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MEDUSA Setup
and Selected Configuration Options

S1 Formulation

S1.1 Early diagenetic reaction network and chemical composition

The reaction network set up in this version of MEDUSA includes the following
processes:

• Calcite dissolution;

• Opal dissolution;

• Organic Matter (OM) degradation: three different pathways are considered

– oxic respiration

– nitrate reduction

– sulfate reduction

Mn(IV) and Fe(III) reduction pathways are disregarded here as they play,
globally speaking, only negligible roles as TEAs (terminal electron accep-
tors) in comparison to the three pathways considered with O2, NO−3 and
SO2−

4 as TEAs, resp. (Thullner et al., 2009).

The adopted model configuration includes CO2, HCO−3 , CO2−
3 , O2, NO−3 and

NH+
4 as solutes, and two classes of organic matter (a fast and a slowly metaboliz-

able one), clay and calcite as solids. For simplicity, the ΣNH3 and ΣH2S systems
are reduced to NH+

4 and HS−, resp.

S1.2 Boundary conditions

Temperature, pressure and salinity for each sediment column are those of the bot-
tom ocean cell that it is in contact with and similarly for the solutes’ concentra-
tions at the sediment–water–interface (SWI). The boundary conditions for NH+

4 ,
HS− and SO2−

4 , which are not among the tracers considered in REcoM3p, the RE-
coM3 variant used here, are set as follows: the concentrations of NH+

4 and HS− at
the SWI is set to 0 (Jourabchi et al., 2008; Thullner et al., 2009) and that of SO2−

4 is
derived from the sulfate–salinity relationship, i.e. [SO2−

4 ]SWI/[mol (kg-SW)−1] =

(0.14/96.062)× (S/1.80655) (Dickson et al., 2007, chap. 6, p. 10), where S is the
salinity at the SWI.
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For solids, a flux-continuity condition is adopted at the SWI: solid material
deposited at the sea-floor gets transferred to the sediment across the SWI.

The organic matter REcoM3p has a C : N(: P) composition that varies in space
and time. C : N : P compositions of organic matter classes in MEDUSA may, must,
however, remain constant in time; they may only be spatially variable. Organic
matter reaching the sea-floor is therefore handled as if it was a mixture of two
end-member classes, each one with a fixed C : N : P ratio: one with C : N = 106 :
21 : 1.3125 (fast metabolizable), and one with C : N : P = 200 : 11 : 0.6875 (slowly
metabolizable). Since REcoM3p does not consider P, the N : P ratio of the two
end-member classes in MEDUSA is assumed to be at the Redfield ratio of 16:1.

S1.3 Model reactions

The equations used to represent the chemical reactions that describe the processes
considered are as follows:

R1 — CaCO3 dissolution:

CaCO3 −→ Ca2+ + CO2−
3 (S.1)

R2 & R3 – oxidation of ‘fast’ and ‘slow’ OM classes, resp., by oxic respiration:

(CH2O)x(NH3)y(H3PO4)z + x O2 + (y− z) H+

−→ x CO2 + y NH+
4 + z H2PO−4 + x H2O (S.2)

where x = 106, y = 21 and z = 1.3125 for the ‘fast,’ and x = 200, y = 11 and
z = 0.6875 for the ‘slow’ OM class

R4 & R5 – oxidation of ‘fast’ and ‘slow’ OM classes, resp., by nitrate reduction
and full denitrification:

(CH2O)x(NH3)y(H3PO4)z + (4
5 x + 3

5 y) NO−3
+ (4

5 x + 3
5 y− z) H+

−→ x CO2 + z H2PO−4 + (2
5 x + 4

5 y) N2 + (7
5 x + 9

5 y) H2O (S.3)

R6 & R7– oxidation of ‘fast’ and ‘slow’ OM classes, resp., by sulfate reduction:

(CH2O)x(NH3)y(H3PO4)z +
1
2 x SO2−

4 + (1
2 x + y− z) H+

−→ x CO2 + y NH+
4 + z H2PO−4 + 1

2 x HS− + x H2O (S.4)

