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Abstract

The MEDIA (Modelling Early DIAgenesis) software package comprises a flexible and extensible software system
that provides problem-solving assistance for simulating 1D reactive transport in surface sediments. MEDIA allows
multiple diagenetic models to be built by extending a model template with new model components from a toolbox of
available objects (elements, species, parameters, reactions). A detailed review is given of the transport and reaction
components available for model construction. Upon assemblage, the model is channelled to the numerical subunit of
the MEDIA package. Via a canonical transformation, the user-defined mixed kinetic-equilibrium model is rearranged
into a proper set of differential algebraic equations (DAE), for which both steady state and transient solutions can be
calculated. Steady-state profiles are obtained either directly using a Newton—Raphson method, or alternatively, as the
asymptotic result of a dynamic simulation. Dynamic simulations involve a global implicit procedure based on the stiff-
ODE solver package VODE, employing a direct substitution approach to reduce the number of equations in the DAE
system. Verification of the MEDIA code was accomplished (1) by comparison with analytic models and (2) by
emulating the model formulation and output of the existing diagenetic model code STEADYSED. As an example
application, a diagenetic model was constructed to analyse an extensive dataset collected from a marine sediment in the
Santa Barbara Basin (California). The different pathways of organic matter mineralization were modelled, and the
coupling among the biogeochemical cycles of C, O, N, S, Mn and Fe was investigated. Depth profiles of both porewater
and solid-phase constituents could be reproduced with great accuracy.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Reactive transport modelling; Early diagenesis; Biogeochemical cycling; Mixed kinetic-equilibrium problem; Direct
substitution approach

1. Introduction

In recent years, a number of studies have illustrated
the capabilities of sophisticated reactive transport codes

*C di thor. P t address: The Netherland . . . . .
OESPANCINE auriorn, ©resent aderess: The Selerants for the integrated modelling of biogeochemical cycles in

Institute of Ecology (NIOO-KNAW), Korringaweg 7, Yerseke

4401 NT, The Netherlands. Tel.: +31-113-577-489; fax: +31-
113-573-616.

E-mail address: f. meysman@nioo.knaw.nl
(F.J.R. Meysman).

surface sediments (Soetaert et al., 1996b; Wang and Van
Cappellen, 1996; Boudreau et al., 1998; Herman et al.,
2001). Although powerful applications, current numer-
ical model codes have a number of severe limitations, as
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evaluated in a companion paper (Meysman et al., 2002).
(1) Model codes are problem-specific, as they incorpo-
rate a fixed set of species and reactions, which restricts
the type of problems and environments to be investi-
gated. (2) Model codes lack flexibility and extendibility,
and the associated need for ground-level reprogramming
and recompilation constitutes a major barrier for
potential model users. A grand challenge therefore is
to encapsulate the present know-how into user-friendly
and flexible environments, and to bring this problem-
solving power within reach of geochemists that are not
familiar with computational issues.

Meeting this challenge constitutes the central philo-
sophy behind the (MEDIA) (Modelling Early
DIAgenesis) software package, which is built on two
fundamental strongholds: (1) Problem-Solving Environ-
ments (PSE), a modern concept from the field of
Computational Science and Engineering (CSE) (Ford
and Chatelin, 1987; Gallopoulos et al., 1994) and (2)
Object-Oriented Technology (OOT), the recent para-
digm from the field of Industrial Software Engineering
(Booch, 1994; Page-Jones, 2000). Both techniques
enhance the software quality of reactive transport codes,
and consequently, they lower the threshold for using
diagenetic model codes as a routine instrument for
geochemical data analysis. The implementation of PSE
and OOT in the design and structure of the MEDIA
software (i.e. the issues of concern to software devel-
opers) has been described in detail in the companion
paper (Meysman et al., 2002). In this second paper, we
will primarily focus on the issues that are of particular
interest to software users, i.e. the assumptions underlying
model construction, numerical methods, verification,
and application of MEDIA.

2. Diagenetic model formulation

To conceive a description of the sediment on a
macroscopic level, suitable conservation equations must
be derived from multi-component, multi-phase conti-
nuum physics (Truesdell and Toupin, 1960; Bowen,
1976; Bear and Bachmat, 1991). The application of
continuum modelling theory to early diagenesis is
discussed in detail in Meysman (2001)." Following
assumptions have been made: (1) benthic organisms
are not explicitly incorporated in the model description
as a separate phase, (2) the modelled sediment stratum is
shallow (top 10-50cm) and therefore, it can be
considered an isothermal environment, obviating the
construction of an energy balance for the porewater and

"Modelling the Influence of Ecological Interactions on
Reactive Transport Processes in Sediments. Online version
Ph.D. Dissertation. Meysman, F.J.R., Ghent University, 2001.
http://www.nioo.knaw.nl/homepages/meysman/phd_thesis.htm

the solid phase, (3) early diagenetic reactions do not
appreciably alter the total density of both the fluid and
the solid phase, (4) the sediment resides in a steady-state
compaction regime, so momentum balances become
redundant (5) horizontal gradients in the sediment are
less pronounced than vertical gradients, so that the most
important diagenetic changes are vertically directed,
(6) the sediment is considered laterally homogeneous
and (7) the sediment surface does not show any
topography. Assumptions (2)—(4) allow us to restrict
the description to mass conservation only, while
assumptions (5)—(7) justify the conventional 1D-ap-
proach of early diagenesis (Berner, 1980). The mass
conservation equation for a constituent of the pore
water (the fluid phase f) or the sediment matrix (the solid
phase s) is termed the general diagenetic equation
(Berner, 1980; Boudreau, 1997; Meysman, 2001):

0 0 0 ir
~1o*C* 1% C* _J_oc,dt/
10" C1+ 58" €+ 1)
_ r;‘mc,o{ + rﬁ)io,u, (l)

where ¢* denotes the volume fraction of phase a(=f, s),
C?denotes the concentration of the ith constituent in the
o-phase (in molar units), v* denotes the mass-averaged
phase velocity, also termed the advective velocity, J;' i
represents the total diffusive mass flux with respect to v*,
I““““represents a source/sink term due to chemical
reactions (both homogeneous and heterogeneous) and
F?"”“ represents a source/sink term due to biologically
induced transport. The x-coordinate axis is tied to the
sediment-water interface, pointing downwards into the
sediment.

