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ABSTRACT. This paper presents a multicomponent early diagenetic
model which explicitly accounts for the coupling of the redox cycles of
Fe and Mn to those of oxygen, carbon, sulfur, and nitrogen. Rate
expressions are used to represent the oxidation of organic carbon, the
oxidation of secondary reduced species formed as byproducts of or-
ganic matter oxidation, and the precipitation and dissolution of sulfide
and carbonate minerals. The net rate of organic carbon oxidation is
broken down into the contributions of aerobic respiration, denitrifica-
tion, dissimilatory Mn(IV) reduction, dissimilatory Fe(III) reduction,
sulfate reduction, and methanogenesis. The computational algorithm
is based on a modified Monod kinetics formulation for the organic
matter degradation pathways. The non-specific adsorption of ammonia,
the surface complexation of Fe?* and Mn?* cations, and the homoge-
neous interconversions within the dissolved carbonate-sulfide system
are treated as equilibrium reactions. The transport processes included
are sediment advection, pore water diffusion, and particle mixing and
irrigation by benthic macrofauna. Chemical component concentrations
and pore water alkalinity are described by a set of continuity equations
characterized by nonlinear reaction rate terms. The equations are
solved by finite-difference. The distribution of pore water pH is derived
from the calculated profiles of total dissolved inorganic carbon, total
dissolved sulfide, and .alkalinity. Particulate deposition fluxes and
bottom water composition are imposed as upper boundary conditions.

The model is applied to an extensive set of data collected in a
marine sediment from the Skagerrak (Denmark). Theoretical depth
profiles reproduce the measured pore water concentrations of O,,
NOj3, NHj, Mn?*, and Fe?* plus the solid sediment concentrations of
Fe(III), Mn(IV), sulfide-bound Fe(1I), and non-sulfide Fe(II). The model
also correctly simulates the depth distribution of measured sulfate
reduction rates. According to the computations, approximately two
thirds of the total rate of iron reduction in the sediment are utilized
directly by bacteria to oxidize organic carbon (dissimilatory Fe reduc-
tion). Manganese reduction, on the other hand, is mostly due to chemi-
cal reaction with dissolved Fe?*. Despite the relatively high rates of iron
and manganese reduction, only very small amounts of the Fe(II) and
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Mn(II) produced during early diagenesis are permanently buried in the
deeper sediment. Most of the dissolved and solid-bound Fe(II) and
Mn(II) cations reoxidize in the surface sediment or escape to the water
column. The main oxidation pathways in the sediment are heteroge-
neous oxygenation of surface complexed Fe?* and Mn?* cations. The
model also predicts that intense redox cycling of Fe and Mn should
cause the appearance of a pH minimum at t%le base of the aerobic
surface layer.

INTRODUCTION

The transformations of iron and manganese are key processes in the
biogeochemistry of marine and freshwater sediments. The oxides and
oxyhydroxides (henceforth referred to as (hydr)oxides) of iron and
manganese reductively dissolve upon burial or mixing below the aerobic
surface layer of sediments underlying oxygenated bottom waters. Pore
water Fe(IT) and Mn(II) produced within the anaerobic zone may adsorb
onto sediment particles, (co)precipitate as authigenic sulfide, carbonate,
and phosphate mineral phases, or be transported back toward the
water-sediment interface via pore water diffusion and irrigation. A frac-
tion of the particle-bound Fe(I1I) and Mn(11) may also be returned to the
oxidized surface layer of the sediment through particle mixing induced
by benthic macrofaunal activity. Upon encountering more oxidizing
conditions, the reduced Fe(I1) and Mn(1I) reoxidize and precipitate as
(hydr)oxides.

The coupling of redox transformations and transport processes
gives rise to the cycling of iron and manganese between the aerobic and
anaerobic portions of surface sediments. An iron or manganese cation
deposited at the water-sediment interface may cycle many times through
its oxidized and reduced states before being buried permanently below
the zone of active early diagenesis. Consequently, the electron fluxes
associated with the iron and manganese cycles in a sediment may greatly
exceed the electron acceptor capacities supplied by deposition of Fe and
Mn (hydr)oxides from the oxygenated water column. The redox cycling
of iron and manganese also plays an important role in the early diage-
netic behavior of numerous other elements, including phosphorus and
trace metals (Froelich and others, 1979; Krom and Berner, 1981; Shim-
mield and Pedersen, 1990).

The general outline of the early diagenetic redox cycles of iron and
manganese given above has been known for many years (Lynn and
Bonatti, 1965). Recent work, however, has revealed that the cycles are
much more complex than previously envisioned (Canfield, Thamdrup,
and Hansen, 1993; Aller, 1994). In particular, it is now clearly established
that the reduction and oxidation of iron and manganese in natural
aquatic systems may proceed via a variety of pathways. Microorganisms
can couple the reduction of iron and manganese (hydr)oxides directly to
organic matter oxidation (Lovley, 1987, 1991; Nealson and Myers, 1992;
Burdige, 1993; DiChristina and DeLong, 1993). Dissimiiatory iron and
manganese reduction, however, compete with the chemical reduction of



manganese in surface sediments 199

the (hydr)oxides by a variety of inorganic and organic reductants (Berner,
1970; Postma, 1985; Stone, 1987; Wehrli, Sulzberger, and Stumm, 1989;
Luther and others, 1992; Sunda and Kieber, 1994). Manganese (hydr)ox-
ides, for instance, may be reduced by pore water Fe?* (Postma, 1985;
Myers and Nealson, 1988; Burdige, Dhakar, and Nealson, 1992), while
both iron and manganese (hydr)oxides are reductively dissolved through
reaction with sulfide (Pyzik and Sommer, 1981; Burdige and Nealson,
1986; Canfield and Berner, 1987; Yao and Millero, 1993). Similarly, a
variety of microbial and abiotic oxidation pathways of reduced iron and
manganese species have been documented in natural aquatic environ-
ments (Sung and Morgan, 1980; Davison and Seed, 1983; Emerson and
others, 1982; Sunda and Huntsman, 1990; Luther and others, 1992;
Stumm and Sulzberger, 1992).

Previously published models of early diagenesis have not, to our
knowledge, explored the possibility of multiple pathways of oxidation
and reduction of Fe and Mn in sediments. Existing models of manganese
or iron cycling capture the oxidation or reduction of the metal in a single
rate expression. Furthermore, it has been commonly assumed that the
rate laws describing oxidation and reduction depend only on the concen-
trations of the reduced and oxidized forms of the metal itself or obey a
priori imposed depth distributions (Michard, 1971; Robbins and Callen-
der, 1975; Burdige and Gieskes, 1983; Gratton and others, 1990; Wersin
and others, 1991). With these assumptions, the conservation equations of
the metal species can be solved independently from the distributions of
other chemical elements. However, it also means that the models are
limited in their ability to simulate the coupled, multicomponent chemical
dynamics of early diagenetic systems, In this respect, the models of Aller
(1990) and Rabouille and Gaillard (1991) represent a step forward,
because they link the redox transformations of manganese to those of
organic carbon and oxygen.

In this paper, we extend the earlier theoretical work by developing a
transport-reaction model that explicitly accounts for the coupling of the
redox cycles of iron, manganese, oxygen, carbon, sulfur, and nitrogen.
The model solves simultaneously the continuity equations representing
mass conservation of all the independent reactive chemical species in-
volved in controlling the spatial and temporal distributions of iron and
manganese (table 1). Each individual reaction pathway that produces or
consumes reactive species is included in the appropriate conservation
equations, either as a rate expression or, for very fast reactions, as an
equilibrium constraint. The equations of the independent species must
be solved together, because they are coupled through the reaction rate
terms. The result is an early diagenetic model in which the downward
succession of reaction zones comes about naturally as the result of the
production, consumption, and transport of all reactive species. There is
no longer a need to assign beforehand the depth distribution of chemical
conditions in the sediment in order to predict the. distributions of iron
and manganese.
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TABLE 1

Dissolved, interfacial and solid species included in the model. = S — HY
corresponds to a hydrated surface site. The chemical formula used to represent
sedimentary organic matler assumes an average oxidation state of zero for
orgawic carbon

Dissolved species Qs
NOy
Mn2+
FCQ*
SO
NHJ
CH4
COy(aq). HCO; . CO5~
HoS. HS~
H+
Interfacial species =S—H!
=S — Mn*
=S — Fe*
. NH; (ads)
Solid species (CH10), (NHy),(H3POy),
. MnOs
Fe(OH);
Ca1 Xy Man“(;Og
Ca| Xy FCA FeC()3
FeS

REACTIVE SPECIES

The first step in constructing the early diagenetic model for iron and
manganese is the choice of the reactive chemical species (table 1). The
species include the various dissolved, interfacial, and solid forms of the
metals themselves, as well as other pore water and particulate constitu-
ents that affect the rates and loci of production and consumption of Fe
and Mn species in the sediment.

In contrast to earlier models, adsorbed iron and manganese cations
are included as separate species in our model. Interfacial Fe(Il) and
Mn(I1) are critical reaction intermediates in the oxidative transforma-
tions of the metals (Morgan, Sung, and Stone, 1985). Furthermore,
adsorbed Fe(I1) and Mn(II) may represent significant fractions of solid-
bound metals in surface sediments (Murray, Balistrieri, and Paul, 1984;
Canfield, Thamdrup, and Hansen, 1993; this work).

The solid phases Fe(OH); and MnQOs; are used as idealized represen-
tations of the reactive, bioavailable fractions of oxidized iron and manga-
nese (hydrjoxides. [ron monosulfide, FeS, is the initial Fe(ll) sulfide
precipitate forming in anoxic sediments as the result of sulfate reduction
(Berner, 1984). The kinetically-favored FeS is used in the model because
it controls pore water iron concentrations in sulfide-producing sedi-
ments, rather than the thermodynamically more stable pyrite (Boudreau
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and Canfield, 1988). Carbonate alkalinity production during anaerobic
respiration may lead to the precipitation of carbonate minerals. In
freshwater sediments, relatively pure FeCO; and MnCOs may form
(Emerson, 1976; Wersin and others, 1991). In marine depositional
environments, however, the formation of solid solutions with CaCQ; is
more likely, especially for Mn(Il1) (Pedersen and Price, 1982; Mucdi,
1988; Jakobsen and Postma, 1989; Gaillard, Pauwels, and Michard,
1989).

