

+
  [13] 

To avoid extreme fractionations at low bulk concentrations, a fractionation limit is set at 

10-9 µmol cm-3. Reactions that proceed below this bulk concentration induce no 

fractionation,  
56

56 9[ 10 ] i
k i k

i

C
R C R

C

− =  [15] 

To account for isotope fractionation during adsorption, the pool of adsorbed 56Fe is 

calculated as, 

2 2

2

56 56 56

56 2 56 2

56 561

FIS FISFe Fe
ads

FIS Fe

r
X Fe K Fe

r

 



+ +

+

+ +
+

    =   +
 [16] 

where 
56

FIS  is the fractionation factor associated with ferrous iron sorption, and all other 

parameters have been introduced before. 

 

S1.1.4 Numerical model solution  

 

The numerical solution procedure has been described in detail previously (van de Velde 

and Meysman, 2016). In brief, the open-source programming language R (R Core Team, 

2017) was used to implement a numerical solution procedure for the partial differential 
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equations by applying the method-of-lines (Boudreau, 1996a) using the R packages 

CRAN:ReacTran (Soetaert and Meysman, 2012) and CRAN:deSolve (Soetaert et al., 2010b). 

The sediment grid was generated by dividing the sediment domain (150 cm thickness) into 

an uneven grid of 200 layers with the thickness of the first layer being 0.015 cm and the 

thickness of the other layers increasing with a factor 1.018. The resulting set of ordinary 

differential equations was integrated using the stiff equation solver routine ‘vode’ (Brown 

et al., 1989) within the package CRAN:deSolve (Soetaert et al., 2010b). All model 

simulations were run for a sufficiently long time period (>10,000 year) to allow them to 

reach a steady state.  
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Text S2. Early diagenetic model for sensitivity simulation (‘generic model’) 

 

The second goal of our study was to extend the relation between bottom water oxygen, 

organic matter oxidation and benthic Fe fluxes proposed by Dale et al. (2015) to include 

the isotope values of the released Fe. To this end, we constructed a more complex 

diagenetic model to make sure our results are broadly comparable with the diagenetic 

model study published previously by Dale et al. (2015). The early diagenetic model used 

for the sensitivity simulation has the same structure as described above (Eq. [1], Suppl. Text 

1.1.1), but with a sediment thickness of 30 cm. The model solving procedure is also 

identical as described before (Suppl. Text 1.1.4). 

 

S2.1 Diagenetic model formulation  

 

S2.1.1 Model parameterisation: Biogeochemical reaction set 

 

The reaction set (n=37) was reproduced from the diagenetic model of Dale et al. (2015). 

To account for iron isotope fractionations, an additional set of 15 reactions was included. 

The biogeochemical reaction set has been described in detail before (Dale et al., 2015). 

Briefly, organic matter mineralisation was modelled following the classical ‘multi-G’ (Arndt 

et al., 2013) approach. The reactive continuum model (Boudreau and Ruddick, 1991) was 

approximated by 14 different organic matter fractions, each with a different reactivity 

constant (Dale et al., 2015). Each of these fractions can be degraded by seven different 

mineralisation pathways; aerobic respiration (AR), denitrification to nitrite (DN1), 

denitrification to N2 (DN2), manganese reduction (MR), dissimilatory iron reduction (DIR), 

sulphate reduction (SR) and methanogenesis (MG) (Reactions 1-7; Table S4, note that the 

same reactions are valid for each of the organic matter fractions). The classical redox 

sequence (Froelich et al., 1979) is implemented via conventional limitation-inhibition 

formulations (Table S5; Soetaert et al., 1996).  

The nitrogen cycle included in the model is based on previous work by Bohlen et al. (2011). 

Denitrification proceeds in two separate steps; first nitrate is reduced to nitrite, and 

subsequently nitrite can be reduced to nitrogen-gas. Aside from denitrification, reduced 

nitrogen can be produced in the form of ammonium via organic matter mineralisation or 

via dissimilatory nitrate reduction to ammonium (coupled to sulphide oxidation). Reduced 

nitrogen in the form of nitrite can be produced via reduction of nitrate coupled to 

oxidation of iron, or via aerobic oxidation of ammonium. Oxidised nitrogen in the form of 

nitrate can be produced via aerobic oxidation of nitrite. Furthermore, nitrite and 

ammonium can combine to form nitrogen-gas via anaerobic ammonium oxidation, and 

ammonium can adsorb on solid phase particles (Mackin and Aller, 1984).  