By multiplication of Eq. (1) with the appropriate
molecular mass M} and summation over all species
within a particular phase, one obtains a mass balance for
the total fluid and the solid phase (Boudreau, 1997). If
we assume there is no bulk interphase mass transfer due

to either heterogeneous reactions (Zl MPT = 0) or
biological activity (E, Moo :0), and since the
mass density p* of both phases is assumed constant,

this equation becomes (Berner, 1980; Boudreau, 1997,
Meysman, 2001):
AP*] | 0, 4
— 1 = (. 2
TR i @

By a suitable combination of Egs. (2) and (1), the
general diagenetic Equation (1) can be brought back to

oc? , eac
O L) =T, 3
where the transport operator L comprises a summation
of terms, including advective, diffusive and biologically
mediated transport (e.g. irrigation, deposit feeding),
respectively

0 0 ; .
LA(C) = v {CA+ o 71 - T (4)
ox ox
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The reaction set consists of my;, irreversible reactions
and m,, reversible reactions

0= 3" d, ®)
i=1

n
0= V4, (6)
i=1

where A4; symbolizes the ith chemical species, while v;'k
and v}, represent the stoichiometric coefficients of 4; in
the kth irreversible and the /th reversible reaction,
respectively. Stoichiometric coefficients are taken to be
positive for a product species and negative for a reactant
species. Each reaction, irreversible as well as reversible,
can be either homogeneous (taking place wholly within a
single phase) or heterogeneous (generating mass transfer
between the porewater and the sediment matrix).
Introducing the reversible and irreversible reaction rates
RI'and RJ" (stated per unit of bulk volume), the reactive
source term I';**“* can be calculated as

My Myr.

Tt =S VI RE+ Y VIRT. ™
k=1 =1

To permit the integration of the diagenetic Equation (3),
explicit expressions are needed for both types of reaction
rates. Irreversible reaction rates R are calculated using
an appropriate kinetic rate law. The actual form of the
kinetic rate law for the different classes of irreversible
reactions available within MEDIA is discussed below. In
the case of reversible reactions, the rate terms R} are
treated as additional unknowns in the diagenetic
equations. Employing a partial local equilibrium
approach (PLEA), the addition of these extra variables
is compensated by an equal number of thermodynamic
algebraic equations, specifying the local equilibrium
conditions for each of the reversible reactions (Rubin,
1983; Bahr and Rubin, 1987; Lichtner, 1996). The
effective PLEA procedure, which rearranges the dia-
genetic system to remove the unknown reversible
reaction rates, is discussed later.

3. The structure of a MEDIA model

Introducing generic model construction, MEDIA has
been designed to avoid the time-consuming and
strenuous tasks of code-writing and debugging as much
as possible. Rather than focusing on a single model,
different diagenetic models can be constructed within
MEDIA without specialized knowledge of the program-
ming language underlying the computer code (i.e.
without recompilation). Basically, the application user
assembles her/his own diagenetic model from a toolbox
of available model components. New components (e.g.
new elements, species, parameters, reactions) can be

Kernel model part Extensible model part

diagenetic primary secondary
transport diagenetic : diagenetic
processes reactions : reactions

processes common to all
diagenetic models
developed within MEDIA

processes specifically
included in a given
diagenetic model

Fig. 1. Structure of MEDIA environment. Each model consists
of two parts: a predefined kernel part, which is common to all
MEDIA models, and an extensible part, which is specific for
model under construction.

created and added via an object-oriented database.
Secondly, it is wittingly anticipated that the present form
of the MEDIA software cannot meet all future user
demands. In essence, it is impossible to foresee all the
specific requirements set by potential application users.
Hence, when modification of the code cannot be
avoided, the modular structure of the MEDIA code—
enforced by its object-oriented design—allows the model
user an easy and flexible incorporation of new processes
and functions.

To facilitate and accelerate the process of diagenetic
model construction, MEDIA provides a basic model
template. Each model consists of two separate parts: a
predefined kernel part, which is common to all MEDIA
models, and an extensible part, which is specific for the
model under construction (Fig. 1). Rather than building
models from scratch, the kernel is used as a scaffold for
the construction of user-tailored models. Moreover, we
recognize that aquatic sediments can be adequately
described by the same set of transport processes, while in
contrast, the reactive part is highly environment-specific
and thus model-specific. Therefore, the kernel includes
all diagenetic transport processes, and a small set of
reactions that are typical for most early diagenetic
problems (so-called primary diagenetic reactions,
Tables 2—4; see later). Nevertheless, the application user
determines the greater part of species and reactions (so-
called secondary diagenetic reactions), i.e. those specific
for the problem at hand. So, the crucial task for the
MEDIA user is to select the proper building blocks for
the extensible model part. An arbitrary number of non-
reactive tracer species and reactions can be added
(Fig. 2). This way, a wide range of different models
can be built within MEDIA without modification of
underlying source code (Meysman et al., 2002).

4. Transport processes

To obtain an explicit expression for the transport
operator, Eq. (4), constitutive expressions are required
for the volume fraction ¢*, the phase velocity v*, the
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Objects types

p r i specnes element
object object object object

Kernel model objects

environ-
mental
Parameters

standard
species
parameters

standard . standard dard
reaction primary reactive standai
reactions :

Extensible model objects

additional additional
reaction sec:ut'ndary reactive
parameters reactions specnes
addltnonal
_ elements
additional
species
parameters

Fig. 2. Overview of linkage among four different types of
objects within MEDIA. Environmental parameters are included
by default in model kernel. Primary reactions included in model
kernel give rise to an associated set of standard reactive species
and reaction parameters. In their turn, standard reactive species
are associated with a set of standard species parameters and a
set of standard elements. Addition of user-selected reactions to
extensible part of MEDIA may require incorporation of
additional reactive species, if these are not already present in
object database. Similarly, these species—together with addi-
tional non-reactive species—may require incorporation of a set
of additional elements and additional species parameters.

dlbffuswe flux J;" 4 and the biological source/sink term
1—‘ 10,00

The differential equation for the volume fraction,
Eq. (2), can be made redundant through the assumption
of steady-state compaction, which implies that the
porosity qﬁf (or equally the solid volume fraction
¢* =1—¢/) is invariant with time (Boudreau, 1997):

o¢"

7= 0. ®)

However, when performing dynamic simulations, the
assumption of steady-state compaction can be rightly
put into question. Firstly, sediment porosity can be
altered due to water—rock interactions (Berner, 1980;
Ortoleva et al., 1987), yet, the associated time-scale of
this process is generally longer than that of early
diagenesis (from ~50yr in coastal sediments to
~5000yr in deep-sea sediments). More important for
surficial sediments are the potential porosity changes
due to biological reworking of the sediment by macro-
fauna (Rhoads, 1974; Aller, 1982). Unfortunately,

Table 1
Parameterizations for a general parameter 0 as a function of
depth

1. Constant
O(x) =60y when x<x’

0(x) =0, when x>x’

2. Linear

X
00) = 0 + (00— 0.0)[1 = 55| when x<x?
0(x) =0, when x>x?