With the exception of particulate organic matter and adsorbed
ammonia, the remaining species in table | are solutes. They correspond
to the principal redox and acid-base species found in natural pore waters.
Typically, the vertical profiles of these species are used to define the
distribution of geochemical zones in sediments (Froelich and others,
1979). ‘

The set of reactive species in table 1 offers a simplified description of
the composition of sediments and pore waters. Nonetheless, it does
provide the model with the essential actors needed to simulate at a fairly
realistic level the chemical complexity of early diagenetic systems. Further-
more, it is important to note that the modeling approach adopted here is
completely general and that, in theory, there 1s no limit to the number of
species and reactions that can be included.

REACTIONS

Most biogeochemical transformations affecting iron and manganese
in surface sediments are driven, directly or indirectly, by the decomposi-
tion of organic matter. The supply of organic detritus from the water
column is the ultimate source of energy for the microbial and macrofau-
nal populations that inhabit a surface sediment. (Note: for sediments
situated within the photic zone, organic matter supply may also originate
from benthic primary production.) This external supply of metabolic
energy maintains the overall state of thermodynamic disequilibrium of
the surface sediment which is expressed, among other things, by the
persistence of vertical gradients in chemical and biological properties.

The decomposition of organic matter is the result of many enzymatic
reactions involving a variety of organisms and a variety of intermediate
compounds. However, the net effect of organic matter decomposition on
pore water and solid sediment composition can be represented by overall
reactions (Van Cappellen, Gaillard, and Rabouille, 1993). The idealized
net decomposition reactions included in the model are listed in table 2.
They include oxic respiration (eq 1), denitrification (eq 2), manganese
(hydr)oxide reduction (eq 3), iron (hydr)oxide reduction (eq 4), sulfate
reduction (eq 5), and methanogenesis (eq 6). The reactions are listed
roughly in the sequence in which they occur with increasing depth in a
sediment. The sequence reflects the order of decreasing energy yield of
the oxidation reactions (Berner, 1980).

Reactions (1) to (6) are termed the primary-redox reactions with
organic carbon acting as the reductant. The oxidation of organic matter
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TABLE 2

Biogeochemical reactions included in the model

Primary redox reactions:
Ri/x

(CHy0), (NH3), (HsPOY), + (x + 2))Oy + (y + 20HCO; 25 (x + y + 22)CO,
+3yNOy + zHPO?™ + (x + 2y + 22)H,0O )

. 4x + 3y omen [+ Ay
(CH20),(NHy), (H3POy), + 5 NOg — 5 Ny

x =3y + 10x 4x + 3y — 102 _ o
+ CO, + HCO; + zHPO?
5 5 3 4
3x + 6y + 10z
|10 @)
(CH0),(NHj), (H5PO,), + 2xMnO; + (3x + y — 22)CO,
+(x + 5 — 2)Hy0 L5 9xMn2* + (4x + y — 2)HCO;
+ yNH] + zHPO?~ (3)
(CH0),(NH3), (H3PO,), + ixFe(OH)g + (7x +y — 22)COq L5 gyFe?t
+ (8x +y — 22)HCO; + yNH; + zHP}Off + (3x —y + 22)Hy,O (4)
X
(CHYO)(NHy), (H5PO), + 5 SO + (3 — 2)C0,
e X 9
+ (y — 20H0 =25 3 HeS + (x +y — 29HCO; +yNH] + zHPO] 5)
1 . X
(CHy0),(NHy), (HyPO), + (y — 22)H,0 =5 3 CHy
x — 2y + 4z} . _ . o
+|=—5—JCO: + (y - 29HCO; +)NH] + zHPO] (6)
Secondary redox reactions:
1 s R
=S - Mn" +50; + HCOy —> =5 — H® + MnO;, + CO, (7)
gr 1 _ 1 Ry
Fe**+ 2 0y + 2HCO; + gH20 = Fe(OH); + 2CO; (8)
= v 1 -3 Ry 0
=S = Fe* + 70, + HCOy + 5 HyO == =5 — H’ + Fe(OH); + CO; )
2Fe?* + MnOy + 2HCO; + 2H,0 % 9Fe(OH); + Mn2* + 2CO, (10)
NH; + 20, + 2HCO; 25 NO; + 2C0, + 3H,0 (1)
HyS + 20, + 2HCO; —% SO~ + 2CO, + 2H,0 (12)
H,S + 2C0, + MnOy = Mn?* + $° + 2HCO; (13)

Riq

HyS + 4CO, + 2Fe(OH); —> 2Fe?* + S + 4HCO; + 2H,O (14)
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TABLE 2
(continued)
FeS + 20, — Fe?* + SO~ (15)
CH, + 20, 2% CO, + 2H,0 (16)
CH, + CO, + SO!™ 25 2HCO; + H,$ (7
Adsorption reactions:
NH; o NH; (ads) (18)
B K;ﬂn
=8 — H? + Mn?* + HCO; —= =S — Mn* + CO, + H,O (19)
=S — HY + Fe2* + HCO; —= = S — Fe* + COy + Hy0 20,

Precipitation and dissolution reactions (non-redox):

Ry Ron

M2t + (1 = xy,)Ca’™ + 2HCO;

Ca] : Man" COQ;

“XMn
+ €Oy + H,O @0

R Royp
xpcFe?t + (1 — xp)Ca®" + QHCO; —== Ca,_, - Fe,, CO4

+ COy + HyO 22)

Ronfeop

Fe?* + 2HCO; + H,yS

FeS + 2C0Oy + 2H,O (23)

Alkalinity conservation:
COE™ + 3C0, + (1 — )H,yS + 3HO = (1 + §HCO; + (1 ~ BHS™
0<d<1 (24)

produces the reduced pore water species Mn?*, Fe?*, NH;, HsS, and
CH,, which may participate in secondary redox reactions, adsorb onto
sediment particles, or (co)precipitate from solution (eqs 7-23). Many of
the secondary redox reactions listed in table 2 may be catalyzed by
microorganisms (Chapelle, 1993).

The model considers only the heterogeneous oxygenation of manga-
nese(11) (eq 7) because of the exceedingly slow kinetics of the homoge-
neous reaction of Mn?* with oxygen (Diem and Stumm, 1984). For iron,
however, both homogeneous (eq 8) and heterogeneous (eq 9) oxygen-
ation may proceed at measurable rates in natural aquatic environments
(Davison and Seed, 1983%; Wehrli, 1990). In addition, Fe?* may be
oxidized through reaction with manganese (hydrjoxides (eq 10) (Postma,
1985; De Vitre and others, 1988; Myers and Nealson, 1988; Burdige,
Dhakar, and Nealson, 1992).
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Net nitrification is represented by reaction (11) (Billen, 1982), pore
water sulfide oxidation by reactions (12), (13), and (14) (Millero and
others, 1987; Yao and Millero, 1993; Canfield, Raiswell, and Bottrel,
1992), and methane oxidation by reactions (16) and (17) (Berner, 1980;
Devol and others, 1984; Iversen and Jorgensen, 1985), Note that pore
water sulfide directly competes with organic carbon as reductant for the
dissolution of iron and manganese (hydr)oxides in reactions (13) and
(14). Reaction (15) accounts for the oxidative dissolution of authigenic
iron sulfide mineral brought up into the aerobic zone via sediment
mixing.

Ammonia adsorption (eq 18) is treated as a reversible, non-specific
cation exchange reaction {(Grim, 1968). The adsorption reactions of the
metal cations Fe?* and Mn?* (eqs 19 and 20) are written as complexation
reactions with hydrated surface sites (Davis and Kent, 1990; Dzombak
and Morel, 1990). Adsorption sites for Fe?* and Mn?* in natural sedi-
ments are predominantly located on the surfaces of Fe/Mn (hydr)oxides
and organic or biological particulates (Balistrieri, Brewer, and Murray,
1981; Lion, Altmann, and Leckie, 1982; Murray, Balistrieri, and Paul,
1984; Johnson, 1986; Sigg, 1987.; Canhield, Thamdrup, and Hansen,
1993).

The profiles of dissolved Fe?* and Mn2* are often found to decrease
with depth in the anaerobic portions of sediments. It is usually assumed
that this reflects the precipitation of authigenic carbonate and sulfide
mineral phases (eqs 21, 22, and 23). The model allows for both the
precipitation and dissolution of the authigenic minerals. The coupling of
the non-oxidative dissolution of iren sulfide (eq 23) to dissolved sulfide
oxidation by manganese or iron (hydr)oxides (eqs 13 and 14) provides
pathways for the oxidation of FeS in the absence of molecular oxygen.
Aller and Rude (1988) have demonstrated experimentally that Mn oxides
and possibly also Fe (hydr)oxides can oxidize solid phase sulfide in anoxic
marine sediments (see also Canfield, Thamdrup, and Hansen, 1993).

The principal weak acids in natural pore waters are carbonic acid
and, when sulfate reduction is important, hydrogen sulfide. In the
model, we assume that the pore water pH is determined by the extent of
dissociation of these two acids. Buffering is included in the model by
writing reactions (1) to (23) in such a manner that any production or
consumption of protons is balanced by rapid bicarbonate-carbonic acid
interconversion. Consequently, the reaction stoichiometries describe the
net production of pore water alkalinity by reactions (1) to (23). Local pH
balance and alkalinity conservation 1s modeled by assuming internal
cquilibrium among the dissolved carbonate and sulfide species (reaction
24).