Manganese oxides are modelled as two separate fractions; highly reactive manganese 

oxides and moderately reactive manganese oxides (Berg et al., 2003; Dale et al., 2015). 

Only the highly reactive manganese oxide fraction can be reduced by organic matter 

mineralisation. Both fractions are reduced by oxidation of ferrous iron and reduced 

sulphide. Highly reactive manganese oxide is regenerated by oxidation of reduced 
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manganese by oxygen. Over time, highly reactive manganese oxide ages into moderately 

reactive manganese oxide (Table S4).  

Iron oxides are modelled as four separate fractions; highly reactive iron oxides, moderately 

reactive iron oxides, poorly reactive iron oxides and unreactive iron oxides, where only the 

highly reactive iron oxide fraction can reduce organic matter and oxidise sulphide, the 

other iron oxide fractions only react with sulphide, and the unreactive fraction does not 

react on diagenetic timescales (Berg et al., 2003; Dale et al., 2015). The classification and 

reactivity of these iron oxide fractions broadly compare to the classes of reactivities 

determined in previous laboratory experiments (Canfield et al., 1992; Poulton et al., 2004). 

Organic matter mineralisation coupled to iron oxide reduction releases ferrous iron (Fe2+) 

in the pore water, which can (i) adsorb on solid-phase particles, which is implemented as 

a thermodynamic equilibrium (Eq. 9), (ii) become re-oxidised by oxygen, manganese oxide 

or nitrate or (iii) precipitate as iron sulphide (Table S4). Over time, highly reactive iron oxide 

ages into moderately reactive iron oxide.   

Sulphate reduction produces free sulphide, which can be (i) re-oxidised by oxygen, (ii) re-

oxidised by nitrate, manganese oxide or iron oxide, (iii) precipitated as FeS, (iv) precipitate 

with FeS to form FeS2 and hydrogen-gas (Table S4). The oxidation of sulphide by 

manganese or iron oxides generates elemental sulphur (Poulton, 2003). Elemental sulphur 

disproportionates into sulphate and sulphide, or reacts with FeS to form FeS2.  

When all electron acceptors are depleted, methanogenesis produces methane, which can 

be (i) oxidised by oxygen, or (ii) oxidised by sulphate. The kinetic rate expressions of all re-

oxidation processes are described by standard second-order rate laws (Table S5).  
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Figure S1: (a) Porosity profile (black line is the applied porosity profile for the model 

calibration, red dashed line is the generic porosity profile for all other model runs), (b) 

bio-diffusion profile, (c) bio-irrigation profile for the baseline simulation. (d) Relation 

between Db,0 and zL, as proposed by van de Velde and Meysman (2016). 
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 Kinetic reactions  