3. Exponential
0(x) = 0.0 + (00 — 0 )exp(—x/x%)
4. Inverse exponential

- 000,
0 = Gy 0., = yyexp(—x/x")

Each mathematical expression possesses the general form 0 =
0(x,0,,0,x% where 0 denotes a general parameter. Three
parameter values need to be assigned on input: 6, represents
value at sediment-water interface, 0, denotes value at infinite
depth and x? constitutes a characteristic depth (used as an
attenuation constant for depth profile).

considerable debate subsists on how animals actually
influence porosity profiles, and hence, a consistent
description of biological porosity alterations appears
to be lacking (Mulsow et al., 1998). Pragmatically, and
following the conventional approach (Berner, 1980;
Soetaert et al., 1996a; Boudreau, 1996a, 1997 Van
Cappellen and Wang, 1996), we adopt steady-state
compaction and do not incorporate volume fractions
¢* as true diagenetic variables. Consequently, an
empirical expression is needed to describe this porosity
depth profile (e.g. exponential in Rabouille and Gaillard
(1991) and Soetaert et al. (1996a); inverse exponential in
Boudreau and Bennett (1999)). To allow a wide range of
profiles, MEDIA provides a number of different
parameterizations (constant, linear, exponential and
inverse exponential) as depicted in Table 1. Similar
functionalities are used to model the depth dependency
of other model parameters.

Due to the assumption of steady-state compaction,
Eq. (8), the phase mass balance, Eq. (2), simplifies to

a o
2]

which implies that the total mass flux F* = ¢*p*v*

both the pore water and solid phase remains constant
with depth. Given the constant phase density p* and the
prescribed depth profile ¢*(x), then fixing the flux F*
through the sediment—water interface, will completely
determine the depth profile of the phase velocity v*(x).
In the situation of solids, the flux F* is provided at the
upper boundary, i.e. as part of the input information

a o, .0
")
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(see for example Table 6). To calculate the pore water
flux F/, an additional assumption has to be made about
the actual flow field in the sediment. When there is no
forced porewater flow, one can assume that both the
solids and pore water are ‘buried” with the same velocity
o/, = ¢*_ atinfinity depth. Then the total pore water flux
can be calculated as F/ = qf)/% o/v/_. When externally
impressed flow is important (due to seepage of ground-
water or hydrothermal vents), the advective velocity u of
the pore water at the base of the modelled sediment layer
(x = L) needs to be specified U/L = u as part of the input
information. In the latter situation, the total pore water
flux can be calculated as F/ = ¢/ p/u.

Diffusive processes cause the velocity of individual
components to deviate from the (mass-averaged) phase
velocity, resulting in the diffusive flux J,-“"W . In most
early diagenetic environments, hydrodynamic dispersion
can be neglected due to low pore water velocities. Hence,
the diffusive flux J,.“’dif is written as a sum of three parts:
molecular diffusion (md), dispersion due to surface
waves and currents (wd), and biological mixing (b)

TP = g g g g gt

In most pore waters, molecular diffusion sufficiently
resembles the process in dilute solutions (Boudreau,
1997). As a consequence, the simple formalism of Fick’s
First Law is used for the flux due to molecular diffusion:

: - od
S = —g/ DL (10)

The effective molecular diffusion coefficient D7 is
species-dependent and must be calculated as a function
of the temperature T (K), the pressure p (bar) and
salinity S (PSU). Boudreau (1997) provides a detailed
account of such a procedure for the ions and molecules
frequently encountered in early diagenetic models. This
procedure can be summarized as

1 u(So, Po)
0*(x) u(S, P)
x [DY(To, So, Po) + al(T — Ty)], (11

DI(x) =

where D? is the infinite dilution diffusion coefficient
(specified at a reference temperature 7Ty, a reference
pressure Py and reference salinity Sp) and a; is the
attenuation constant in a linear temperature correction.
Furthermore, a correction for salinity S and pressure P
is implemented using the Stokes—Einstein relationship
for the pore water viscosity p (Boudreau, 1997). Finally,
the diffusion coefficient is corrected for the geometry of
the porous medium introducing the tortuosity factor 0.
Boudreau (1996b) advocates the modified Wiessberg
equation as an adequate description over the range of
porosity values commonly encountered in surface
sediments:

0%(x) = 1 = In($(x)°). (12)

Subtidal waves and currents induce pressure varia-
tions at the sediment—water interface, which result in
pore water fluctuations in the sediment bed (Madsen,
1978, Jeng et al., 2000). In a flat bed—as assumed by our
1D approach—the flow trajectories are closed and
consequently, there is no net advection (Shum and
Sundby, 1996). The effect of wave- or current-induced
porewater motion on solute transport then can be
treated as a diffusive phenomenon (van der Loeff, 1981;
Harrison et al., 1983)

st
J,l_/,wd _ _qy‘Dwd%’ (13)

where the dispersion coefficient D" is specified using the
parameter profiles of Table 1.

Bioturbation is the mixing of the sediments due to the
activity of organisms, which includes the internal mixing
of both pore water and solid phase. The common
approach is to model biological mixing through a
Fickian formulation (Goldberg and Koide, 1962;
Guinasso and Schink, 1975; Boudreau, 1986):

el
2= 7 4 D (14
ox
Jhs = —¢“D”% (15)
ox

and this introduces two distinct bioturbation coeffi-
cients. The coefficient D? represents the mixing of both
sediment and porewater by macrofauna (e.g. Aller and
Yingst, 1985). The coefficient D incorporates the
enhanced mixing of the pore water by smaller organ-
isms, like meiofauna (Aller and Aller, 1992) and
microzoobenthos (Glud and Fenchel, 1999). As both
coefficients reflect the presence of benthic organisms,
they are allowed to vary with depth (using the parameter
profiles of Table 1).

Irrigation by tube-dwelling organisms may add
significantly to surficial transport in sediments inhabited
by macrofauna (e.g. Archer and Devol, 1992; Aller and
Aller, 1998). A source/sink formulation is adopted,
which provides a 1D analogue for the enhancement of
diffusion due to burrows in a 3D sediment setting
(Boudreau, 1984; Emerson et al., 1984).

) = o(Cre - ), (16)

where C}'“ represents the concentration in the overlying
water column and «(x) the irrigation coefficient (also
specified by the parameterizations of Table 1). Bio-
logical transport for solid species—so-called non-local
transport (Boudreau, 1986)—is not incorporated at
present. However, due to the modular structure of the
code, the MEDIA software is easily altered to accom-
modate new transport processes.
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5. Boundary and initial conditions

To complete the model formulation, boundary con-
ditions are stated both at the sediment—water interface
(SWI at x = 0), and at the base of the model, which is
termed the lower sediment interface (LSI at x=L). A
wide range of boundary conditions is available to the
user, including Dirichlet (concentration), Neumann
(gradient) and Robin’s (mixed) conditions, as described
in detail in Meysman (2001) and the MEDIA’s user
manual.> Boundary parameters (as well as other input
parameters) can be constant or time-dependent. The
temporal variation of parameters is implemented via
small forcing modules (small, additional pieces of code
by which the user defines an arbitrary complex
functionality of time).