R8 – ammonium re-oxidation by O2:

NH+
4 + 2 O2 −→ NO−3 + H2O + 2 H+ (S.5)

R9 – sulfide re-oxidation by O2:

HS− + 2 O2 −→ SO2−
4 + H+ (S.6)

R10 – opal dissolution:
SiO2 + 2 H2O→ H4SiO4 (S.7)
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S1.4 Equilibria

As a consequence of the simplifications adopted for the ammonium and hydro-
gen sulfide (hydrosulfuric acid) systems, only the carbonate system equilibria
need to be considered:

E1 (first dissociation of carbonic acid):

CO2 + H2O ⇀↽ HCO−3 + H+ (S.8)

E2 (second dissociation of carbonic acid):

HCO−3 ⇀↽ CO2−
3 + H+ (S.9)

S2 Unified Formulation

The equations from the previous section are modified in order to discard the H+

ion, by introduction of the CO2–HCO−3 equilibrium CO2 +H2O ⇀↽ HCO−3 +H+.
Accordingly, if one side of chemical reaction includes a term n H+, that term is
substituted with n CO2 + n H2O, and a term n HCO−3 is added to the other side.
Finally, the two equilibria E1 and E2 are furthermore lumped into one (E1+2).

This same procedure was also adopted by Wang and Van Cappellen (1996)
and Thullner et al. (2009).

R1 (CaCO3 dissolution):

CaCO3 −→ Ca2+ + CO2−
3 (S.10)

R2 & R3 (oxic respiration):

(CH2O)x(NH3)y(H3PO4)z + x O2

→ (x− y + z) CO2 + y NH+
4 + z H2PO−4

+ (y− z) HCO−3 + (x− y + z) H2O (S.11)

R4 & R5 (nitrate reduction):

(CH2O)x(NH3)y(H3PO4)z + (4
5 x + 3

5 y) NO−3
→ (1

5 x− 3
5 y + z) CO2 + (4

5 x + 3
5 y− z) HCO−3 + z H2PO−4

+ (2
5 x + 4

5 y) N2 + (3
5 x + 6

5 y + z) H2O (S.12)

R6 & R7 (sulfate reduction):

(CH2O)x(NH3)y(H3PO4)z +
1
2 x SO2−

4

→ (1
2 x− y + z) CO2 + y NH+

4 + z H2PO−4 + 1
2 x HS−

+ (1
2 x− y + z) H2O + (1

2 x + y− z) HCO−3 (S.13)
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R8 (ammonium re-oxidation):

NH+
4 + 2 O2 + 2 HCO−3 → NO−3 + 2 CO2 + 3 H2O (S.14)

R9 (sulfide re-oxidation):

HS− + 2 O2 + HCO−3 → SO2−
4 + CO2 + H2O (S.15)

R10 (opal dissolution):
CaCO3 → Ca2+ + CO2−

3 (S.16)

S2.1 Equilibrium

E1+2 (carbonate system equilibrium):

CO2 + CO2−
3 + H2O ⇀↽ 2 HCO−3 (S.17)

S3 Kinetic Rate Laws and Equilibrium Relationship

Reaction rates are written here as R̂ values, i.e., per unit volume of total sedi-
ment (solids + porewater): for solids’ degradation/dissolution rates, units are
each time kg solid (m3 total sediment)−1 yr−1; for reactions between solutes only,
the rates are expressed in mol solute (m3 total sediment)−1 yr−1.

