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Abstract-STEADYSEDl is a multicomponent reactive transport code for steady-state early diagenesis 
which fully incorporates the reaction couplings among the elements, C, 0, N, S, Fe, and Mn. The model 
is tested against extensive datasets collected by Canfield et al. (1993a,b) at three coastal marine sites 
that exhibit high rates of combined iron and manganese (hydr)oxide reduction. It is shown that the model 
provides a consistent explanation of the entire body of multicomponent multisite observations. The 
measured concentration profiles of twenty-eight individual porewater and solid sediment species are 
satisfactorily reproduced. Furthermore, the model predicts the observed distributions of sulfate reduction 
rates, as well as diagnostic features of the porewater pH profiles. 

The coupled nature of the reactive species imposes stringent constraints when fitting model-calculated 
distributions to the data, because a single set of reaction and transport parameters must account for the 
profiles of all the species at each site. The parameters are further separated into site-specific (e.g., 
deposition fluxes, bottom water composition) and reaction-specific parameters (e.g., rate coefficients, 
apparent equilibrium constants, limiting substrate concentrations). By minimizing the variations of the 
reaction-specific parameters from one site to another, the fitting strategy emphasizes the retrieval from 
field data of reaction parameters that are mechanistically meaningful. 

The model reproduces the significant vertical overlap between organic carbon oxidation pathways 
observed in the sediments. The overlap is explained by the combination of high rates of organic carbon 
oxidation plus intense bioturbation and irrigation at the sites studied. The model-derived contributions 
of the various respiratory processes compare favorably with the incubation results of Canfield et al. 
(1993a,b). Aerobic respiration accounts for less than 32% of total organic carbon oxidation at the three 
sites. From 22 to 46% of the O2 uptake by the sediments is directly coupled to organic carbon oxidation, 
while the remainder is used for the oxidation of secondary reduced species, in particular dissolved, 
adsorbed and solid Fe(I1) and Mn(II) species. 

According to the model, the oxidation of Fe’+ by Mn (hydr)oxides is responsible for the observed 
spatial separation of the porewater build-up of Mn*+ and Fe*+. At two of the sites, 75 and 97% of the 
total rate of Mn oxide reduction is due to chemical reaction with dissolved Fe’+. In contrast, at the same 
sites, iron (hydr)oxides are mostly utilized by bacteria for the oxidation of organic matter (dissimilatory 
iron reduction). As shown also by Canfield et al. (1993a,b), dissimilatory reduction is the principal 
dissolution pathway for manganese oxides at the third site. A sensitivity analysis suggests that, for given 
deposition fluxes of reactive Fe and Mn, the competition between dissimilatory and nondissimilatory 
metal reduction pathways depends primarily on the total carbon oxidation rate and the intensity of 
porewater irrigation. The simulations also highlight the importance of adsorption-desorption of Fe(I1) 
and Mn(I1) in the redox cycling of the metals, as well as their impact on porewater alkalinity and pH. 
Based on the calculated rate distributions, detailed budgets of Fe, Mn, and O2 in the sediments are 
presented. 

The model-calculated benthic exchange fluxes of solutes are dominated by irrigation. For nitrate, 
molecular diffusion and irrigation cause fluxes in opposite directions. As a result, there is a net transfer 
of nitrate from the water column to the sediments, although the interfacial porewater gradients predict 
diffusional fluxes out of the sediments. A significant fraction of the benthic Fe and Mn fluxes to the 
bottom waters may be due to desorption at the water-sediment interface. 