Besides boundary conditions, the model must be
supplied with appropriate initial conditions. When a
steady state is calculated as the asymptotic limit
of a dynamical simulation, an adequate set of initial
conditions (i.e. sufficiently close to the final steady
state) can significantly reduce the simulation time. Initial
concentration profiles can be implemented in two
different ways: (1) MEDIA allows the input of a
set of concentration profiles that are obtained as
the output from a previous simulation and (2) if
such a set of profiles is not available, rough initial
values are estimated from the upper boundary condi-
tions. In the case of a fixed concentration C7, at the
upper boundary, then the initial profile umformly
adopts the boundary concentration C?(x,0) = C7,. In
situations where a fixed flux F7, has been adopted, a
uniform concentration profile is calculated as C}(x,0) =

F /(950

6. The reaction kernel

The MEDIA kernel includes a basic set of reactions,
termed primary diagenetic reactions, presently consisting
of three classes. (1) Organic matter mineralization
reactions constitute the driving force of early diagenesis.
(2) Dissociation reactions account for all major acid—
base equilibria in natural waters. (3) Sorption reactions
describe the sorption of freshly produced mineralization
products onto the sediment matrix.

6.1. Mineralization reactions

Organic matter (OM) is divided into reactive fractions
OM;, whose stoichiometric composition (C/N/P ratio) is
given by the coefficients x;,y; and z;, respectively

2MEDIA  online manual.
homepages/meysman/media.htm

http://www.nioo.knaw.nl/

(Westrich and Berner, 1984):
OM; = {CHy0}, {NH3}, {H3PO4} . 17)

The mineralization pathways of each organic matter
fraction include oxic mineralization, denitrification,
oxidation by manganese and iron (hydr)oxides, sulphate
reduction and methanogenesis (Froelich et al., 1979;
Table 2, reactions [M1-M6], Fig. 3). The mineralization
rate R;’;f represents the oxidation rate of the OM;
fraction by the ith pathway:

Ox] 1 K
[Ox;] + Kg Pl [Ox] + K}"'

R} = x;k["[OM]] (18)

These so-called modified Monod kinetics comprise the
conventional description of organic matter mineraliza-
tion in early diagenetic models (Van Cappellen et al.,
1993; Van Cappellen and Wang, 1996; Soetaert et al.,
1996a; Boudreau, 1996a). The importance of a parti-
cular pathway is dependent on a combination of three
terms: (1) substrate limitation is modelled via the first-
order decay constant k7" of the jth fraction OM;, (2) the
limitation of the oxidant Ox; is represented by a Monod-
type hyperbolic expression involving the half-saturation
constant K% and (3) the repression of the ith pathway by
energetically more favourable oxidants Ox,, is modelled
by an inhibition-type function involving the inhibition
constant Kj".

Traditionally, no intermediates of the OM miner-
alization process (molecular hydrogen, acetate, etc.) are
explicitly modelled. However, molecular hydrogen was
recently demonstrated as a reaction side-product in the
formation of pyrite (Drobner et al., 1990; Rickard and
Luther, 1997), i.e. the end product of a non-mineraliza-
tion reaction. To prevent molecular hydrogen from
accumulating in the model, its consumption as a highly
reactive intermediate in the process of organic matter
degradation (Fig. 3) must be incorporated. The same set
of electron acceptors—i.e. oxygen, nitrate, manganese
oxide, iron oxide, and sulphate—were coupled to the
oxidation of hydrogen (Table 2, reactions [M7]-[M11]).
The rate R,Hz of a particular pathway of hydrogen
oxidation is modelled by a similar expression as Eq. (18):

= ke, Halis (19)

[OX i—1
i+ K& 11 [Ox] + Ky

m=1

where kp, is now the decay constant of molecular
hydrogen. The same half-saturation and inhibition
constants are used as in Eq. (18).

6.2. Dissociation reactions

The speciation and pH of porewaters are affected by
various acid-base equilibria. The MEDIA model
includes all equilibria that are considered important in
the acid—base behaviour of seawater i.e. the carbonate,
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Table 2
Mineralization reactions included in MEDIA kernel

Mineralization reactions of organic matter

[CH,0],[NH;],[H3POy]. + xO, + yH* —»xCO; + yNH] + zHPO}~ + 2:H* + xH,0

4x + Sy
S

4x
[CHZO]X[NH3]}.[H3PO4]Z + ?NOg +

[CH,O],[NH;],[H;POg4]. + 2MnO; + [4x + yJH" - xCO; + yNHj + zHPO}™ + 2zH* + 2Mn>* + 3xH,0

[CH,0],[NH3],[H3PO4], 4+ 4xFeOOH + [8x + y]H* - xCO, + yNH} + zHPO;™ 4 2zH* + 4xFe' 4 7xH,0

X X +2
[CH20],[NH],[H;POs]. + 3503 + == Y

[CH,O],[NH;],[H;POy], + yH* —%co2 +yNH] + zHPOZ™ + 2:H* + gcm

Mineralization reactions involving hydrogen
1
H, + 502 —-H,0

1 1 1 3
H, +-NO; +-H* ->-NH} + -H,0
2D TR o g
H, + MnO, + 2H" > Mn** + 2H,0
H, + 2FeOOH + 4H* - 2Fe*t + 4H,0
1

1 1
H, +-SO;” +-H" >-H 2H
2+ 4804 + B —’4 QS + 20

1 1 3
H, + Zcoz AZCHA; + ZHZO

4
H* - xCO, + yNH] + zHPO? +2-H" + ?’CN2 +5H:0

Tx

(M3]

(M4]

[M5]

H* —xCO, + yNH] + zHPO? ™ + 2zH* + %HS’ + xH,0

[Mo]

M7]
[M8]

[M9]
M10]
M11]

M12]

sulphide, phosphate, ammonium, sulphide, borate and
silicate acid-base dissociation reactions (Table 3, reac-
tions [D1]-[D8]). These reactions are modelled as in
local equilibrium and the apparent dissociation con-
stants are calculated as a function of temperature,
pressure and salinity using the relations of Millero
(1995). There is some evidence that porewater equilibria
alone are not sufficient for a full understanding of
porewater pH (e.g. Wang and Van Cappellen, 1996),
and thus additional equilibria involving the solid matrix
must be taken into account. To this effect, the acid—base
behaviour of the detrital clay fraction was modelled as a
two-step dissociation reaction for hydroxyl sites at the
fluid—solid interface (Table 3, reactions [D9]-{D10]). The
apparent dissociation constants for the latter two
reactions must be provided as input data.