S3.1 Calcite dissolution

The classical formulation in (1−Ω)4.5 (Keir, 1980; Archer, 1991) was adopted:

R̂1 = k1(1− ϕ) · [Calc] · ((1− [CO2−
3 ]/Ccs)

⊕)n1

where

• k1 = 1 d−1 = 365.25 yr−1 (Archer, 1991);

• n1 = 4.5 (Keir, 1980; Archer, 1991);

• (. . . )⊕ denotes the positive part of (. . . );

• Ccs is the CO2−
3 concentration at saturation with respect to calcite in seawa-

ter.
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S3.2 OM oxidation by oxic respiration

The rate of oxic respiration (eq. S.11) is proportional to the concentration of or-
ganic matter (OM) and to a (hyperbolic) Monod factor in the porewater concen-
tration of O2:

R̂2,3 = kf,s(1− ϕ) · [OMf,s] ·
[O2]

Chox + [O2]
,

where

• kf = 3.2× 10−1 yr−1 (for R̂2);

• ks = 3.2× 10−3 yr−1 (for R̂3);

• Chox = 3 µmol L−1 (Soetaert et al., 1996) is the half-saturation concentration
of O2 for the oxic remineralisation of organic matter; the same value is used
for both fast and slow OM classes.

The values for kf and ks were derived by considering typical deep-sea values
of 10−9 s−1 ' 3.2 × 10−2 yr−1 (e.g., Emerson, 1985; Archer, 1991). The finally
adopted values were then derived by adopting a two-order of magnitude differ-
ence between the slow and fast metabolizable classes (Soetaert et al., 1996), which
led us to adopt a one order of magnitude higher value than the typical one for the
fast metabolizable class (i.e., k f = 3.2× 10−1 yr−1) and a one order of magnitude
lower value for the slowly metabolizable class (i.e., ks = 3.2× 10−3 yr−1).

S3.3 OM oxidation by nitrate reduction, with full denitrification

The rate of OM degradation by nitrate reduction, and full denitrification (R4 and
R5, Eq. S.12), is again proportional to the concentration of OM. It is furthermore
proportional to a Monod factor in the porewater concentration of NO−3 , and to a
hyperbolic inhibition factor in the porewater concentration of O2:

R̂4,5 = kf,s(1− ϕ) · [OMf,s] ·
[NO−3 ]

Chnr + [NO−3 ]
· Cino

Cino + [O2]
,

where

• kf and ks are the same as in R̂2 and R̂3 above;

• Chnr = 30 µmol L−1 (Soetaert et al., 1996) is the half-saturation concentration
of NO−3 for organic matter degradation by nitrate reduction and denitrifica-
tion;

• Cino = 10 µmol L−1 (Soetaert et al., 1996) is the characteristic inhibition con-
centration of O2 for the oxidation of organic matter by nitrate reduction.

The same Chnr and Cino are used for slow and fast metabolizable OM.
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S3.4 OM oxidation by sulfate reduction

The rate of OM degradation by sulfate reduction (R6 and R7, Eq. S.13) is again
proportional to the concentration of OM. It is furthermore proportional to a Monod
factor in the porewater concentration of SO2−

4 , and to two hyperbolic inhibition
factors in the porewater concentrations of NO−3 and O2, resp.:

R̂6,7 = kf,s(1− ϕ) · [OMf,s] ·
[SO2−

4 ]

Chsr + [SO2−
4 ]
· Cisn

Cisn + [NO−3 ]
· Ciso

Ciso + [O2]
,

with

• kf and ks are the same as in R̂2 and R̂3 above;

• Chsr = 0.5 mmol L−1 is the half-saturation concentration of SO2−
4 for or-

ganic matter degradation by sulfate reduction, derived from the value of
1 mmol L−1that Jourabchi et al. (2008) adopted in their ramp-law;

• Cisn = 5 µmol L−1 (Soetaert et al., 1996) is the characteristic inhibition con-
centration of NO−3 for the oxidation of organic matter by sulfate reduction;

• Ciso = 10 µmol L−1 (Soetaert et al., 1996) is the characteristic inhibition con-
centration of O2 for the oxidation of organic matter by sulfate reduction.

The same Chsr, Ciso and Cisn are used for slow and fast metabolizable OM.

S3.5 Ammonium re-oxidation by O2 (nitrification)

The rate of oxidation of NH+
4 by O2 (eq. S.14) is first order in both [NH+

4 ] and
[O2].