RATE LAWS AND EQUILIBRIUM CONDITIONS

Primary redox reactions.—Most kinetic descriptions of organic matter

degradation used in early diagenetic models derive from the simple
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first-order kinetic model (G-model) originally introduced by Berner
(1964):

_ d[CH,0)

[l dt = k(l [CHQO:Im (25)

where R corresponds to the net rate of organic carbon oxidation, k. is a
first-order rate coefhcient, [CH,0] is the concentration of organic car-
bon, and the subscript m refers to the metabolizable fraction of the
organic carbon.

In the simplest possible approach, the rate coefficient k. in eq (25) is
assigned a single value, representative of the average reactivity of the
sedimentary organic carbon over the depth range of interest (one-G
model). More sophisticated G-type models which take into account the
variability of organic matter reactivity with advancing degradation (for a
recent review, see, Van Cappellen, Gaillard, and Rabouille, 1993) have
been presented.

Several options for the total rate of organic carbon oxidation are
available in the computer code we have developed. In one option, the
user provides values for the deposition flux and rate coefficient of
metabolizable organic carbon. The program then calculates the distribu-
tions of the carbon oxidation rate and the concentration of metabolizable
organic carbon, using eq (25). In another option, the depth distribution
of the total rate of organic carbon oxidation is imposed a priori. 1t is the
latter option that is used in the simulations presented below. All options
share one important feature: the total rate of organic carbon degradation
is determined independently from the concentrations of species other
than organic carbon. This is a characteristic inherent of the G-models for
organic matter degradation (eq 25).

In the present model, the total rate of organic carbon oxidation is
broken down into the contributions of the individual metabolic pathways
represented by reactions (1) to (6). To this end, the model calculates the
fractions f; defined by

R
'ﬁ_RC i=1,...,6 (26)

where R; is the rate of carbon oxidation by the i-th pathway. Obviously,
the rates R; satisfy the following condition:

6
Re= 2R, (@7
i=1

To calculate fraction f;, the model first determines whether the
corresponding pathway is repressed by more energetic pathways. If not,
the model checks whether the rate of the i-th pathway is limited or not by
the availability of the external electron acceptor (note: this applies only to
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the respiratory pathways, i = 1 to 5). The decision algorithm is based on a
modified Monod formulation (Boudreau and Westrich, 1984; Gaillard
and Rabouille, 1992) and assumes that for each of the five respiratory
pathways there exists a critical or limiting concentration of the external
oxidant. When the concentratiorr of the oxidant exceeds the limiting
value, the rate of the metabolic pathway is assumed to be independent of
the concentration of the oxidant. In addition, the oxidation of organic
carbon by energetically less powerful electron acceptors is inhibited.
When the external oxidant concentration decreases below the limiting
value, the rate is calculated by:

[£A]

i Rm;\x m fOl' [EA] < [EAJIim (28)

where [EA] is the concentration of the external oxidant, [EA ], 1s the
limiting concentration, and R,, ., is the rate of oxidation when the supply
of oxidant is not limiting ([EA] = [EAljm)-

The modified Monod kinetic formulation insures that with the
exhaustion of the electron acceptor the corresponding organic carbon
oxidation pathway comes to a halt. Furthermore, when [EA] < [EA iy,
the benthic heterotrophs begin utilizing oxidants with a lower intrinsic
free energy yield. Use of the linear formulation of eq (28) increases
computational efficiency and yields metabolic rate distributions that, for
all practical purposes, are identical to those calculated with the full
Monod law.

According to the cor‘nputationaI procedure, methanogenesis (eq 6) is
inhibited until the pore water sulfate concentration drops below its
limiting value. When this happens, the contribution of methanogens to
the overall degradation of organic carbon is calculated from:

fa=1—§f, (29)

In the model, the effects of oxidant limitation, metabolic inhibitors,
and competition are all incorporated into the limiting oxidant concentra-
tions, [EA]im. Kinetic formulations for the inhibition of metabolic path-
ways and mechanisms for the competition between microbial populations
have been presented in the literature (for a review, see, Van Cappellen,
Gaillard, and Rabouille, 1993). Nonetheless, the implementation of oxi-
dant limitation, inhibition, and competition as separate processes in the
model would require a substantial number of additional parameters,
most of which are pqorly constrained. The use of a single [EAJ;. value
per respiratory pathway offers the simplest way to deal with the complex
physiological and ecological interactions that control the distribution of
oxidant utilization in a sediment. It should be understood, however, that
the [EA];,, values represent apparent limiting concentrations, which may
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deviate from true oxidant limiting concentrations, as measured for
example in controlled microcosm experiments.

The calculation scheme developed for representing organic carbon
breakdown and dissimilatory oxidant utilization results in smooth transi-
tions between redox zones in the sediment column. The values of the
limiting concentrations, [£A ], control the extent of vertical overlap
between the successive organic matter degradation pathways. The calcu-
lations require values for the limiting concentrations of the successive
external electron acceptors, Oy, NO;, Mn(1V), Fe(I111), and SO3~. Order-
of-magnitude estimates of the apparent limiting concentrations of the
dissolved oxidants in natural aquatic environments are available (Van
Cappellen, Gaillard, and Rabouille, 1993; table 6). To our knowledge, no
limiting concentrations have been reported for iron and manganese
(hydr)oxide utilization. As shown later in this paper, modeling of the
early diagenetic distributions of iron and manganese provides a way to
constrain the limiting concentrations of Mn(IV) and Fe(I1I).

Secondary redox reactions.—In inorganic studies of redox reactions,
rates are shown to correlate positively with the concentrations of both the
oxidant and reductant participating in the reaction. As mentioned ear-
lier, many of the secondary redox reactions in table 2 may in fact be
microbially mediated. Although microbial involvement adds a new level
of complexity, one may still expect the reaction kinetics to be limited by
the availability of the terminal electron donor and the terminal electron
acceptor. For example, Tebo and Emerson (1985) have shown that, at
low reactant concentrations, the rate of microbial oxidation of manga-
nese correlates positively with the concentrations of both Mn(I1) and
oxygen. -

The available kinetic information on chemical and microbial redox
processes imposes two fundamental requirements on the sediment rate
model. First, the model should restrict the occurrence of a secondary
redox reaction to that portion of the sediment where both the oxidant
and the reductant have non-zero concentrations. Second, the rate laws
should depend on the concentrations of the oxidant and the reductant.
The most straightforward way to meet those requirements is to use
bimolecular reaction rate laws for the secondary redox reactions (table 3,
eqs 31-41).

For a number of abiotic redox reactions, experimental evidence
directly supports the bimolecular rate laws used in the model. The rates
of abiotic oxygenation of iron and manganese (egs 7, 8, and 9), for
example, have been shown to be proportional to the concentrations of
oxygen and surface-bound or dissolved metal cations (Stumm and Lee,
1961; Morgan, Sung, and Stone, 1985; Wehrli, 1990; Stumm, 1992).
Similarly, the inorganic oxidation kinetics of sulfide by oxygen and MnQ,
follow bimolecular rate laws (Millero and others, 1987; Yao and Millero,
1993). In those instances where detailed experimental information is
unavailable, the bimolecular rate law represents the simplest, yet kineti-
cally consistent, way to deal with the inorganic kinetics of redox reactions.
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'TABLE 3

Rate laws used in the model. The rate constants are assigned the following units:

ke koo, kg kogy, kogo, koyy:  year™!
k710 k7, kio, koot M~ year~!
kay, koo, kos: mol g~! year™!

R =fkc[CHOL, i=1,...,6 (30)
Ry =k[= S5 — Mn*][Oy] (31
Ry = hy[Fe?* [O] (32)
Ry = ko|= S — Fe*][O¢] (33)
Rio = k1o[MnOy J[Fe?* ] (34)
Ry = kin[NH;)[Oq] (35)
Ryg = k19TS[0y] (36)
Ry = k3 TS[MnOs] TS = [HsS] + [HS ) (87)
Ry = k14 TS[Fe(OH)s) (38)
Ry = ky5[FeS][Os) (39
Ris = kis[CH4][O2] (40)
Ri7 = kis[CH4][SO5 "] . ) (1)
Ro1 = kgy 891{Qyy, — 1) (42)
R_g1 = k_918_9[MnCO3](1 — Q) ‘ (43)
Roy = kgoduo(Qpe — 1) V (44)
Rogy = ko998 FeCOs (1 — Qi) (45)
z. = kz. B03(Qpes — 1) (46)
= k_p38 s FeS|(1 — Qpes) “47)

0y, =M n*COS] Q> LB = L8y =0

" *vn Koy Oy = 1: 89y = 0,85, = 1

q, = FZHCOT]  0p> 1 8y = 1,85, =0

ke anh(,()‘ Qp. € 18 899 =0,8 0o =1

Q [Fe’*][HS"] Qres > 1t Doy = 1,093 =0

K T T H K s Qpes < 1: 833 = 0,893 = 1

[ ] = concentration; { } = activity; K* = conditional equilibrium constant.

In the case of microbially mediated secondary redox reactions, the
use of bimolecular rate laws can be justified on theoretical grounds. The
Monod law (or the Michaelis-Menten expression for enzymatically cata-
lyzed kinetics) has been found to describe the dependence of microbial
processes on limiting reactants in a wide variety of laboratory studies
(Stanier, Adelberg, and Ingraham, 1980). When two limiting reactants
are involved, the Monod rate law approaches a bimolecular rate expres-
sion when both reactants are present at low concentrations (Berner,
1980, p. 85). In natural aquatic environments, microbially catalyzed
secondary redox reactions often operate in this limit case. The combina-
tion of relatively rapid kinetics and finite transport rates of the reactants
results in fairly narrow reaction fronts where only low levels of the
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reductant and oxidant can coexist. Under these conditions, the approxi-
mation of the bimolecular rate law should hold.

Adsorption reactions.—In the model, we assume that adsorption and
desorption of ammonia, Fe?*, and Mn?* are fast relative to the character-
istic transport time scales in sediments. Hence, equilibrium constants are
used to describe the partitioning of the species between the pore solution
and the surface sites.