6.3. Sorption reactions
Sorption processes are considered fast relative to the

characteristic time scales of the transport processes.
Hence, an equilibrium formulation is used to describe

the partitioning between the pore water and the surface
sites of the sediment matrix. A linear adsorption
formulation is included for ammonium (Rosenfeld,
1979; Mackin and Aller, 1984; Soetaert et al., 1996a;
Van Cappellen and Wang, 1996; Boudreau, 1996a) and
phosphate species (Krom and Berner, 1980; Boudreau,
1996a) (Table 4, reactions [S1]-[S4]). The adsorption of
the metal ions Fe? ", Mn?" and Mg”" is modelled via a
non-linear formulation, since it is assumed that the
sorption capacity for these cations correlates with the
presence of iron and manganese (hydr)oxides that have
reactive surface areas (Canfield et al., 1993; Van
Cappellen and Wang, 1996) (Table 4, reactions [S5]-
[S7]). We have implemented a slightly modified version
of the competitive adsorption model presented by Van
Cappellen and Wang (1996). Rather than modelling an
unspecified cation concentration, we have introduced
Mg as the species in competitive equilibrium with
Mn?* and Fe?*. Mg?* is the dominant divalent cation in
marine porewaters, and thus we employed it to emulate
the influence of cations on the sorption equilibria of
Mn?* and Fe’*.
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I CH,0 + 0, - CO, +H,0

; I CH,0 + $NO; + $H' - CO, + 2N, + 2H,0 ]

[PoM | & [CH,O|

I H, +MnO, + 2H* — Mn?* + 2H,0 I

[ H, + 2Fe00H + 4H' — 2Fe?" + 4H,0 I

lCHIO+H20—)COZ+2HZ ]—)[ H, I<

I H, +£S0Z" + 1H' — 1H,S + 2H,0 I

Iquco, — LCH, + H,0 ]

Fig. 3. Overall process of organic matter degradation modelled as a set of idealized biochemical transformations. A cascaded multi-
step mechanism is proposed, where first step comprises hydrolization of particulate organic matter (POM) into monomers like simple
sugars and amino acids (represented asCH,0). Second step depends on terminal electron acceptors (TEAs) involved. In example of
oxygen and nitrate, most probable pathway is direct oxidation of monomers to carbon dioxide. For other TEAs, intermediate
fermentation of monomers is considered, producing small organic molecules such as H, acetate and formate (Lovley and Chapelle,
1995) (only H, is shown). Subsequently, these intermediate fermentation products are consumed in a series of terminal electron
acceptor processes, involving manganese (hydr)oxides, iron (hydr)oxides, sulphate and finally carbon dioxide itself.

Table 3
Dissociation reactions included in MEDIA kernel

Table 4
Sorption reactions included in MEDIA kernel

Dissociation reactions in the porewater

H,O=OH +H" [D1]
CO; + H,O=HCO; + H* [D2]
HCO; ==CO¥ +H' (D3]
H,PO, ==HPO} + H* [D4]
HPO; =PO; +H' [D5]
NHj =NH; + H* [D6]
H,S=HS™ + H" [D7]
B(OH); + H,O=B(OH); + H" [D8]
Si(OH), =SiO(OH); + H* [D9]
Dissociation reactions involving the solid sediment matrix
=OH; = =OH +H" [D10]
=0OH==0 +H" [D11]

7. The extensible reaction set

By extending the kernel reaction set, the modeller can
tailor a diagenetic model to the problem being ad-
dressed. Those reactions, which can be freely chosen by
the modeller, are termed secondary diagenetic reactions
and are included in the extensible part of the reaction
set. Unlike the kernel reaction set, the extensible
reaction set constitutes an open reaction set. Hence,
the user can add new reactions to each class in the object
database, which subsequently become available for
model construction. When a new reaction is added to
a reaction class, this reaction will receive the kinetic rate

Sorption reactions involving nutrients

NH; = = NH} (S1]
HPO;” = = HPO;~ [S2]
2P0, = = H,PO, [S3]
PO} = =PO;~ [S4]
Sorption reactions involving metal ions

=H+Mn** = = Mn* + H* [S5]
=H+ Fe* = = Fe* + H* [Sé]
=H+ Mg> = = Mg" + H* [S7]

law of the corresponding reaction class. In the MEDIA
software (available online), each reaction class in the
object database already includes a number of example
reactions. Five different classes of secondary reactions
are presently available (Table 5), which reflect the kinetic
formulations frequently encountered in early diagenetic
models (Boudreau, 1996a; Van Cappellen and Wang,
1996). More sophisticated kinetic formulations (surface
area effects, pH dependencies etc.) can be added by the
model user as a new class. This requires an extension of
the software with a small module that specifies the
mathematical expression of the desired kinetic formula.

7.1. Fluid redox reactions

This class (denoted fr) includes the homogeneous
redox reactions occurring wholly within the porewater
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Table 5

Overview of different classes available in MEDIA reaction set

Reaction class Description Class type Number
Mineralization reactions Kinetic Kernel class 12

Acid-base dissociation reactions Equilibrium Kernel class 11

Sorption reactions Equilibrium Kernel class 7

Fluid redox reactions Kinetic Extensible class User-determined
Surface redox reactions Kinetic Extensible class User-determined
Pseudo solid phase reactions Kinetic Extensible class User-determined
Precipitation reactions Kinetic Extensible class User-determined
Dissolution reactions Kinetic Extensible class User-determined

MEDIA model kernel includes 30 reactions, of which 12 receive a kinetic description (mineralization reactions) and 18 receive an
equilibrium description (dissociation and sorption reactions). Extensible classes all receive a kinetic description.

fluid. The reaction rate R (defined per volume of
porewater) is expressed as a rate law based on the
product of concentration terms (Lasaga, 1997):

R =" T]ch", (20)

where k'is the rate constant, C{ represents a solute
concentration and v; is a real exponent.

7.2. Surface redox reactions

This class (denoted sr) incorporates heterogeneous
redox reactions that occur at the surface of the sediment
particles. The reaction rate R* (defined per volume of
porewater) is expressed via a similar rate law as Eq. (20),
but now the reactive surface area of the mineral must be
taken into account (Lasaga, 1997):

"= k4 [Tich, 1)

where k* is the rate constant, C{ represents a solute
concentration, 4; represents the reactive surface area of
the jth solid species per volume of porewater (it is
assumed only one mineral is taking part in the reaction),
while v; constitutes a real exponent. The reactive surface
area is expressed in terms of the concentration of the
solid species via

s X
A = O C! (22)

J ¢/ Ms]’

where ¢*is the volume fraction of the solid phase, </)f the
volume fraction of the porewater, p* the density of the
solid phase, C the concentration of the solid species j
(moles per grdm of sediment), M the molecular mass of
the solid species j (moles per gram of species) and
S; the reactive surface area per mass of solid species
(cm per gram of species).