R̂8 = k8ϕ · [NH+
4 ] · [O2]

The rate constant k8 is set to 104 (mol/m3)−1yr−1 (Jourabchi et al., 2008).

S3.6 Sulfide re-oxidation by O2

Oxidation of HS− by O2 (eq. S.15): first order in both [HS−] and [O2]

R̂9 = k9ϕ · [HS−] · [O2]

Selecting a value for the rate constant k9 proved tricky. Previously published
models used widely different values:*

• Van Cappellen and Wang (1995) set it to 3× 108 M−1 yr−1 in the deep sea
and to 6× 108 M−1 yr−1 on the shelves, with reference to Morse et al. (1987);

*In the following, the quoted figures are expressed in the units in which they were reported in
the respective references, and ‘M’ is understood to stand for mol L−1.
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• Van Cappellen and Wang (1996) and Wang and Van Cappellen (1996) set it
to 1.6× 105 M−1 yr−1, with reference to Millero et al. (1987);

• Jourabchi et al. (2008) set it to 3× 108 M−1 yr−1, with reference to Van Cap-
pellen and Wang (1995);

• Thullner et al. (2009) set it to 3× 108 M−1 yr−1, with reference to Van Cap-
pellen and Wang (1995);

• Arndt et al. (2011) use a different rate law expression:

RA11 = kTS,O2 ·
O2

KTO2 ,redox + O2
· TS,

with kTS,O2 = 6 yr−1 (calibrated) and KTO2 ,redox = 20 mmol m−3. The co-
efficients in the two expressions can only be compared for O2 � KTO2

,
in which case k9 ' kTS,O2/KTO2 ,redox = 6/20 = 0.3 (mmol m−3)−1 yr−1 =

3× 105 M−1 yr−1.

This three orders of magnitude differences between the adopted values seem dif-
ficult to reconcile a priori. However, it appears that the rate of sulfide oxidation
strongly depends on whether it takes place inorganically or is biologically medi-
ated. In this latter case, it may indeed proceed orders of magnitude faster than in
abiotic cases (the presence of Fe2+ or Mn2+ also appears to promote the reaction,
albeit to a lesser extent).

We therefore chose to use k9 = 5 × 105 (mol m−3)−1 yr−1, a value interme-
diate between the deep-sea and shelf values of Van Cappellen and Wang (1995),
slightly biased towards the shelf end-member, as the reaction is important mainly
in shallower waters in our model.

S3.7 Opal dissolution

The opal dissolution rate expression in (Csat−C) (Boudreau, 1990) is considered.
Accordingly, the dissolution rate is taken to be proportional to the opal content
itself, and to the difference from the saturation concentration of H4SiO4 with re-
spect to opal:

R̂10 = k10(1− ϕ) · [Opal] · (Cosp − [H4SiO4])
⊕

where

• k10 = 0.03 (mol/m3)−1yr−1;

• Cosp is the asymptotic (“saturation”) concentration for opal dissolution, set
here to 1000 µmol kg-SW−1 (Archer et al., 1993, following Hurd, 1973);

• and (. . . )⊕ denotes again the positive part of (. . . ).
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S3.8 Carbonate equilibrium

The equilibrium constant for the chemical equilibrium (S.17) is derived from the
local sediment-top boundary conditions for [CO2], [HCO−3 ], and [CO2−

3 ], (stan-
dard procedure in MEDUSA). As a consequence, the equilibrium constant is con-
sistent with the carbonate speciation in the host model (REcoM3p).

S4 Spatial Extent and Discretization Grid

The model sediment columns extend down to 50 cm below the sediment–water
interface. The top-most 10 cm are mixed by bioturbation. The mixed-layer part is
covered with a node-to-node grid of 21 points; the 40 cm below are also covered
by a node-to-node grid with an additional 50 points (total of 71 points). Both sub-
grids follow a 50%–50% quadratic–linear distribution (please refer to the Technical
Reference in the Supplement to Munhoven (2021) for details about how to set grid
properties in MEDUSA v.2).