Adsorption of ammonia is assumed to obey a simple linear equilib-
rium isotherm with a constant adsorption coefficient (Berner, 1980;
Mackin and Aller, 1984). The relationship between the concentrations of
adsorbed ammonia (in units of mass per unit mass total solids) and
dissolved ammonia (in units of mass per unit volume pore solution) is

given by:

dKn
p(l — &)

where Ky is the dimensionless adsorption coeflicient, ¢ the porosity, and
p the average solid density. A constant value of Ky implies that the
concentration and nature of the adsorption sites for ammonia do not vary
greatly within the sediment. This will be the case when ammonia adsorp-
tion is mostly restricted to the exchangeable positions in a detrital clay
fraction of fairly constant composition and concentration (Grim, 1968).

Adsorption of iron and manganese is more complicated because the
concentrations of the major adsorbents of Fe?* and Mn?* may vary
widely in a sediment. This is true particularly for the (hydr)oxides of Fe
and Mn which tend to be concentrated in the top sediment. Canfield,
Thamdrup, and Hansen (1993) have shown that the adsorption capacity
for Mn?* in a marine sediment off the coast of Denmark decreases by
over an order of magnitude between the oxidized surface layer and the
deeper anoxic sediment. The decrease in adsorption capacity at this site
correlates with the decrease in the manganese (hydr)oxide content of the
sediment.

Recognizing the importance of Fe/Mn (hydr)oxides as metal cation
adsorbents, the total number of surface donor groups that can potentially
form coordination complexes with Fe?* and Mn?* is expressed as

Sp=38+ Sl-‘e(()H)3 + SMn().z (49)

[NHJ (ads)] = [NHJ] (48)

where §r is the total concentration of surface sites, while Sgcon), and
SMn02 are the concentrations of surface groups associated with reactive
iron and manganese (hydr)oxides, respectively. For simplicity, the con-
centration of surface sites on mineral and organic substrates other than
reactive iron and manganese (hydr)oxides (Sp) is kept constant. The
surface site concentrations Sfe((,H and Sypme, can be derived from the
concentrations of the reactive iron *and manganese (hydr)oxides and the
surface site densities of the solids. According to Balistrieri and Murrdy
(1982) the number of surface hydroxyl groups is approx 11 mmoles g~
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on amorphous iron hydroxide and 27 mmoles g~! on poorly crystalline
Mno‘z.

The concentrations of adsorbed Fe?* and Mn?* are calculated using
the following equilibrium expressions:

[=S - Fe*] = K} [Fe**]S, (50)
and
[= S = Mn*] = K}, [Mn**]S, G

where K} and K3y, are apparent stability constants of the surface com-
plexes and §; is the concentration of unoccupied (free) surface sites. In
the case of a single adsorbent, the apparent or conditional stability
constants depend on pH, ionic strength, and the net surface charge
(Schindler and Stumm, 1987; Davis and Kent, 1990; Stumm, 1992; Van
Cappellen and others, 1993). In a natural sediment, the apparent con-
stants also reflect the relative abundances and binding afhnities of the
various particulate surfaces. In practice, it is fairly difficult to predict
theoretical values for K}, and K}, in natural systems (Sigg, 1987).
Therefore, we treat the appareﬁt surface complexation constants as
adjustable parameters in the model.

In order to apply eqs (50) and (51), the number of unoccupied or
free surface sites must be known. The latter is obtained from the site
balance condition:

S;=8,—[=S~Fefl-[=S-Mn*]- 2 [=S—-X] (59

where =S — X represents surface sites complexed by ions other than
protons, Fe**, or Mn?*. In a system where the major ion composition of
the solution does not change it is convenient to rewrite eq (52) as,

g 1
T 4y,

(Sy — [= S — Fe*] = [= S — Mn*]) (53)

where «, is related to the relative abundance of = § — X sites. If we
assume that surface hydroxyls on (hydrjoxide minerals are representa-
tive of surface sites in natural sediments, then we can use (hydrjoxide
surface speciation calculations to constrain the range of values of v,.
Balistrieri and Murray (1982) have calculated that in seawater (pH = 8)
10 to 15 percent of the available adsorption sites on goethite and hydrous
manganese dioxide are complexed by ions other than H*, mostly Mg?2*.
Thus, in marine sediments the values of v, should fall in the range 0.11 to
0.18. Lower values of vy, are expected in freshwater sediments.

Non-redox precipitation and dissolution.—Mineral precipitation or disso-
lution is driven by the degree of saturation of the pore waters with respect
to the mineral phase. The dependence on saturation state is included
explicitly in the rate laws of precipitation and dissolution of authigenic
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iron and manganese minerals (eqs 42-47). The apparent rate constants
appearing in the rate laws incorporate the catalyzing or inhibiting actions
of solution constituents. They also include the effect of the amount of
reactive mineral surface area. The latter is probably one of the most
difficult parameters to constrain in natural aquatic systems (Steefel and
Van Cappellen, 1990).

In the model, the rate laws describing the precipitation of authigenic
carbonate and sulfide phases are independent of the concentrations of
the respective mineral phases (see eqs 42, 44, and 46). Strictly speaking,
this cannot be true because the availability of reactive surface area varies
with the concentration of a solid. It does, however, lead to a rate law
where the precipitation of a mineral is never limited by its own surface
area. The kinetic formulation, therefore, incorporates the possibility of
nucleating a mineral in a sediment layer that initially does not contain
that mineral. This is, obviously, a requirement for the formation of
authigenic minerals. The rates of dissolution of the authigenic minerals
are assumed to be proportional to the concentrations of the correspond-
ing solid phases (eqs 43, 45, and 47). Accordingly, dissolution stops when
there is no more mineral left.

Alkalinity conservation.—The model assumes that pore water pH is
buffered by the dissolved carbonate and sulfide species. It is, therefore,
useful to cast the acid-base chemistry of the pore waters in terms of the
following conservative parameters:

TC = [CO;] + [HCO;] + [CO%) (54)
TS = [HyS] + [HS] (55)

ALK = [HCO;] + 2[CO%™] + [HS™] (56)
ALK, = [HCO;] + 2[COZ7] (57)

where TC stands for total dissolved CO, (CO¥ is the sum of hydrated and
unhydrated dissolved carbonic acid), 7S for total dissolved sulfide, ALK
for total alkalinity, and ALK, for carbonate alkalinity.

The principal approximation made in the pore water acid-base
model is the simplified representation of the total alkalinity (eq 56), which
neglects the contributions of minor inorganic bases (B(OH);, NH,
HPO?~, H;3Si0;) and dissolved organic anions (Gaillard, Pauwels, and
Michard, 1989; Cantrell, Serkiz, and Perdue, 1990). Under certain
circumstances, these contributions could conceivably be significant, for
example in highly organic-rich sediments. It should be noted that the
inclusion of additional pore water buffering components in future ver-
sions of the model will be possible without modification of the general
computational approach. -
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The relative distribution of species in the dissolved carbonate-sulfide
system is controlled by the following mixed acid dissociation constants:

. (H*)[HCO; ]
K]C - . [Cofzk] > (58)
, _ [H*}[COf)
Ky = [HCO,| (59)
and
. [HY)HS )
15 — [HQS] (60)

where [H*} is the proton activity (table 4). The conditional acidity
constants are corrected for temperature and salinity in the model (Van
Cappellen and Wang, 1995).

As discussed below, the model solves the conservation equations of
total dissolved CO,, totakdissolved sulfide, and total alkalinity. The three
conservation equations are coupled to the assumption of internal equilib-
rium in the dissolved carbonate-sulfide system. This is equivalent to
assuming that the homogeneous acid-base reactions are fast with respect
to the characteristic transport time scales. Through iteration it is then

TABLE 4

Equilibrium distribution toefficients appearing in the continuity equations of
total dissolved carbon dioxide (TC), total dissolved sulfide (TS), and total

alkalinity (ALK)
_[coi] _ Kic N KicKac\™!
Qo = TC - + {H*} LH+]2 (61)
_[HCO;]  ([H} * K\
Qe = TC - K]'(; + 1+ {H*} (62)
_[(:Og—J_ [H+]‘Z [H+] -1
%20 = TG T K oK * Ky 1 o
_ [HQS} _ K;S !
Qps 78 1 [H+l o
HS" ] (H )
ey = Y = (1 + Kiy ) (65)
_[HCO4] ac IC 66
Pie =4Ik ™ loue + 2000)TC + s 7S o
_lcosT] ay TC
Poc = ALK ™ (o + 2090)TC + ay57S o
HS™ 7S
[HS ] _ ag (68)

Bis = UIK = [re ¥ 2000)TC F aps TS
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possible to calculate the distributions of TC, TS, ALK, ALK,, and pH.
Local acid-base equilibrium leads to the following relationship for pore
water pH:

-((TC - ALK,) +

K: . 1/2
(TC - ALK,)? — 4ALK, —° (ALK, - 2TC)} ) (69)
1¢

‘TRANSPORT FLUXES
The transport processes included in the model are sediment advec-
tion, particle mixing by macrofauna (bioturbation), molecular pore water
diffusion, and pore water irrigation. The fluxes are described using
standard expressions that have been presented in the literature.
Sediment reworking by macrobenthos is modeled as a random
mixing process quantified by a biodiffusion coefficient, D, (Berner,
1980). Particle mixing affects the transport of solid, interfacial and
dissolved species. The diffusional coefficients appearing in the conserva-
tion equations are:

D=D,, + D, for a solute
D=D,,. for a solid or interfacial species (70)

where D,,, is the molecular diffusion coefficient corrected for tempera-
ture, sediment tortuosity, and pore water viscosity. Numerical values of
relevant molecular diffusion coefficients have been tabulated by Li and
Gregory (1974), Berner (1980), Tromp, Van Cappellen, and Key (1995),
and Van Cappellen and Wang (1995).