R1 Aerobic respiration 
2 2 3 ( 1,...,14)iCH O O HCO H i− ++ → + =  

R2 
Dissimilatory Iron 

reduction 
2

2 3 24 7 4 6 ( 1,...,14)i fCH O FeOOH H HCO Fe H O i+ − ++ + → + + =  

R3 Sulphate reduction 21 1 1
2 4 32 2 2

( 1,...,14)iCH O SO HCO HS H i− − − ++ → + + =  

R4 Methanogenesis 1 1 1 1
2 2 3 42 2 2 2

( 1,...,14)iCH O H O HCO CH H i− ++ → + + =  

R5 Ferrous iron oxidation 
2 31

2 24 2
2fFe O H O FeOOH H+ ++ + → +  

R5b 
Adsorbed iron 

oxidation 

2 31
2 24 2

2fX Fe O H O FeOOH H+ + + + → +  

R6 
Canonical sulphur 

oxidation  
2

2 42HS O SO H− − ++ → +  

R7 
Aerobic methane 

oxidation 4 2 2 22 2CH O CO H O+ → +  

R8 
Iron sulphide 

oxidation 

29 3
2 2 44 2

2fFeS O H O FeOOH SO H− ++ + → + +  

R9 Pyrite oxidation 
215 5

2 2 2 44 2
2 4fFeS O H O SO FeOOH H− ++ + → + +  

R10 
Sulphide-mediated 

iron reduction 

2 2

, 4 28 7 8 12f aHS FeOOH H SO Fe H O− + − ++ + → + +  

R11 
Anaerobic methane 

oxidation 

2

4 4 3 2CH SO HCO HS H O− − −+ → + +  

R12 Ferrous iron sorption 2 2Fe X Fe+ +   

R13 
Iron sulphide 

precipitation 
2Fe HS FeS H+ − ++ → +  

R14 
Iron sulphide 

dissolution 
2FeS H Fe HS+ + −+ → +  

R15 Pyrite precipitation 
23 71
4 2 24 4 4

FeS HS SO H FeS H O− − ++ + + → +  

R16 Iron oxide ageing f aFeOOH FeOOH→  

Table S1. List of biogeochemical reactions included in the reaction-transport model used 

for calibration of the isotope fractionation factors. 
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 Kinetic rate expression 

  
14

min min, 2

1

S i i

i

R k CH O
=

=   

R1 
2

2

min

2 O

O
R R

O K

  =
  + 

 

R2 
2

2

min

2

fO

f FeOOHO

FeOOHK
R R

FeOOH KO K

  
=

    ++   

 

R3 
2

2
2 4

2

4

min 2

2 4

O FeOOH

f FeOOHO SO

SOK K
R R

FeOOH KO K SO K −

−

−

  
=

     ++ +    

 

R4 
2

2 4

2
2 4

min 2

2 4

O SOFeOOH

f FeOOHO SO

KK K
R R

FeOOH KO K SO K

−

−

−
=

     ++ +    

 

R5a 
2

2F FIOR k Fe O +   =      

R5b 
2

2S FIOR k X Fe O +   =      

R6 2F CSOR k HS O −   =      

R7   4 2F AMOR k CH O=  

R8   2S ISOR k FeS O=  

R9   2 2S PyOR k FeS O=  

R10 ,S SMI f aR k HS FeOOH −   =     

R11   2

4 4F AnMOR k CH SO − =    

R12 

2[ ][ ]
1

[ ]
F ISP SP

FeS

Fe HS
R k

H K


+ −

+

 
= − 

 
 

R13 

2[ ][ ]
[ ] 1

[ ]
s ISD SP

FeS

Fe HS
R k FeS

H K


+ −

+

 
= − 

 
 

R14  S PyPR k FeS HS − =    

R15 S IOA fR k FeOOH  =    

Table S2. List of kinetic expressions included in the reaction-transport model used for 

calibration of the isotope fractionation factors. 
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ENVIRONMENTAL PARAMETERS Symbol Value Units Method  References 

  SBB MC    

Temperature T 10 10 ºC A [1],[2] 

Salinity S 34.2 34.2 - A [1],[2] 

Porosity (surface value) 0

F  0.948 0.948 - A [1],[2] 

Porosity (asymptotic at depth)  
F


 0.824 0.824 - A [1],[2] 

Porosity attenuation coefficient  x  3.6 3.6 cm A [1],[2] 

Solid-phase density  
S  2.6 2.6 g cm-3 A [1],[2] 

Sediment accumulation rate at 

infinite depth 
,S Fv v  250 250 cm kyr-1 A [3] 

Depth of sediment domain L 150 150 cm -  
56Fe/54Fe isotope ratio of IRMM014 - 15.697861 - A [4] 

BOUNDARY CONDITIONS Symbol Value Units Method  References 

Oxygen bottom water [O2] 0.01 0.28 mol m-3 A [1]-[3] 

Sulphate bottom water [SO4
2-] 28.0 28.0 mol m-3 A [1]-[3] 

DIC bottom water ∑CO2 2.45 2.45 mol m-3 A [1],[2] 

Ferrous iron bottom water [Fe2+] 0 0 mol m-3 A [1],[2] 

Free sulphide bottom water [HS-] 0 0 mol m-3 A [1],[2] 

Methane bottom water [CH4] 0 0 mol m-3 A [1],[2] 

Flux POC JPOC 4.6 8.0 mmol m-2 d-1 B  

Flux FeOOHT JFeOOH,T 560 320 µmol m-2 d-1 B  

Isotopic signature δ56FeFeOOH -1.5 -0.5 ‰ B  

Flux FeS JFeS 0 0 mmol m-2 d-1 B  

Isotopic signature δ56FeFeS - - ‰ B  

Flux FeS2 JFeS2 0.03 0.03 mmol m-2 d-1 B  

Isotopic signature δ56FeFeS2 -0.4 0.0 ‰ B  
1
This value is only for the ‘fresh’ fraction, the flux of the ‘aged’ fraction was set to 0. 