7.3. Pseudo-solid phase reactions

This class (denoted sp) includes ‘“homogeneous”
reactions that appear to occur entirely in the solid phase
(e.g. recrystallization, pyrite formation). In reality
however such reactions effectively proceed via a complex
reaction mechanism involving dissolved intermediates.
Nonetheless, the overall reaction rate R (this time-
defined per volume of solid sediment) only incorporates
solid concentrations:

RY = k7 [ (23)

7.4. Precipitation reactions

This class (denoted pr) includes heterogeneous reac-
tions driven by the degree of saturation of the porewater
fluid with respect to the mineral phase. This dependence
upon the saturation state is explicitly included in the rate
law RP"(defined per volume of porewater):

— [’C;j - 1} (24)

where ICP represents the ion concentration product and
K@P denotes the apparent solubility constant of the
mineral. The apparent rate constant A”" implicitly
incorporates surface area effects, and the catalysing or
inhibiting actions of solution constituents.

7.5. Dissolution reactions

Like the precipitation class, the dissolution class of
reactions (denoted ds) is driven by the saturation state
with respect to the corresponding mineral. However,
allowing asymmetric precipitation and dissolution, the
reaction rate R%*(defined per volume of porewater) is
now given by

k‘“AY[l - L;;] . 5)
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As was the case with heterogeneous redox reactions,
the rate law, Eq. (25), depends on the reactive surface
area A; of the dissolving mineral. Eq. (22) is used to link
the reactive surface area to the mineral concentration,
which renders the rate law linearly dependent on the
concentration of the solid species. This implies that
dissolution is stopped when there is no mineral left.

8. The numerical procedure

A MEDIA model consists of n¢ partial differential
equations (PDEs) of type (3), one for each of the
chemical species included by the user in the species set. If
m,, denotes the number of reactions added to the
extensible reaction set, then each MEDIA model
includes m1,, = 18 reversible (Tables 3 and 4) and m;, =
12 + m,, irreversible reactions (Table 2). As noted
previously, the diagenetic system then contains m,,
additional unknowns Rj’. Employing PLEA, this
indeterminacy is resolved via the introduction of mi,,
thermodynamic algebraic equations (AEs, e.g. see
Table 10), specifying the local equilibrium conditions
for the reversible reactions (Thompson, 1959; Rubin,
1983; Lichtner, 1985). The numerical treatment of the
resulting differential algebraic equation (DAE) system
involves a two-step procedure. The first step is to
rearrange the DAE system by means of a canonical
transformation (Aris and Mah, 1963; Smith and Missen,
1982). The actual canonical procedure applied within
MEDIA is a modification of the procedure presented by
Lichtner (1996) and Steefel and MacQuarrie (1996), and

Equally spaced grid

SWI (x=0)

DSI (x=1)

Unequally spaced grid
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is fully explained in Meysman (2001)". This yields a set
of n* — m"operational PDEs, which are stated in
terms of so-called primary dependent variables (PDVs)
and do not longer feature the indeterminate rates Ry
Together, the equilibrium AEs and the operational
PDEs form a reduced differential algebraic equation
(DAE) system, which needs an appropriate integration
procedure. Saaltink et al. (2000) advocate the global
implicit method—also termed the direct substitution
approach (DSA)—for one-dimensional diagenetic pro-
blems characterized by highly coupled and non-linear
reaction kinetics, and thus, DSA was sclected as the
preferred integration method within MEDIA. The DSA
approach has been widely used in the field of subsurface
geochemistry (e.g. Rubin and James, 1973; Valocchi
et al., 1981; Jennings et al., 1982; Lewis et al., 1987). The
DSA rearranges the DAE system by substitution of
the non-linear mass action equations directly into the
operational PDEs. As a result, the equilibrium AEs are
eliminated and a final set of #7*“ — m'" non-linear PDEs
is obtained.

The numerical solution of the resulting set of non-
linear PDEs was implemented by the method-of-lines
(MOL) (Byrne and Hindmarsh, 1987; Schiesser, 1991),
which replaces the integration domain by a finite
number of layers (n/®¢") and swaps the spatial deriva-
tives for appropriate finite differences. Boudreau (1996a,
1997) discusses the advantages of the MOL for solving
early diagenetic problems. MEDIA allows three differ-
ent types of grids (Fig.4): (1) an equally spaced grid
comprising sediment layers of equal thickness (2) an
unequally spaced grid, to model the sharp gradients that

User-defined grid

T
e

(rAll

X,

(NS

4

exp[a—ﬁf—w]—l
e L]

input
expla]-1

Xijw =

Fig. 4. Overview of different grid types available in MEDIA. Equally spaced grid divides sediment into 7/’ layers of equal thickness.
Unequally spaced grid displays narrowest resolution in uppermost layers of sediment. By setting attenuation constant a, user can
control grid resolution of shallow layers relative to deeper layers (in template model accompanying MEDIA package, default value is
a = 3.0). Distances between layers in user-defined grid are arbitrary and must be provided through an input file.
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Table 6
Environmental parameters, grid parameters and parameters
determining porosity profile

Environmental parameters

Temperature T 279K

Pressure P 500 bar

Salinity S 34.2PSU
Sediment density p 2.6gem3
Sediment flux F o 0.092gem Zyr !
Grid parameters

Grid type Unequal
Number of layers nlaver 100 (dimensionless)
Modelled sediment stratum L 140 cm

Grid attenuation constant « 3

Porosity profile

Profile type —  Exponential (dimensionless)
Porosity at SWI ¢y  0.948 (dimensionless)
Porosity at infinite depth ¢, 0.824 (dimensionless)
Porosity halving depth Xy 3.6cm

Values of environmental parameters were derived from Reimers
et al. (1996). Porosity profile was calculated from a profile of
resistivity values measured by electrodes also reported in
Reimers et al. (1996).

are commonly observed near the SWI and (3) a user-
defined grid, which is specified via an input file and
allows the user to create one or more zones with a higher
resolution (e.g. when modelling sapropels and turbi-
dites). In order to obtain both a second-order accurate
and stable differencing scheme, a blend of both back-
ward and central differencing is used as proposed by
Fiadeiro & Veronis (1977) and applied in Boudreau
(1996a) and Soectaert et al. (1996a). Details of the
discretization procedure are provided in Meysman
(2001). To ensure mass conservation, the discretization
method was checked against analytical solutions for
simplified model settings (constant porosity, constant
biodiffusion coefficient).