A number of different models have been presented to describe the
enhancement of solute exchanges by irrigation. Here, we use a simple
non-local model:

Sx) = a.(Cy = Cy) (71)

where C and C, are the concentrations of the solute in the overlying
water and at depth x below the water-sediment interface, ¢, is the solute
exchange coeflicient at depth x, and $(x) is the irrigation source strength
in units of solute concentration per unit time (Emerson, Jahnke, and
Heggie, 1984; Boudreau, 1984).

In the model, both the biodiffusion coefficient, D,,,, and the irriga-
tion coefficient, o, are allowed to vary with depth in the sediment.
Usually, bioturbation and irrigation are most intense in the upper few
centimeters of the sediment, although they often persist to depths of 20 to
30 cm or more (Martin and Sayles, 1987; McNichol, Lee, and Druffel,
1988; Gerino and Stora, 1991).
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CONSERVATION EQUATIONS
With the exception of the carbonate species, sulfide species, and
protons, all solutes in table 1 are represented by the following transport-
reaction equation:

8,C = 3.(D0,C) — 8,(C) + & (Cy = C) + R (72)

where C is the concentration of the solute (mass per unit volume pore
water), D is the diffusional coefficient {eq 70), o, is the irrigation coefh-
cient, C, is the bottom water concentration, R is the net rate of production
of the solute, and @, and 3, are the partial derivatives with respect to time
and depth, respectively.

Inclusion of equilibrium adsorption modifies the conservation equa-
tions of dissolved ammonia, dissolved Mn?* and dissolved Fe?* to:

a,[(1 + K)C] = 3.(D,,9.[(1 + K)C]) + 0,(D,40,C)
—a(o[(1 + K)CD) + o (Cy —C)+ R’ + FR] (73)
where R’ and R, are the net ratés of production of the dissolved and

adsorbed species by all non-equilibrium reactions. The conversion factor
Fis defined as

e~ &)
e

(Berner, 1980). For ammonia, the adsorption coefficient K appearing in
eq (73) is simply the non-dimensionless adsorption constant Ky defined
in eq (48). For Mn?* and Fe?*, the coefhcient K is given by

K(Mn,Fc) = FK;;kl),l:eSf (75)

F (74)

The concentration of free surface sites S, is obtained by combining the
calculated concentrations of adsorbed Fe(11) and Mn(11) with the surface
site balance (eq 53). The distributions of the interfacial species are
calculated directly from the pore water concentrations of ammonia, Mn?*
and Fe?*, using eqs (48), (50), and (51).

The conservation equations describing the concentration distribu-
tions of the solid species are:

3,C = 8.(D,,0.C) — 8,(wC) + R (76)

mix

where C is now the particulate concentration (in units of mass per unit
mass dry sediment. For simplicity, the conservation equations derived
above assume constant values of porosity, ¢, and average solid density, p.
These restrictions, however, can easily be relaxed in the numerical
model.

In general, the net rate R (or R') appearing in the continuity
equation of a given species depends on the concentrations of other
species, thus coupling the species distributions to one another. The
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exception is organic carbon whose rate term depends only on the
concentration of organic carbon itself. The expressions for the net rates R
or R’ can be found in table 5.

TABLE. 5

Rate expressions in the transport-reaction equations. F is the conversion facior
defined by eq (74) in the text

x + 2)' R7 ‘Rg Ra .
R()2=F— o R]—?—T—QRL-, - T+2R||+2H|2+2R"; (77)
¥ 4x + 3y
RN(); = F;Rl - B Rg + I{E] (78)
Rypee = FRR3 + Rig + Ris — xvn Ry + 2mnR_0)) (79)
Ricr = F(4Ry — Ry + 2R,y + Rys — xpeRos + xR _g0) — Ry (80)
Ry
Rs<>‘f"=F“—2“+R1:) + Ry — Ry (81)
Ry = FX(Ry + Ry + Ry + Ry) = Ry, (82)
F
Rew, = §R6 — Ry — Ryr (83)
Rigynr = —R; (84)
Rig e+ = —Ry (85)
Rinran =0 (86)
Reyo = =(Ry + Ry + Ry + Ry + Ry + Ry) (87)
Ryino, = =2R3 + Ry — Ryg = Ry (88)
Ry
Reeomy, = —4R4 + F + Ro+ 2Ry — 2Ry, (89)
Ryncoy = (o) — Rogy) (90)
Ryeco, = xpe(Roy — Rogg) | 9N
Ries = —Rys + Rog — R_gy 92)
Ry
R/'(;=FR|+R2+R3+R4+H;,+—2‘—R2|+R,2]—R22+R,22 + Ry + Ry (93)
R;
Rr\=F”‘2——RI:4—R|4—R23+R723 — R+ Ry (94)
y+ 2z dx + 8y — 10z 4x +y — 2z Bx +y — 2z
RAI_K = f| - x R] + B RQ + X R3 + x 4
x+y=—2z y—2z
+ Rs + R — Ry — Ry — 2Ry + 2R3 + 4Ry — Ryy — Ry

X ' X

— 2Ry + 2R-2] - 2R22 + 21{22 — 2R23 + 2R723) - 233 - 2R - 2R|g + 2R17 (95)
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A set of transport-reaction equations is also required to account for
the early diagenesis of the dissolved carbonate-sulfide system. The equa-
tions are obtained by coupling the irreversible productions of total
dissolved carbonate, total dissolved sulfide, and total alkalinity to internal
equilibrium among the dissolved carbonate and sulfide species. This
leads to the following conservation equations for TC, TS, and ALK:

9,TC = ax{D(:()an(ao("TC) + DHCQ; 8:(0y TC) + D(x)ﬁ*ax(aszC)}
—0,(wTC) + a,(TCy — TC) + Ry  (96)
9, TS = 3,{Dp,s0x(@osTS) + Dygs- 8, (0 TS)}
— 3, (wTS) + o (TSy — TS) + Ry (97)
ALK = 8{Duco; 8(B1cALK) + 20,Dcoz- 05 (BacALKY + Dyg-0,(BrsALK))
=3 (wALK) + a, (ALK, — ALK) + Ry x  (98)

where the o and B coeflicients are obtained from the equilibrium distribu-
tions in the dissolved carbonate-sulfide system (table 4). The rate terms in
the conservation equations are given in table 5 (eqs 93, 94, and 95).

Expressions for the rates appearing in the production of total pore
water alkalinity (eq 95) can be found in table 3, except for the rates R4
and Ry, which are associated with the equilibrium adsorption reactions of
Mn?* and Fe?*. The surface complexation reactions of the metals (reac-
tions 19 and 20) consume alkalinity and therefore their effects must be
incorporated in the conservation equation of ALK. This is done by
calculating the net rates of adsorption of Mn** and Fe?* from the mass
balance conditions:

Rlﬂ(xi t) = 61[5 S - Mn+] - ax(Dmixax[E S - Mn+])
+ o (@[=S = Mn"]) = Rog_m,+ (99)

and

RQO(x)t) = al[E S - Fe+] - ax(Dmlxax[E S - Fe+])
+ d(w[= S — Fe¥]} = Rl g+ (100)

where the differential quantities on the right-hand sides of eqs (99) and
(100} are evaluated numerically at the given depth (x) and time (f) of
interest.

a

BOUNDARY CONDITIONS

The upper boundary condition (x = 0) for a pore water constituent
is its bottom water concentration. For a solid-bound species, the deposi-
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tion flux from the water column is imposed. The flux continuity condi-
tion for a solid or interfacial species at the water-sediment interface is
then:

j() =
p(l — )

where J; is the deposition flux (in mass per unit sediment surface area per
unit time). The right hand side of eq (101) is evaluated for the parameter
values, concentration, and concentration gradient at the water-sediment
interface.

As lower boundary conditions we assume that all concentration
gradients vanish at sufficiently great depth in the sediment. Both upper
and lower boundary conditions are easily included in a numerical finite-
difference scheme (see next section). It is important to note that the
model requires no intermediate sets of boundary conditions. Hence, the
development of a vertical zonation of chemical conditions is due solely to
the coupled dynamics of reaction and transport processes within the
surface sediment.

{_Dmixaxc + wc}lx:O (101)

NUMERICAL SOLUTION

The mass conservation eqs (72), (73), (76), (96), (97), and (98) are

solved numerically with a finite difference method. The sediment column

(0 < x < L)is divided into n intervals of length Ax, and the equations are

then discretized with respect to depth and time. For instance, discretiza-
tion of eq (72) at spatial node [ and time step m gives,

cr—cr! 1
At = (Ax)? (D712CT 1 — (D10 + DIy 0)CT + DLy oGl
— L TO7CT — o (P + e (CY — CF) + RY (102)
where
Cl = C((l — D)Ax, mAt), (103)
=g {D}’ll + D'} (104)

The major complication in solving the set of finite difference equa-
tions arises from the presence of the nonlinear reaction rate terms which
couple the conservation equations. This requires an iterative method of
solution (see also, Steefel and Lasaga, 1994). In our algorithm, the
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concentrations of the species at the hth iteration step are calculated from
(using eq 72 as an example):

wmh . vm—1k
C" (‘! ! n mh m m mh m m,h
Al = (Ax)? (D 10C = (D419 + DLy )CT* + DLy 0GR

1
mevmh o om i h megem _ ovmh mh—1
LAY L G2 ]+ o (CF = CF) + R]

aH;”ﬁil ~m.h ~mh—1 i,k b |
+ e G = P HEP - ) (105)

with " = €'~ The last term on the right-hand side of eq (105) is
added to speed up the convergence of the iteration; H is an adjustable
numerical constant.

With proper boundary conditions, the linearized finite difference
equations (eq 105) are solved, species by species, using the Thomas
algorithm (Huyakorn and Pinder, 1983). Iteration proceeds until conver-
gence, defined as .

bk _ omh—1
C; |

Mltzx

< ¢ for all independent species 106
Max | CP pendent sp (106)

where &, the error tolerance, is typically set at 107%. Once the system of
equations has converged, the calculation moves on to the next time step
m + 1. The same method of solution is used when solving the conserva-
tion equations at steady state. In that case, however, the lefi-hand side of
eq (105) is made equal to zero. Interested researchers can obtain a copy
of the software of the steady state version of the model (STEADYSEDI)
by contacting the authors.