Table S3: List of boundary conditions and parameters used in the reaction-transport 

model used for calibration of the isotope fractionation factors. Solid-phase concentrations 

are expressed per unit volume of solid phase. “Method” refers to the procedure by which 

parameter values are constrained: A = Literature values, B = model calibration. Note that 

all isotope values are given relative to the IRMM-14 standard. 

References: [1] Reimers et al. (1996), [2] Meysman et al. (2005), [3] Severmann et al. (2006), 

[4] Dauphas et al., (2017), [5] Dale et al. (2015), [6] van de Velde and Meysman (2016), [7] 

Poulton and Canfield, (2005) [8] Meysman et al. (2015), [9] Rickard (1975), [10] van de Velde 

et al. (2020), [11] Berg et al. (2003). 
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BIOGEOCHEMICAL PARAMETERS Symbol Value Units Method References 

  SBB MC    

Mixing depth  Lz  0 10 cm B  

Biodiffusion coefficient ,0bD  0 20 cm2 yr-1 B  

Bio-irrigation coefficient  0  0 183 yr-1 B  

Bio-irrigation attenuation coefficient irrx  0 3 cm B  

Mineralisation constants min,1k  10-10 2.0 yr-1 A [2],[5] 

 min,2k  3.16 10-10 0.056 yr-1 A [2],[5] 

 min,3k  3.16 10-9 1.1 10-4 yr-1 A [2],[5] 

 min,4k  3.16 10-8 0 yr-1 A [5] 

 min,5k  3.16 10-7 0 yr-1 A [5] 

 min,6k  3.16 10-6 0 yr-1 A [5] 

 min,7k  3.16 10-5 0 yr-1 A [5] 

 min,8k  3.16 10-4 0 yr-1 A [5] 

 min,9k  3.16 10-3 0 yr-1 A [5] 

 min,10k  3.16 10-2 0 yr-1 A [5] 

 min,11k  3.16 10-1 0 yr-1 A [5] 

 min,12k  3.16 0 yr-1 A [5] 

 min,13k  31.6 0 yr-1 A [5] 

 min,14k  100 0 yr-1 A [5] 

Oxygen saturation constant 
2OK  0.001 mol m-3 A [2] 

FeOOH saturation constant FeOOHK  31.2 1.04 mol m-3 B  

Sulphate saturation constant 2
4SO

K −  0.9 mol m-3 A [2] 

Ferrous iron oxidation FIOk  10+7 µmol-1 cm3 yr-1 A [2] 

Canonical sulphur oxidation CSOk  10+7 µmol-1 cm3 yr-1 A [2] 

Aerobic methane oxidation AMOk  10+4 µmol-1 cm3 yr-1 A [2] 

Iron sulphide oxidation ISOk  10+7 µmol-1 cm3 yr-1 A [2] 

Pyrite oxidation PyOk   9.47 µmol-1 cm3 yr-1 A [5] 

Sulphide-mediated iron reduction ,SMI fk   494 µmol-1 cm3 yr-1 A [6],[7] 

Sulphide-mediated iron reduction ,SMI ak  3 µmol-1 cm3 yr-1 A [6],[7] 

Anaerobic methane oxidation AnMOk   10+2 µmol-1 cm3 yr-1 A [2] 

Equilibrium constant ferrous iron 

sorption 

2Fe

adsK
+

  69.68 - B - 

Iron sulphide precipitation ISPk  10+4 µmol cm3 yr-1 A [8] 

Iron sulphide dissolution ISDk  3 yr-1 A [8] 

Pyrite precipitation PyPk  3.25 µmol-1 cm3 yr-1 A [9],[10] 

Iron oxide ageing IOAk   0.6 yr-1 A [11] 

Table S3 continued 
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 Kinetic reactions  

R1 Aerobic respiration 
2 4 2 3 4.{ } ( 1,...,14)

NCi r NCCH O NH O HCO r NH H i+ − + ++ → + + =  

R2 Denitrification 2 4 3 3 2 4.{ } 2 2 ( 1,...,14)
NCi r NCCH O NH NO HCO NO r NH H i+ − − − + ++ → + + + =  