In steady-state calculations, the time derivatives on the
right-hand side of the diagenetic equations (3) are set to
zero, and the resulting non-linear system is solved for
the concentrations C?. The non-linear solver in MEDIA
encapsulates the DNEQF routine from the ISML
library, which is based on the MINPACK modification
of Powell’s hybrid algorithm. This algorithm is a
variation of Newton’s method, which uses a finite-
difference approximation to the Jacobian, and takes
precautions to avoid large step sizes or increasing
residuals (More et al., 1980). During dynamic simula-
tions, the integration is performed by the Backward
Differentiation Formula (BDF) method of the stiff
ODE-solver package VODE (Brown et al., 1989), using
a numerically calculated Jacobian. When performing an
asymptotic run (i.e. a dynamic simulation until steady

Table 7

Parameters involved in organic matter mineralization
Organic C/N/P ratio Decay rate Value (yr™ )
matter constant

fraction

OM, 106/16/1.5 ki 2.0

OM, 106/16/1.5 ki 0.056

OM; 265/24.5/1 ki 0.11 x 10-3
H, — k% 100

The C/N/P ratios of organic matter fractions were constrained
by depth profiles of C/N and C/P ratios of total organic matter
(i.e. three fractions combined) as reported in Reimers et al.
(1996). For the fast and medium degradable fractions, C/N/P
ratio approaches Redfield ratio. The higher ratio for the slowly
degradable fraction represents the preferential regeneration of
N-P substances with depth. First order decay constant of
molecular hydrogen is two orders of magnitude higher than
decay constant of fast degradable organic matter fraction,
reflecting highly reactive nature of molecular hydrogen.

state), the stop criterion is based on the error vector
E = [¢;], which is calculated from the array of concen-
trations C = [C;] through ¢; = SRC; + 04, where 0% is a
relative tolerance and &4 an absolute tolerance. The
elements of the residuals vector R = [r;] are calculated as
r; = 0,C;/e;, where 0,C denotes the rates of change
vector of the concentrations. Steady state is reached
when the root-mean-square of the residual vector R
drops beneath a preset level. Compared to the direct
steady-state calculation, the asymptotic procedure gen-
erally requires more runtime. However, a major
advantage is that it can start from rough (i.e. guessed)
initial conditions.

9. Verification

A two-step verification process was adopted. In a first
step, simplified one-species test models were constructed
for different types of boundary conditions, which were
then compared with analytical solutions, leading to
identical results. In a second step, the model description
of the STEADYSED code (Van Cappellen and Wang,
1996) was reconstructed within MEDIA and the output
was compared for an identical set of boundary condi-
tions and parameter values. The resulting concentration
files were identical to the output of the STEADYSED
code, except for the pH profiles. The origin of this
difference was identified and could be attributed to the
different description of sulphide re-oxidation reactions.
In STEADYSED, re-oxidation reactions are written in
terms of total sulphides, while in MEDIA separate re-
oxidation reactions were used for HS™ and H»S, because
MEDIA only allows reactions to be written in terms of
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Table 8

Boundary conditions

Species UBC Value Dimensions LBC Value Dimensions
H* FC 2.94 E-02 uM NG — —
0, FC 1.00 E+01 M NG — —
H, FC 0.00 E+00 M NG — —
CH, FC 0.00 E+00 M NG — —
NO; FC 2.50 E+01 uM NG — —
N, FC 0.00 E+00 M NG — —
SO FC 2.80 E+04 M FC 2.15 E+03 M
Mn>* FC 0.00 E+04 uM NG — —
Fe?t FC 0.00 E+00 uM NG — —
Mg+ FC 532 E+04 uM NG — —
Ca* FC 1.03 E+04 uM FC 4.25 E+03 uM
MnO, FF 2.00 E+00 pmolem 2 yr~! NG — —
FeOOH FF 3.60 E+01 pmolcm 2 yr~! NG — —
oM, FF 6.70 E+01 pmolem 2 yr~! NG — —
OM, FF 6.00 E+01 pmolcm 2 yr~! NG — —
OM; FF 2.48 E+02 pmolem 2 yr~! NG — —
MnCO; FF 0.00 E+00 pmolcm 2 yr~! NG — —
CaCO; FF 8.40 E+01 pmolem 2 yr~! NG — —
FeS FF 0.00 E-+00 pmolem 2 yr~! NG — —
FeS, FF 2.00 E+00 pmolem 2 yr~! NG — —
Cr FC 2.45 E+03 M FC 2.45 E+04 uM
N7 FC 5.00 E+01 M FC 2.70 E+03 M
Pr FC 3.70 E+00 M FC 1.60 E+02 uM
Sy FC 0.00 E+00 M FC 7.00 E+03 M
=OHy FF 1.00 E+04 pmolem 2 yr~! NG — —

Columns ‘UBC” and ‘LBC’ denote type of boundary conditions applied at upper boundary and lower boundary, respectively: FC =
fixed concentration, FF = fixed flux, NG = no gradient. All values of concentrations and fluxes were derived from Reimers et al.

(1996).

actual chemical species. The latter approach is more
consistent, since different amounts of protons will be
released upon re-oxidation of HS™ and H,S.

10. Application

As an illustration of the capabilities of MEDIA, a
comprehensive dataset from the Santa Barbara Basin
(SBB) was modelled, containing both porewater and
solid phase depth profiles as reported in Reimers et al.
(1996). For a detailed description of the station
locations, the sampling procedures and the analytical
techniques, the reader is referred to the latter paper. The
aim was to construct a diagenetic model within MEDIA
that adequately identifies and integrates the dominant
biogeochemical processes in the SBB. Only a brief
summary of this modelling exercise is given here. The
interested reader is referred to the MEDIA homepage,”
where this model can be downloaded as a test
application. The environmental parameters and the
parameters used in grid discretization are summarized
in Table 6. The SBB is a modern anoxic basin with

Table 9
Limitation and inhibition constants used in different pathways
of organic matter mineralization

Value Dimensions
Monod constant
Ké)z 2.(%) M
K% 2(%) M
KO 16 (*) pmol g~
KFeooH 20 (*) pmol g ™!
2 *%

K:O4 1600 (**) uM
Inhibition constant
KIOZ 2 uM
KIM“OZ 16 pmol g~}
KJeooH 20 pmol g~ !