S5 Milieu Characteristics

A static global exponentially decreasing porosity profile is used for all sediment
columns:

ϕ(z) = ϕ0 + (ϕ0 − ϕ∞) exp(−z/ζ)

where

• z is the depth in the sediment below the SWI, located at z = 0, and increas-
ing downwards;

• ϕ0 = 0.9 is the porosity at the SWI;

• ϕ∞ = 0.7 is the porosity at great depth;

• ζ = 4 cm is the spatial scale of variation (Soetaert et al., 1996)

Tortuosity, ϑ2, is parametrised as a function of porosity using the modified Weiss-
berg relationship from Boudreau (1997, p. 131):

ϑ2 = 1− 2.02 ln ϕ.

S6 Transport Parameters

S6.1 Advection

As all the solids are considered with their physical specific volumes, advection is
treated in the usual way (i.e., the advection rate profile is at each time step derived

8



iteratively from the integrated reaction rate profile). Please refer to Munhoven
(2021) for details about how this is done.

S6.1 Bioturbation

Bioturbation is represented as a diffusive process (biodiffusion). The bioturbation
coefficient Db is uniformly set to 0.150 cm2/yr, a typical deep-sea value (Emerson,
1985).

S7 Closing the Global Material Balances

S7.1 Loopback fluxes

In order to conserve the total amounts of carbon and other nutrients, as well as
alkalinity in the combined ocean–sediment system, solids that leave the model
sediment through its lower boundary (at 50 cm depth below the SWI) are for-
mally remineralized and the resulting amounts of carbon, nutrients and alkalinity
returned to the surface, mimicking riverine input to the ocean.

S7.2 Compensating for nutrient sinks and alkalinity sources dur-
ing anoxic OM degradation

The sediment takes up SO2−
4 for the oxidation of OM by sulfate reduction. Part

of the HS− produced during OM oxidation by sulfate reduction is re-oxidized to
SO2−

4 in the oxygenated part of the sediment, but part is not and diffuses back to
the overlying bottom seawater. Please notice that, although the boundary con-
ditions at the SWI set the HS− concentration to 0, this does not imply that the
diffusive return flux to the ocean is 0 as well. This latter indeed depends on the
sediment–side HS− concentration gradient, which is not necessarily 0. Although
imbalances in the sulfate content of the ocean would be without consequences,
the conversion of SO2−

4 to HS− has a non-negligible effect on the alkalinity bal-
ance of the ocean, as HS− carries alkalinity, while SO2−

4 does not. Similarly, the
alkalinity balance of the ocean will be disturbed by nitrogen that returns to the
ocean as NH+

4 instead of NO−3 .
Accordingly, reactions (S.14) and (S.15) are also considered to implicitly take

place at (the ocean-side of) the SWI, neutralising the diffusive return fluxes of
NH+

4 and HS− to the ocean, and the impact of these reactions on the alkalinity in
the bottom ocean water accounted for:

• for ammonium re-oxidation (reaction S.5 or S.14), we have ∆AlkT = −∆TNO3 +

∆TNH3 = 2∆TNH3, since ∆TNO3 = −∆TNH3 in those equations;

• for sulfide re-oxidation (reaction S.6 or S.15), we have ∆AlkT = −2∆TSO4 =

2∆HS−, since ∆TSO4 = −∆HS− in those equations.
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Here we have called up the explicit conservative expression of alkalinity (Wolf-
Gladrow et al., 2007) to link ∆AlkT to the other variations. Let us then denote the
diffusive return fluxes of NH+

4 and HS− to the ocean provided by MEDUSA by
JNH+

4
and JHS− , supposed to be positive as they represent sources for the ocean.

Accordingly, ∆TNH3 = −JNH+
4
< 0 and ∆HS− = −JHS− < 0, and we find that

the above reactions provide an alkalinity sink equal to 2× (JNH+
4
+ JHS−) in the

bottom ocean water.
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