R3 Denitrification 4 1 2 2
2 4 2 3 2 4 23 3 3 3

.{ } ( 1,...,14)
NCi r NCCH O NH NO H HCO N r NH H O i+ − + − ++ + → + + + =  

R4 Manganese reduction 2

2 4 2 3 4 2.{ } 2 3 2 2 ( 1,...,14)
NCi r HR CNCH O NH MnO H HCO Mn r NH H O i+ + − + ++ + → + + + =  

R5 
Dissimilatory Iron 

reduction 
2

2 4 3 4 2.{ } 4 7 4 6 ( 1,...,14)
NCi r HR CNCH O NH FeOOH H HCO Fe r NH H O i+ + − + ++ + → + + + =  

R6 Sulphate reduction 21 1 1
2 4 4 3 42 2 2

.{ } ( 1,...,14)
NCi r CNCH O NH SO HCO HS r NH H i+ − − − + ++ → + + + =  

R7 Methanogenesis 1 1 1 1
2 4 2 3 4 42 2 2 2

.{ } ( 1,...,14)
NCi r CNCH O NH H O HCO CH r NH H i+ − + ++ → + + + =  

R8 H2 oxidation with O2 
1

2 2 22
H O H O+ →  

R9 
H2 oxidation with 

NO3
- 2 3 2 2H NO H O NO− −+ → +  

R10 
H2 oxidation with 

NO2
- 

2 2 4 1
2 2 2 23 3 3 3

H NO H H O N− ++ + → +  

R11 
H2 oxidation with 

MnO2 
2

2 2 22 2HRH MnO H H O Mn+ ++ + → +  

R12 
H2 oxidation with 
FeOOH 

2

2 22 4 4 2HRH FeOOH H H O Fe+ ++ + → +  

R13 
H2 oxidation with 

SO4
2- 

21 1 1
2 4 24 4 4

H SO H H O HS− + −+ + → +  

R14 Nitrification 3
4 2 2 22

2NH O NO H O H+ − ++ → + +  

R15 Nitrification 1
2 2 32

NO O NO− −+ →  

R16 Manganese oxidation 
2 1

2 2 22
2HRMn O H O MnO H+ ++ + → +  

R17 Ferrous iron oxidation 
2 31

2 24 2
2HRFe O H O FeOOH H+ ++ + → +  

R17b 
Adsorbed iron 

oxidation 

2 31
2 24 2

2HRX Fe O H O FeOOH H+ + + + → +  

R18 
Canonical sulphur 

oxidation  
2

2 42HS O SO H− − ++ → +  

R19 
Aerobic methane 
oxidation 4 2 2 22 2CH O CO H O+ → +  

R20 
Iron sulphide 

oxidation 

29 3
2 2 44 2

2HRFeS O H O FeOOH SO H− ++ + → + +  

R21 Pyrite oxidation 
215 5

2 2 2 44 2
2 4HRFeS O H O SO FeOOH H− ++ + → + +  

R22 
Anaerobic ammonium 

oxidation 4 2 2 22NH NO N H O+ −+ → +  

R23 
Iron-mediated nitrate 
reduction 

2 7 91 1
3 2 25 5 10 5HRFe NO H O FeOOH N H+ − ++ + → + +  
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R24 
Sulphide-mediated 

nitrate reduction 
2

3 2 4 4HS NO H O H SO NH− − + − ++ + + → +  

R25 
Iron-mediated 

manganese reduction 

2 21 1
2 , 22 2HR MR HRFe MnO H O FeOOH Mn H+ + ++ + → + +  

R26 
Sulphide-mediated 

manganese reduction 

0 2

2 , 23 2HR MRHS MnO H S Mn H O− + ++ + → + +  

R27 
Sulphide-mediated 

iron reduction 

0 2

, , 22 5 2 4HR MR PRHS FeOOH H S Fe H O− + ++ + → + +  

R28 
Anaerobic methane 

oxidation 
2

4 4 3 2CH SO HCO HS H O− − −+ → + +  

R29 Ammonium sorption 4 4NH X NH+ +   

R30 Ferrous iron sorption 2 2Fe X Fe+ +   

R31 
Elemental sulphur 

disproportionation 
0 2 3 51

2 44 4 4
S H O SO HS H− − ++ → + +  

R32 
Iron sulphide 

precipitation 
2Fe HS FeS H+ − ++ → +  

R33 
Iron sulphide 

dissolution 
2FeS H Fe HS+ + −+ → +  

R34 Pyrite precipitation 2 2FeS HS H FeS H− ++ + → +  

R35 Pyrite precipitation 
0

2FeS S FeS+ →  

R36 
Manganese oxide 

ageing 2 2HR MRMnO MnO→  

R37 Iron oxide ageing HR MRFeOOH FeOOH→  

Table S4 List of biogeochemical reactions included in the reaction-transport model used 

for the sensitivity simulation. 
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 Kinetic rate expression 