N 1600 uM

K;

Data on limitation constants were obtained from (*) Van
Cappellen and Wang (1996) and (**) Boudreau and Westrich
(1984). Inhibition constants were assumed to have same value
as limitation constants.
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Table 10
Equilibrium constants used in simulation
Equilibrium constant Value Units Equilibrium constant Value Units
K, =[OH][H"] 9.93 E-03 (1M} Ko — p'¢’[= NH{ ] 3.90 E+00 —
RN
[HCO; [H'] 9.38 E-01 UM p*¢’[= HyPO; | 5.40 E+00 —
KL=—222— Kewypo; =—F————
[CO] T ¢/[HaPO;]
K2 — [€05 IIH'] 552 E-04 M Koypo. = 2O TEHPO;] 5.40 E+00 —
¢ [HCO;] ! ¢/ [H,PO; ]
[NH;3][H'] 1.17 E-04 uM p*¢'[= HPO? ] 5.40 E+00 —
KN =——— K_pypor- = rFr=- 4]
[NH{] =HPO; ¢/ [HPO? ]
, [HPO} J[H*] 7.65 E-01 uM P p¢'l= POL ] 5.40 E+00 _
=TT b1 B e T T
"7 [H:POy] =Py ¢/[PO] ]
; _ [PO; JH'] 6.04 E—04 uM p [= Mn*] 1.00 E—03 uM!
4 Mt = —————
" [HPOI] =M = HJ[Mn? ]
[HS™]H"] 1.49 E-01 pM [= Fe'] 1.00 E—03 pM !
KS =~ T . KEFC+ Il ——
[H,S] [= H][Fe**]
. _ [BOH), JH"] 1.50 E—03 uM K __[=Mg] 1.00 E—03 pM!
7 T [B(OH);] M = Mg
K, — HSI0s 1A ] 1.85 E-04 uM Kcaco, = [Ca®T][COY] 1.00 E+00 (uM}2
! [H2Si04]
0o _IE OHJJH"] 1.00 E+00 M Knincoy = [Mn?*][CO37] 1.00 E+00 {uM}?
=OoH [= OH]
Kl _ = OHJH"] 1.00 E-03 pM Ko [Fe2H|[HS ] 1.00 E+00 uM
=OH [E O—] FeS = [H_+]
Table 11
Kinetic constants used in simulation
Rate constant Value (uM~'yr ™)
Fluid redox reactions
NH; +20,-NOj + 2H* + H,0 K 1] 0.500 E—03
1 3 S
Fe?* 440, + JH>0 - FeOOH + 2H* ki 0.140 E+00
H,S + 20, S0 + 2H* K" 3] 0.160 E+00
HS™ +20,-S0} + H* K [4] 0.160 E+00
CH4 + 20, - CO, + 2H,0 K" [5] 0.100 E+02
CHy + SO~ + 2H* -CO, + H,S + 2H,0 K [6] 0.100 E—01
Interface redox reactions
4MnO; + H,S + 6H' »4Mn>" + SO}~ + 4H,0 K (1] 0.172 E—03
4MnO, + HS™ + 7TH' »4Mn>* + SO?~ + 4H,0 K 2] 0.245 E—02
8FeOOH + H,S + 14H" —8Fe** + SO;” + 12H,0 k" 3] 0.257 E-02
2FeOOH + HS™ + SH* - 2Fe?t + 8° + 4H,0 K 4] 0.263 E—01
= Fe* +%02 + %H20—> — H* 4+ FeOOH + H* k13 0.192 E+01
FeS + HyS— FeS, + H, k' [6] 0.179 E+02
Precipitation reactions Value (uM yr ")
Mn?* + CO}~ »MnCO; k(1] 0.100 E—03
Ca® 4+ CO} - CaCO; k2] 0.267 E—05

Fe’* + HS™ > FeS + H* kP [3] 0.100 E+00
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Fig. 5. Diagenetic modelling of solute and solid concentration profiles from Santa Barbara Basin. Continuous lines on graphs are
model profiles, points indicate data observations. Solute concentrations expressed in uM (alkalinity, total ammonia, total phosphate,
0,, NO;, SO,4, Mn? ", Fe?*, Ca®"), solid concentrations (organic matter, FeS and FeS,) expressed in umolg~"'. Data from Reimers

et al. (1996).
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Fig. 5 (continued).

varved sediments (Schimmelmann et al., 1990; Reimers
et al., 1990), and consequently, no bioturbation or
biological irrigation was incorporated in the model.
Furthermore, bottom currents in the basin are consid-

ered slow, so wave-induced dispersion was equally
neglected, while advection and molecular diffusion were
considered the dominant transport processes. Organic
matter is modelled as three fractions, with different
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Table 12
Mineralization pathways in Santa Barbara Basin sediment

Pathway Rate (umolem 2yr~ 1) Fraction (%)
Oxic respiration 20.7 14.3
Denitrification 28.1 19.4

MnO, reduction 1.0 0.7
FeOOH reduction 9.4 6.5
Sulphate reduction 82.3 56.8
Methanogenesis 33 2.3

Total 145.0 100

first-order degradation rates and distinct C/N/P ratios,
to account for the decreasing reactivity and preferential
remineralization of C-N-rich compounds with depth
(Table 7). The species set and the associated boundary
conditions are shown in Table 8. The reaction set
includes the kernel reaction set (Tables 2-4), while
fifteen reactions were additionally selected for inclusion
in the extensible reaction set. These secondary diagenetic
reactions model the reoxidation of reduced byproducts
formed in the mineralization of organic matter, the
reduction of manganese and iron (hydr)oxides by
sulphides, the formation of iron sulphide and pyrite,
and the precipitation of manganese and calcium
carbonate (Table 11). Extensible reactions were included
in a step-wise fashion, starting with the cycling of
carbon, nitrogen and phosphorus, and subsequently,
extending the model with new reactions involving
sulphur, iron and manganese cycling. The values of the
equilibrium, Monod/inhibition and other kinetic con-
stants are summarized in Tables 9, 10 and 11,
respectively. Fig. 5 compares the steady-state resulting
output of the model with the data profiles. The steady-
state model profiles of both porewater constituents and
solid-phase constituents closely fit the observations,
indicating that the model explains a substantial part of
the geochemical complexity in the SBB. The model
calculates a total mineralization rate (i.e. the combined
rate of all three fractions integrated over depth) of
145 pmolem 2 yr~!. The rates attributed to the different
mineralization pathways are shown in Table 12.
Denitrification and sulphate reduction constitute the
dominant pathways (19 and 57%, respectively).

11. Conclusion

The aim of the MEDIA project is develop a flexible
and extensible software system that provides problem-
solving assistance for simulating the biogeochemistry of
various types of surface sediments. Here we have
reported on the present state of the software, which
currently focuses on marine diagenesis. As demon-

strated, the present MEDIA software allows user-
tailored models to be built from a set of basic building
blocks and provides an efficient numerical solution for
these models. Future developments will address the
modelling of lacustrine systems (i.e. equipping MEDIA
with an appropriate activity coefficient model) and a
further increase of the flexibility of the reaction set (i.e.
to allow the inclusion of an arbitrary number of user-
defined reversible reactions).
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