After completion of an iteration, mass balance conditions for the var-
ious elements can be checked: local fluxes are calculated at the boundaries,
and quadrature of the distributions of rates and irrigation source strength
are performed between the boundaries. In all cases we have tested, mass
imbalances were well below 1 percent. Examples of the excellent mass
balances for iron and manganese are illustrated in figure 12.

APPLICATION

The authors have used an earlier, simpler version of the model to
simulate the distribution, cycling, and burial of iron and manganese in a
set of hypothetical marine and freshwater surface sediments (Van Cap-
pellen and Wang, 1995). The relative contributions of dissimilatory and
chemical pathways for the reductive dissolution of iron and manganese
(hydr)oxides were found to vary substantially from one depositional
setting to another. For example, the model predicts that iron (hydr)oxide
reduction in coastal-estuarine sediments is, for the most part, directly
coupled to the oxidation of organic carbon (eq 4). In slower accumulating
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shelf sediments, however, chemical reduction by sulfide dominates (eq
14). Manganese (hydr)oxides, on the other hand, were found to be
mostly reduced by pore water Fe?" in both coastal and shelf sediments (eq
10). The simulations also showed that the pore water pH and alkalinity
profiles are very sensitive to the relative importance and spatial distribu-
tions of the various biogeochemical reactions.

The results of our earlier study showed that the model realistically
reproduces some of the essential features of the sedimentary biogeochemi-
cal dynamics of oxygen, carbon, nitrogen, sulfur, iron, and manganese.
However, the model predictions were not directly tested using existing
field data. In this paper, we compare model output with data collected by
Canfield and coworkers in a Danish coastal sediment (Canfield, Tham-
drup, and Hansen, 1993; Canfield and others, 1993). These researchers
provide a remarkably complete set of pore water and solid sediment
analyses. Furthermore, they performed sediment incubation experi-
ments that allowed the direct measurement of the rates of production (or
consumption) of some of the critical reactive species as a function of
depth.

Site description.—Canfield and his coworkers have described three
sites in the eastern Skagerrak, between Denmark and Norway. Here, we
consider one of the sites (S4). The two other sites (S4 and Sy) are the
subject of a forthcoming publication (Wang and Van Cappellen, unpub-
lished). Site S, is the shallowest of the three sites (190 m water depth).
The sedimentation rates in the area are in the range 0.1 to 0.2 cm yr~!.
For site S, we use the higher value of 0.2 ¢m yr~! based on the generally
observed inverse correlation between sedimentation rate and water
depth in the oceans (Tromp, Van Cappellen, and Key, 1995). The
depth-integrated carbon oxidation rate reported by Canfield and cowork-
ers for site Sy is 5.8 moles C m~* yr~!. Oxygen penetrates to a depth of
approx 0.7 cm below the water-sediment surface interface. Pore water
and solid phase analyses, as well as sediment incubation experiments,
show that manganese and iron (hydr)oxides are reduced mostly within
the upper 2 to 4 cm of sediment. Both the evidence reported in the
studies by Canfield and coworkers and the modeling work discussed
below indicate that bioturbation and bioirrigation significantly affect the
chemical conditions in the sediment. In the absence of time series
information, the simulations assume steady state conditions at the site.

Parameter estimation.—The values of the various model parameters
used in the simulations have been compiled in table 6. Three different
classes of parameters are distinguished: independent, constrained, and
fitted parameters. Values of the independent parameters are determined
a priori, based on experimental or field information extraneous to the
actual data that is being simulated. Parameters for which it is possible to
bracket the possible range of values are referred to as constrained
parameters. For some parameters, no independent information was
found to estimate or otherwise constrain the parameter value. These are
the fitted parameters whose values were obtained entirely from matching
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TABLE 6

Parameter values used in the model simulations. (I) Independent,
(C) constrained, and (M) model-derived parameter. See text for the definitions of
the three types of parameters

Parameter Value Range Type Source
sedimentation rate 0.2 em yr! 1 1,2
temperature 5°C 1 1,2
F=p[(l — d)/ ] 0.6gcm™ 0.2-1.0 C 3
Dpaix 20 cm? yr~! 440 C 4,5
Ximix 25 cm 5-30 C 3
ag (eq 108) 200 yr=! 2-300 C 6,7
a) (eq 108) 0.28 cm™! 0.02-1.0 C 7
[02](; 231 [LM 1 2
[NOy 1y 1.5 uM 0-20 C 2,8
[SO: 1y 28 mM i 5
[Mn2+]() 2 [.LM 1 1
[FC2+J{) 0 . 1 1
[NH; 1y -22uM 0.1-25 C 1,8
TS, 0 I 9
ALK, 2.5 meq dm~—*%" I 10
pHo 7.9 - I 10
Ro(eq 107) 135 pmol cm™3 yr~! 1 see text
B (eq 107) 0.208 cm™! 1 see text
C:N 8.8 3.3-11 C 1,8
C:p 106 68—150 C 11
Jre(eq 101) 75 pmol cm =2 yr~! M
Jun (eq 101) 40 pinol cm=2 yr~! M
[Os]iim 20 pM 1-30 C 12
[NO; Tim 5 pM 4-80 C 12
[SOF im 1600 uM 1600 C 12
[MnOslim 16 pmol g~! M
[Fe(OH)s]jim 100 pmol g ! M
K (eq 48) . 14 0.8-1.7 C 13
K5, teq 51) 1035 10211055 C 14
K3: (eq 50) 1037 1024-] 058 C 14
S; (eq 49) 30 pmol g~! M :
Kinco, 10-83 I 15, 16
Koo, 1084 1 16, 17
Kies 10-22 I 16, 18
Xmn (eq 21) 1 0-1 C
xre (€q 22) 1 0-1 C
ks 5x 105M-'yr-l 8 x 10-2 x 107 C 19
hy 1.4 x 10* M~! yr~! I 20
kg h X 107M"yr"' S]OH C 19
kl() 3 x 105 M- yl’il _<_109 C 21
ki 5% 106 M~ yr~! =107 C 22
ko 1.6 X 105M‘]yr’[ >1.6 x 10° C 23
k]g 2 x 10% ]\/lilyl‘_1 <108 C 24
kl‘l 8 x 10° M“yr’] <105 C 25
km 3 x 105M71yr”| M
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TABLE 6
(continued)
Parameter Value Range Type Source
kig 1010 M- yr! M
k17 104 M~ yr~! =104 C 26
kay I x 107" molg~'yr™! <1072 C 17,27
k_gy 2.5 X 107 yr! 1072-10°% C 17,27
koy 4.5 X 1074 mol g~! yr~! <10-2 C 17, 27
koo 25 x 107 yrt >10"2 C 17,27
ko 1.5 x 105 molg~! yr~! M
k_23 1 x 103 yl‘—l M

1. Canfield, Thamdrup, and Hansen (1993); 2. Canfield and others (1993); 3. Tromp
{(personal communication); 4. Van Cappellen, Gaillard, and Rabouille (1993); 5. Tromp,
Van Cappellen, and Key (1995); 6. Emerson, Jahnke, and Heggie (1984); 7. Martin and
Banta (1992); 8. Enoksson, Sérensson, and Granéli (1990); 9. Thamdrup and others (1994);
10. Canfield (personal communication); 11. Van Cappellen and Berner (1988); 12. Van
Cappellen ancFWang (1995); 13, Mackin and Aller (1‘5?4); 14. Smith and Jenne (1991); 15.
Johnson (1982); 16. Millero and Schreiber (1982); 17. Wersin (1990); 18. Davison (1991);
19, Wehrli (1990); 20. Millero, Sotolongo, and izaguirre (1987); 21. Myers and Nealson
(1988); 22. Billen (1982); 23. Millero and others (1987); 24. Yao and Millero (1993); 25.
Pyzik and Sommer (1981); 26. Iversen and Jgrgensen (1985); 27. Wollast (1990).

calculated and observed profiles of species concentrations or reaction
rates.

A broad literature survey enabled us to reduce the number of fitted
parameters to a minimum (table 6). No information was found to con-
strain the limiting oxidant concentrations of dissimilatory iron and
manganese reduction, as well as four of the reaction rate constants
(kis, k16, kos, k_93). Of the latter, the rate constant of aerobic methane
oxidation (kj) is inconsequential for the present simulation, because
methane production is negligible at site S,.

Although most model parameters can somehow be estimated or
constrained independently, it must be recognized that they often have
substantial uncertainties, associated with them. For many reaction rates
constants, for instance, it is only possible to specify a limit value, rather
than an actual range of values (table 6). This reflects the complexity of
biotic and abiotic catalysis and inhibition that characterizes biogeochemi-
cal reactions in natural aquatic environments.

At first glance, the great number of model parameters involved may
seem to imply a large degree of freedom when fitting the data. One could
therefore object that an agreement between model calculations and data
may say little about the validity of the model. Consider that we are fitting
the observed distribution of a single species. An error in, say, the
formulation or parameterization of one of the transport fluxes of that
species may be carried over in the value of an adjustable reaction rate
constant controlling the production or consumption of that species (an
example involving organic carbon distributions is given in Van Cap-
pellen, Gaillard, and Rabouille, 1993). The situation changes, however,
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when we consider an increasing number of reactive species that are
coupled to one another via reaction and transport.

In a coupled, multicomponent model a single set of parameters must
account for the distributions of all the species. This greatly limits the
latitude we have in adjusting parameter values. For instance, the irriga-
tion coeflicient (o, ) appears in the continuity equations of all the indepen-
dent solute species. In fitting the depth profile of one solute an error in
the irrigation coeflicient may be hidden by introducing a compensatory
error in the reaction rate term. When the value of the irrigation coeffi-
cient is transferred to the equations of the other species, however, the
error will become apparent, because it is unlikely that exactly the same
compensatory error can be built into the reaction terms of all the species.
The same is true for rate constants that appear in more than one
continuity equation. Thus, the coupled nature of biogeochemical reac-
tions in sediments imposes stringent constraints on the validity of both
the model and the set of model parameters.