  
14

min min, 2

1

S i i

i

R k CH O
=

=  /  
2 2 2H F HR k H=  

R1 
2

2

min

2 O

O
R R

O K

  =
  + 

 

R2 
2

2 3

3

min

2 3

O

O NO

NOK
R R

O K NO K −

−

−

  
=

   + +   

 

R3 
32

2 3 2

2

min

2 3 2

NOO

O NO NO

K NOK
R R

O K NO K NO K

−

− −

−

− −

  
=

     + + +     

 

R4 
 

 
32 2

22 3 2

2

min

22 3 2

NOO NO HR

HR MnOO NO NO

K KK MnO
R R

MnO KO K NO K NO K

− −

− −

− −
=

+     + + +     

 

R5  
 

 
32 2 2

22 3 2

min

22 3 2

NOO NO MnO HR

HR MnO HR FeOOHO NO NO

K KK K FeOOH
R R

MnO K FeOOH KO K NO K NO K

− −

− −

− −
=

+ +     + + +     

 

R6 
   

32 2 2

222 3 2 4

2

4

min 2
22 3 2 4

NOO NO MnO FeOOH

HR MnO HR FeOOHO NO NO SO

K K SOK K K
R R

MnO K FeOOH KO K NO K NO K SO K

− −

− − −

−

− − −

  
=

+ +       + + + +       

 

R7    

2
32 2 2 4

222 3 2 4

min 2
22 3 2 4

NOO NO MnO SOFeOOH

HR MnO HR FeOOHO NO NO SO

K K KK K K
R R

MnO K FeOOH KO K NO K NO K SO K

− − −

− − −

− − −
=

+ +       + + + +       

 

R8 
2

2

2

2

H

O

O
R R

O K

  
=

  + 

 

R9 
2

2

2 3

3

2 3

O

H

O NO

NOK
R R

O K NO K −

−

−

  
=

   + +   

 

R10 
32

2

2 3 2

2

2 3 2

NOO

H

O NO NO

K NOK
R R

O K NO K NO K

−

− −

−

− −

  
=

     + + +     

 

R11 
 

 
32 2

2

22 3 2

2

22 3 2

NOO NO HR

H

HR MnOO NO NO

K KK MnO
R R

MnO KO K NO K NO K

− −

− −

− −
=

+     + + +     

 

R12  
 

 
32 2 2

2

22 3 2
22 3 2

NOO NO MnO HR

H

HR MnO HR FeOOHO NO NO

K KK K FeOOH
R R

MnO K FeOOH KO K NO K NO K

− −

− −

− −
=

+ +     + + +     

 

R13 
   

32 2 2

2

222 3 2 4

2

4

2
22 3 2 4

NOO NO MnO FeOOH

H

HR MnO HR FeOOHO NO NO SO

K K SOK K K
R R

MnO K FeOOH KO K NO K NO K SO K

− −

− − −

−

− − −

  
=

+ +       + + + +       

 

R14 .1 4 2F NITR k NH O +   =      

R15 .2 2 2F NITR k NO O −   =      

R16 
2

2F MnOR k Mn O +   =      

R17a 
2

2F FIOR k Fe O +   =      

R17b 
2

2S FIOR k X Fe O +   =      

R18 2F CSOR k HS O −   =      

R19   4 2F AMOR k CH O=  
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R20   2S ISOR k FeS O=  

R21   2 2S PyOR k FeS O=  

R22 4 2F ANAR k NH NO + −   =      

R23 
2

3F NFOR k Fe NO + −   =      

R24 3F NSOR k HS NO − −   =      

R25 
2

2 ,S MFO HR MRR k Fe MnO +   =     

R26 2 ,S MsO HR MRR k HS MnO −   =     

R27 
1/2

, ,S SMI HR MR PRR k HS FeOOH −   =     

R28   2

4 4F AnMOR k CH SO − =    

R29 
4

4
4

1
NH

ads

X NH

F AmS
K NH

R k
+

+
+

 
 

 
 

 
= − 

 
 

R31 
0

F SDPR k S  =    

R32 
2[ ][ ]S ISPR k Fe HS + −=  

R33 
2[ ][ ]

[ ] 1
[ ]

ISDn

s ISD SP

FeS

Fe HS
R k FeS

H K


+ −

+

 
= − 

 
 

R34  .1S PyPR k FeS HS − =    

R35   0

.2S PyPR k FeS S  =    

R36  2S MOA HRR k MnO=  

R37  S IOA HRR k FeOOH=  

Table S5 List of kinetic expressions included in the reaction-transport model used for the 

sensitivity simulation. 
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ENVIRONMENTAL PARAMETERS Symbol Value Units Method  References 

Temperature T 10 ºC A [1] 

Salinity S 34.2 - A [1] 

Porosity (surface value) 0

F  0.9 - A [1] 

Porosity (asymptotic at depth)  
F


 0.7 - A [1] 

Porosity attenuation coefficient  x  10.0 cm A [1] 

Solid-phase density  
S  2.6 g cm-3 A [1] 

Sediment accumulation rate at 
infinite depth 

,S Fv v  60 cm kyr-1 A [1] 

Depth of sediment domain L 30 cm A [1] 
56Fe/54Fe isotope ratio of IRMM014 - 15.697861 - A [2] 

BOUNDARY CONDITIONS Symbol Value Units Method  References 

Oxygen bottom water [O2] variable mol m-3 -  

Nitrate bottom water [NO3
-] 0.035 mol m-3 A [1] 

Sulphate bottom water [SO4
2-] 28.0 mol m-3 - - 

DIC bottom water ∑CO2 2.2 mol m-3 - - 

Ammonium bottom water [NH4
+] 0.001 mol m-3 A [1] 

Manganese bottom water [Mn2+] 0 mol m-3 A [1] 

Ferrous iron bottom water [Fe2+] 0 mol m-3 A [1] 

Free sulphide bottom water [HS-] 0 mol m-3 A [1] 

Methane bottom water [CH4] 0 mol m-3 A [1] 

Flux POC JPOC variable mmol m-2 d-1 -  

Flux MnO2 1 FMnO2 108 µmol m-2 d-1 A [1] 

Flux FeOOH  FFeOOH variable µmol m-2 d-1 -  

Flux FeS FFeS 0 mmol m-2 d-1 -  

Flux FeS2 FFeS2 0 mmol m-2 d-1 -  

BIOGEOCHEMICAL 

PARAMETERS 
Symbol Value Units 

Met

hod 
References 

Mixing depth  Lz  variable cm -  

Biodiffusion coefficient ,0bD  variable cm2 yr-1 -  

Bio-irrigation coefficient  0  variable yr-1 -  

Mineralisation constants min,1k  10-10 yr-1 A [5] 

 min,2k  3.16 10-10 yr-1 A [5] 

 min,3k  3.16 10-9 yr-1 A [5] 

 min,4k  3.16 10-8 yr-1 A [5] 

 min,5k  3.16 10-7 yr-1 A [5] 

 min,6k  3.16 10-6 yr-1 A [5] 

 min,7k  3.16 10-5 yr-1 A [5] 
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 min,8k  3.16 10-4 yr-1 A [5] 

 min,9k  3.16 10-3 yr-1 A [5] 

 min,10k  3.16 10-2 yr-1 A [5] 

 min,11k  3.16 10-1 yr-1 A [5] 

 min,12k  3.16 yr-1 A [5] 

 min,13k  31.6 yr-1 A [5] 

 min,14k  100 yr-1 A [5] 

 
2Hk  1000 yr-1 A [5] 

N-to-C ratio organic matter  rCN 16/106 - - - 

Oxygen saturation constant 
2OK  0.001 mol m-3 A [1] 

Nitrate saturation constant 
3NO

K −  0.010 mol m-3 A [3] 

Nitrite saturation constant 
2NO

K −  0.010 mol m-3 A [3] 

MnO2 saturation constant 
2MnO

K  20.8 mol m-3 A [1] 