Numerical calculation,—The calculations were performed over a total
depth of 20 cm, using 400 nodes separated by a constant interval of 0.05
cm. On the order of 3000 iterations were required for convergence of the
numerical solution. The computation time on a SUN Sparc Station 1PX
was approx 30 min.

Organic matter oxidation.—Canfield and others (1993) have deter-
mined the depth distributions of the rates of organic carbon oxidation at
the three sites studied by combining direct measurements of rates of
3CO; production, NH} liberation, and SO}~ reduction in sediment
incubation experiments, with estimates of the total, depth-integrated
carbon oxidation rates derived from measurements of the oxygen uptake
rate by intact cores. The distribution of the net organic carbon oxidation
rate at site S, is shown in figure 1. The rates can be fitted to an
exponential relationship of the form:

R¢ = R, exp(—Bx) (107)

where R, and B are positive constants (table 6). Because the carbon
oxidation rate distribution is known at the site, relationship (107) was
used directly as input for the model. This eliminates the need for solving
a separate conservation equation for organic carbon.

With the net rate of carbon oxidation as forcing function, the model
calculates the distribution of the various organic matter decomposition
pathways (eqs 1-6). The model results for site S, are presented in figure 2
and table 7. The depth distributions in figure 2 show considerable
vertical overlap between the pathways of organic matter decomposition.
Denitrification occurs entirely within the aerobic portion of the sediment,
and sulfate reduction extends well into the zone of dissimilatory metal
(hydr)oxide reduction. Furthermore, the onset of dissimilatory manga-
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Fig. 1. Rates of organic carbon oxidation as a function of depth, at site S,. The data are
from Canfield and others (1993). An exponential function (eq 107 in text) is fitted through
the data points. The function is used as forcing function for the model.

nese coincides with, rather than precedes, the onset of dissimilatory iron
reduction.

The large degree of overlap between the oxidation reactions of
organic matter is apparent in the data collected at the site, as discussed by
Canfield and his coworkers. Measurements by the **SO?~ incubation
method, for instance, provide direct evidence for high rates of sulfate
reduction in close proximity to the water-sediment interface (fig. 3),
while the absence of measurable pore water nitrate concentrations below
the zone of oxygen penetration restricts denitrification to the aerobic
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Fig. 2. Model-predicted depth distributions of the organic carbon oxidation pathways
rimary redox reactions, table 2). Note the large degree of vertical overlap between the

(
(Efferent respiratory pathways.

zone (fig. 4). Similarly, the gradients of the reactive metal (hydr)oxide
concentrations (fig. 6) and the results of Mn?* and Fe?* liberation
experiments (Canfield, Thamdrup, and Hansen, 1993) argue against a
pronounced spatial separation of manganese and iron reduction (see also
the discussion in Burdige, 1993).

The picture of organic matter diagenesis that emerges is a very
different one from the classical model, where the pathways of organic
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TABLE 7

Rates of redox pathways integrated from the water-sediment interface to a depth
of 10 cm. The table offers a breakdown of the depth-integrated rates of organic
carbon oxidation, manganese reduction, and iron reduction into the compeling
reaction pathways. The model-calculated rates are compared, where possible, with
the estimates of Canfield and others (1993 ) derived from incubation experiments.
All the rates are in units of umol cm=2 yr—1. The numbers in parentheses express
the contributions of the pathways as percentages of the total rates

Pathway Model Canfield and others
Corg oxidation 572.7 (100) 577.0 (100)
0, 63.8 (11.1) 77.0 (13.3)
NOs 7.7 (1.8) 18.2 (3.2
Mn(IV) 8.3 (1.5) >0 )
Fe(111) 123.2 (21.5) 186.1 (32.2)
S0, 369.7 (64.6) 295.7 (51.2)
Corg 0 (0) 0 ()]
Mn(IV) reduction 69.8 (100)
Corg 165 (23.6)
Fe2t 52.5 (75.2)
HsS 0.8 (L1
Fe(lll) reduction 690.6 (100)
Corg 499 8 (71.4)
HoS 197.8 (98.5)

matter oxidation succeed one another in a series of well-defined depth
zones (Froelich and others, 1979; Jahnke, Emerson, and Murray, 1982;
Ingall and Van Cappellen, 1990; Tromp, Van Cappellen, and Key,
1995). Our earlier modeling work has shown that the separation of the
oxidation reactions improves progressively with decreasing rate of net
carbon oxidation. Under conditions such as those encountered in the
deep-sea, little vertical overlap remains between the respiratory path-
ways (Van Cappellen and Wang, 1995).

The values for the limiting concentrations, [£EA]yy,, of the dissolved
oxidants (Og, NO; , and SO}") used in the simulations agree with values
reported in other studies (table 6). No data exist to which we can compare
the limiting concentrations for the solid oxidants. However, the fairly
large value of [EA]},,, for microbially reducible Fe(OH)s; is consistent with
the observed persistence of amorphous Fe(Ill) in anoxic sediments
(Lovely, 1991; Wersin and others, 1991). In contrast, oxidized manga-
nese phases appear to be efficiently and completely reduced below the
aerobic surface layer of sediments (Canfield, Thamdrup, and Hansen,
1993). This is reflected by the lower [EA]jiy, value for MnOs.

The model-calculated contributions of the different pathways of
organic carbon oxidation compare favorably with those derived by Can-
field and others (1993) from sediment incubation data and measured
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sulfate reduction rate (umoles/cm’/a)
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Fig. 3. Sulfate reduction rates as a function of depth. The symbols correspond to rates

measured with the #*SO3 ™ incubation method (Canfield and others, 1993). The curve is the
model-predicted distribution, also shown in figure 2. The sulfate reduction rates are
expressed in units of mass carbon oxidized.

reactive species distributions (table 7). Both the computational and
experimental results indicate a significant role of microbial Fe (hydr)ox-
ide reduction in the oxidation of organic matter at this site. Also, the
largest fraction of the oxygen uptake by the sediment appears to be
diverted to the oxidation of secondary reduced species, rather than to the
direct oxidation of organic carbon.

Bioturbation and irrigation.—The calculated concentration profiles of
solid constituents in the top 10 cm of sediment were found to be very
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Fig. 4. Measured and calculated pore water distributions of nitrate and ammonia. The
depth profile of ammonia was used to constrain the intensity of irrigation in the sediment
(see text).

sensitive to the rates of particle mixing. When considered collectively, the
depth profiles of the solid species only allow for a fairly narrow range of
D, values. The value used in the simulations (20 cm? yr~!) agrees with
values reported in the literature for marine depositional environments
with similar sedimentation rates (Van Cappellen, Gaillard, and Rabouille,
1993; Tromp, Van Cappellen, and Key, 1995).
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Fig. 5. Measured and calculated distributions of oxygen, manganese(11) and iron(I1).
The vertical separation in the build-up of pore water Mn?* and Fe?* is attributed parily
to the oxidation of Fe?* by manganese oxides.

In the simulations, a simple depth distribution was used for the
particle mixing coefficient. From the water-sediment interface down to
the lower boundary at a depth of 20 cm, D,,;, is assumed constant. Other
depth distributions were tested. In particular, we compared the constant
Dy distribution to gradually decreasing D, models. All distributions
were equally successful in reproducing the solid state profiles measured
in the sediment cores. In other words, the available data for site S, does
not permit a full performance assessment of the different particle mixing
models.



manganese in surface sediments 229

concentration (umoles/cm?®)
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Fig. 6. Measured and calculated distributions of reactive manganese and iron (hydr)ox-
ides. Tghe measured concentrations of reactive (hydrjoxides were obtained by subtracting
the background levels of solid phase Mn and Fe(I1I), measured in the bottom of the cores,
from the total extractable concentrations.

The intensity of irrigation was determined primarily from the pore
water ammonia profile. The rate of ammonia production in the anaero-
bic portion of the sediment is constrained by the net rate of carbon
oxidation (eq 107) and the C:N ratio of decomposing organic matter.
Furthermore, the value of the adsorption constant of ammonia in silty to
clayey coastal sediments is restricted to a fairly narrow range (table 6).
Thus, the major unknown parameter in the conservation equation of
ammonia is the irrigation coefficient (eq 73).
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"The best match between calculated and measured ammonia profiles
were obtained by assuming that the irrigation coefhcient decays exponen-
tially according to,

o, = oy exp(—ox) (108)

where a, and «; are positive constants. Martin and Banta (1992) have
successfully used eq (108) to model the depth dependence of irrigation
rates measured on cores from Buzzards Bay, Massachusetts, using tracer
distributions of pore water bromide and ??Rn/?%Ra disequilibrium. The
values of o, and &, we obtained by fitting the ammonia profile (fig. 4;
table 6) fall within the ranges reported by Martin and Banta for their
experiments.

In the model, the same irrigation coeflicient is applied to all solute
distributions, which implies that the walls of the burrows are equally
permeable to all the dissolved species (Aller, 1983). This is an assumption
requiring further investigation. Nevertheless, given the various con-
straints on the reaction rates and transport fluxes, all pore water species
distributions consistently point to,a large effect of irrigation in the upper
centimeters of the sediment. )

The calculated solute fluxes across the water-sediment interface are
all substantially enhanced by irrigation, in agreement with field and
experimental studies (Aller, 1982; Graneli, 1979; McCaflrey and others,
1980; Henriksen, Rasmussen, and Jensen, 1983; Gerino and Stora, 1991;
Clavero, Fernandez, and Niell, 1992; Matisoff, 1995). According to the
model, molecular diffusion dominates the benthic fluxes of oxygen and
nitrate, while irrigation is the principal mechanism transporting dis-
solved ammonia, iron, and manganese to the water-sediment interface.