FeOOH saturation constant FeOOHK  260 mol m-3 A [1] 

Sulphate saturation constant 2
4SO

K −  0.5 mol m-3 A [1] 

Nitrification .1NITk  10+4 µmol-1 cm3 yr-1 A [3] 

Nitrification .2NITk  10+4 µmol-1 cm3 yr-1 A [3] 

Manganese oxidation MnOk  5 10+3 µmol-1 cm3 yr-1 A [4] 

Ferrous iron oxidation FIOk  5 10+5 µmol-1 cm3 yr-1 A [1] 

Canonical sulphur oxidation CSOk  10+2 µmol-1 cm3 yr-1 A [1] 

Aerobic methane oxidation AMOk  10+2 µmol-1 cm3 yr-1 A [1] 

Iron sulphide oxidation ISOk  10+2 µmol-1 cm3 yr-1 A [1] 

Pyrite oxidation PyOk   1 µmol-1 cm3 yr-1 A [1] 

Anamox ANAk  10+5 µmol-1 cm3 yr-1 A [3] 

Iron-mediated nitrate reduction NFOk  10+2 µmol-1 cm3yr-1 A [3] 

Sulphide-mediated nitrate 

reduction NSOk  0 µmol-1 cm3 yr-1 A [1] 

Iron-mediated manganese 

reduction ,MFO HRk  10+4 µmol-1 cm3 yr-1 A [1] 

Iron-mediated manganese 

reduction ,MFO MRk  10+2 µmol-1 cm3 yr-1 A [1] 

Sulphide-mediated manganese 

reduction ,MSO HRk  10+2 µmol-1 cm3 yr-1 A [1] 

Sulphide-mediated manganese 

reduction ,MSO MRk  1 µmol-1 cm3 yr-1 A [1] 

Sulphide-mediated iron reduction ,SMI HRk   3 µmol-1/2 cm3/2 yr-1 A [5] 

Sulphide-mediated iron reduction ,SMI MRk  3 10-3 µmol-1/2 cm3/2 yr-1 A [5] 

Sulphide-mediated iron reduction ,SMI PRk  1 10-5 µmol-1/2 cm3/2 yr-1 A [5] 

Sulphide-mediated iron reduction ,SMI Uk  0 µmol-1/2 cm3/2 yr-1 A [5] 
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Anaerobic methane oxidation AnMOk   10+2 µmol-1 cm3 yr-1 A [1] 

Kinetic constant ammonium 

sorption AmSk  10-4 µmol cm3 yr-1 A [3] 

Equilibrium constant ammonium 

sorption 

4NH

adsK
+

  4.16 - A [3] 

Equilibrium constant ferrous iron 

sorption 

2Fe

adsK
+

  0 - A [1] 

Elemental sulphur 

disproportionation SDPk  1 yr-1 A [1] 

Iron sulphide precipitation ISPk  10+3 µmol cm3 yr-1 A [1] 

Iron sulphide dissolution ISDk  3 yr-1 A [6] 

Kinetic exponent iron sulphide 

dissolution ISDn  1 - A [6] 

Pyrite precipitation .1PyPk  3.25 µmol-1 cm3 yr-1 C [7],[8] 

Pyrite precipitation .2PyPk  3.25 µmol-1 cm3 yr-1 C [7],[8] 

Manganese oxide ageing MOAk   1.7 yr-1 C [1],[9] 

Iron oxide ageing IOAk   0.6 yr-1 C [1],[9] 

1 Flux value for the standard model of Dale et al. (2015), this value is equally distributed among the HR and MR 

fractions. 
 

Table S6: List of fixed parameters included in the model. Solid-phase concentrations are 

expressed per unit volume of solid phase. “Method” refers to the procedure by which 

parameter values are constrained: A = Literature values, B = model calibration. Note that 

all isotope values are given relative to the IRMM-14 standard. Variable parameters indicate 

parameters that are changed during the sensitivity experiments. Please refer to the main 

text for these parameters. 

References: [1] Dale et al. (2015), [2] Dauphas et al. (2017), [3] Bohlen et al. (2011), [4] Van 

Cappellen and Wang (1995), [5] Poulton and Canfield, (2005), [6] van de Velde and 

Meysman (2016), [7] van de Velde et al. (2020), [8] Rickard (2002), [9] Berg et al. (2003). 

 

 

 