Fe and Mn cycling.—The profiles of the pore water and solid sedi-
ment species of iron and manganese reflect the distribution of redox
conditions in the sediment. The insoluble (hydr)oxides, which dominate
in the upper centimeters of the sédiment, are replaced by reduced pore
water and solid phase Fe(lI) and Mn(ll) species below the oxygen
penetration depth. Intense mixing of the sediment, however, counteracts
the establishment of a clear separation of oxidized and reduced species
(fig. 9). Reactive iron (hydr)oxides persist at considerable depth in the
anaerobic portion of the sediment (fig. 6), while authigenic Fe(I1) miner-
als are present at measurable levels in the aerobic zone (fig. 7).

The reduction of iron and manganese differ in the relative impor-
tance of dissimilatory and chemical reduction pathways (table 7). The
calculations suggest that more than two thirds of the depth-integrated
reduction rate of Fe(III) is due to direct microbial utilization of iron
(hydrjoxides as terminal electron acceptor in the oxidation of organic
matter. For manganese (hydrjoxides, microbial reduction represents
only about one fourth of the total reduction rate. The major pathway for
reducing Mn (hydr)oxides is reaction with dissolved Fe?* ions. This
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Fig. 7. Distributions of solid phase Mn(ll) and Fe(Il) species. According to the
calculations, authigenic Fe sulfide and Fe/Mn carbonate phases precipitate below the
aerobic surface layer. A non-negligible fraction of solid bound Fe(Il) is also present as
adsorbed Fe?* (see fig. 8).

reaction explains why pore water Fe?* starts building up at a slightly
greater depth than Mn?* (fig.5).

One of the reasons why dissimilatory iron reduction is a major
reaction pathway in the iron cycle at site S, is the presence of excess
reducible Fe(I1I) relative to the reduction capacity of sulfide produced by
sulfate reduction. This can be seen by comparing the total rate of iron
reduction (691 pmol cm~2 yr=!) to the total rate of sulfide production
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(185 pmol cm~2 yr~!) within the first 10 cm of sediment. Since one mol of
sulfide reduces two mols of Fe(111) (see reaction 14), sulfide can at most
account for 54 percent of total iron reduction in the surface sediment. In
other words, even if all the sulfide were to react with iron (hydr)oxides,
there would still be reducible Fe(I1I) left for microbial respiration. For
manganese, on the other hand, the supply of secondary reductants
(ferrous iron and sulfide) exceeds the availability of reducible metal. As a
result, manganese reducers compete with chemical reduction under far
less favorable conditions than iron reducers.

concentration (umoles/cm3)

Fe(ll) adsorbed
Mn(ll) adsorbed

depth (cm)

| 1
10 :
Fig. 8. Model-predicted concentrations of adsorbed Mn?*+ and Fe?+. The main path-

ways for oxidation of Mn(II) and Fe(II) in the sediments are reaction between oxygen and
the surface-bound cations.
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The oxidation pathways of Fe(II) in the surface sediment are, in
order of decreasing importance, heterogeneous oxygenation (81 per-
cent), MnO;, reduction (16 percent), and homogeneous oxygenation (3
percent). Adsorbed Fe(II) is not only an important intermediate in the
oxidative precipitation of iron (hydr)oxides, it may also represent a
substantial fraction of solid-bound reduced iron (fig. 8). At a depth of 2
cm, the calculated amount of surface-complexed Fe?* accounts for ap-

prox 20 percent of total solid phase Fe(II).

oxidation state of solid phase Mn, Fe

depth (cm)
N
[

(o]
I

10

Fig. 9. Calculated distributions of the average oxidation states of reactive solid-bound
Mn and Fe. The smooth distributions result from bioturbation which mixes together

oxidized and reduced species of the solid phase metals.
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The steady state budgets of iron and manganese illustrate the
intense benthic recycling of the metals (fig. 12). According to the calcula-
tions, only about 1 percent of all Fe(I1I) cations reduced in the surface
sediment are permanently removed to the underlying sediment reposi-
tory. The remaining Fe(II) cations are reoxidized in the surface sedi-
ment, the benthic boundary layer, or the overlying water column. For
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Fig. 10. Calculated profiles of total dissolved inorganic carbon, total alkalinity, and
carbonate alkalinity (A) and PH (B). The pH minimum at the bottom of the aerobic zone is
caused by the fast redox cycling of Fe and Mn in the surface layer of sediment (see fig. 11)
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manganese, burial of solid manganese represents an even smaller frac-
tion (0.2 percent) of the Mn(11) cations produced in the surface sediment.
It must be noted that figure 12 shows the burial fluxes of reactive iron
and reactive manganese, that is, they do not include the burial of those
fractions of Fe and Mn that are unreactive on the time scale of early
diagenesis (for example, Fe and Mn bound in silicates and crystalline
oxides).

The calculated total fluxes of Fe?* and Mn?t across the water-
sediment interface are maximum estimates of the actual fluxes of dis-
solved metals to the water column (fig. 12). In particular, fast homoge-
neous oxygenation kinetics may cause part of the Fe?* cations transported
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Fig. 10. (continued)
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across the water-sediment interface to oxidatively precipitate within the
benthic boundary layer and, hence, reduce the flux to the overlying
water body (Santschi and others, 1990). Comparison between calculated
fluxes and directly measured benthic fluxes would allow to quantify the
importance of Fe and Mn retention within the boundary layer.

Pore water pH.—The calculated pore water alkalinity and pH de-
crease in the upper, aerobic layer of sediment (fig. 10). This is followed by
an increase of both parameters in the zone of intense metal (hydr)oxide
reduction. Below a depth of 2 cm, the alkalinity continues to rise slowly,
while the pH decreases. The general features of the computed pH profile
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Fig. 11. Calculated pH profiles for a number of different scenarios of Fe/Mn cycling.
See text for discussion.



manganese in surface sediments 237

agree with pH measurements made in the Danish coastal sediments (D.
Canfield and B. Thamdrup, personal communication).

The model simulations predict substantial variations of pH and
alkalinity over fairly short distances in the top sediment. These variations
are intimately linked to the cycling of iron and, to a lesser degree,
manganese. This is illustrated in figure 11, where the pH profiles
computed for a number of different Fe/Mn cycling scenarios are pre-
sented. The first scenario corresponds to the complete absence of Fe and
Mn in the sediment. The simulation was run by imposing zero deposition
fluxes of reactive Fe and Mn at the water-sediment interface. In the
second scenario, the dissimilatory pathways of iron and manganese
reduction were completely inhibited. In the third and fourth scenarios,
we suppressed the precipitation of carbonate minerals and iron sulfide,
respectively. '

Comparison of the pH profiles in figure 11 shows that dissimilatory
and non-dissimilatory oxygen reduction is responsible for the near-
surface decrease of pH (and alkalinity). In the absence of iron and
manganese, the pH remains nearly constant after its initial drop. All the

4 4 Water
<66.2 <750 <39.97 <40 Column

Benthic
> : > Boundary
Layer

66.2 75.0 39.97 40

639 29.9
Surface
\j Sediment

Fe(l) Fe(lll)  Mn(ll)  Mn(V)

714 ’ 69.9

8.8 0.03 Sediment
Repository

Fluxes in ymol/cm2/yr

Fig. 12. Calculated steady state budgets of Fe and Mn in the surface sediment (0 to 20
cm) at site Sy.
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scenarios that include Fe and Mn show a reversal in the pH profile below
the zone of oxygen penetration. When the dissimilatory pathways are
inhibited, the lower net rates of reduction of iron and manganese
(hydr)oxides result in a slower build-up of pH (and alkalinity) with depth.
The precipitation of authigenic mineral phases causes the pH to decrease
again below the zone of most intense metal reduction (1-4 cm). At this
particular site, iron sulfide precipitation causes a larger drawdown of pH
than Fe/Mn carbonate formation.

The model simulations suggest that in rapidly accumulating, organic-
rich sediments, such as those found in coastal-estuarine environments
and eutrophic lakes, the pH and alkalinity profiles may provide impor-
tant clues about the early diagenetic cycling of iron and manganese. In
particular, a well-developed pH minimum in the near surface sediment
may be an indication of rapid redox cycling of the metals across the
aerobic-anacrobic boundary.

CONCLUSICGNS

The distributions of pore water and solid sediment species of iron
and manganese provide a record of the intricate interplay of biogeochemi-
cal reactions and transport processes during early diagenesis. As our
understanding of the reaction pathways and transport processes ad-
vances, it becomes possible to construct mechanistic models that simu-
late, at an increasingly realistic level, the complex chemical dynamics of
Fe and Mn in surface sediments.

In this paper, we have presented a general theory for the quantita-
tive description of the egrly diagenetic cycling of Fe and Mn. The model
treats the sediment as a multi-component reaction-transport system,
where the distributions of the reactive species of iron, manganese,
carbon, oxygen, sulfur, and nitrogen are coupled to one another through
the stoichiometric constraints imposed by the biogeochemical reactions.
A finite difference algorithm was developed to solve the coupled conser-
vation equations of the independent chemical species.

The model provides a comprehensive description of the extensive
data set collected by Canfield and his colleagues for a marine sediment oft
the coast of Denmark. The results support the use of the model as an
interpretative and predictive tool. Modeling applications include, among
others, the quantification of competing reaction pathways, the calcula-
tion of elemental budgets, and the derivation of field-based reaction and
transport parameters.

Overall, our work demonstrates the feasibility of constructing com-
plex mass balance models that are at par with the current degree of
sophistication in field and experimental studies of early diagenetic pro-
cesses. The increasingly detailed data sets collected in surface sediments,
plus the identification of a growing number of potential reaction path-
ways, require an upgrading of the diagnostic tools used in the interpreta-
tion of the data. The development of multi-component transport-
reaction models are the logical way to proceed, because these models take
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into account the reaction coupling of chemical species which is central to
the cycling of elements during early diagenesis.
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