1. INTRODUCTION Cai and Reimers, 1993; Jensen et al., 1993, Brendel and 

Datasets on porewater and solid phase chemistry of surface Luther, 1995). Be&c chamber deployments and incubation 

sediments are becoming increasingly detailed. The use of experiments complement chemical depth profiles by provid- 

microsensors and fine-scale sampling techniques has consid- ing measurements of benthic exchange fluxes and reaction 

erably enhanced the spatial resolution with which profiles rate distributions (e.g., Aller and Ma&in, 1989; Jahnke and 

of pore water and solid sediment constituents are being mea- Christiansen, 1989; Jahnke, 1990; Canfield et al., 1993a,b). 

sured (e.g., Revsbech and Jorgensen, 1986; Reimers, 1987; Furthermore, recently developed nucleic acid probes allow 
the direct fingerprinting of the distributions and activities 
of individual groups of microorganisms in sediments (e.g., 

* Present address: Sandia National Laboratories, Dept 6748, Al- Amann et al., 1990; DiChristina and DeLong, 1993; Poulsen 
buquerque, NM 87185-1314, USA. et al., 1993). Overall, the trend in field studies is toward more 

+ Author to whom correspondence should be addressed. integrated datasets where chemical concentrations, physical 
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parameters, reaction rates, benthic fluxes, and indicators of 
biochemical activity are measured simultaneously. This in 
turn creates a need for more sophisticated ways to quantita- 
tively describe and analyze the field-based information (Van 
Cappellen et al., 1993). 

Transport-reaction models have long been a part of early 
diagenetic studies, especially since the publication of 
Bemer’s book on the subject (Bemer, 1980). To date, most 
modeling efforts have been restricted to simulations of the 
distributions of one or a few chemical species at the time. 
Numerous examples of such applications can be found in 
Bemer’s book. Simple analytical models, however, are not 
adequate for representing the complex, multi-reaction bio- 
geochemical dynamics that are emphasized by current field 
and experimental data acquisition. 

The depth distribution of porewater oxygen, for example, 
has often been modeled by assuming that O2 consumption 
is due only to aerobic respiration, hence providing a simple 
stoichiometric coupling between the rate of carbon oxidation 
and the rate of O2 reduction (e.g., Emerson, 1985; Tromp et 
al., 1995; Cai et al., 1995). While this approach is usually 
successful in fitting observed dissolved oxygen profiles, it 
does not distinguish oxygen reduction which is directly 
linked to organic carbon oxidation (i.e., true aerobic respira- 
tion) from that which results from reoxidation of reduced 
species that are produced in the deeper, anoxic portion of the 
sediment. The oxygen molecules used for oxidizing organic 
carbon, iron sulfide, ammonia, dissolved sulfide, adsorbed 
Fe*’ and Mn2+, and other reduced species are all lumped 
together in a single apparent rate of aerobic respiration. Fit- 
ting the simple model to the observed oxygen profile will 
yield an apparent rate coefficient; however, nothing is 
learned about the kinetics or relative importance of the indi- 
vidual reaction pathways that consume O2 in the sediment. 
Furthermore, when dealing with a multicomponent dataset, 
this simple modeling approach is no longer justified because 
it underutilizes the available information. 

More recent reactive transport models include the possibil- 
ity of multiple reaction pathways and, thus, offer a more 
realistic representation of chemical dynamics in sediments 
(see, e.g., Boudreau, 1991; Rabouille and Gaillard, 1991; 
Boudreau and Canfield, 1993; Van Cappellen and Wang, 
1995a; Boudreau, 1996; Dhakar and Burdige, 1996; Soetaert 
et al., 1996). The multi-reaction model of steady-state early 
diagenesis, STEADYSEDl, presented here fully accounts 
for the reaction couplings among the principal redox ele- 
ments, C, 0, N, S, Fe, and Mn (Van Cappellen and Wang, 
1995b, 1996). It considers dissolved, interfacial, and solid- 
state chemical species, and it incorporates all the major bio- 
geochemical reaction pathways and transport processes that 
are currently recognized as being important in early diage- 
netic systems. 

The purpose of this paper is to test the performance of 
STEADYSEDl by comparing its output to data collected by 
Canfield (et al., 1993a,b) at three marine depositional sites 
off the coast of Denmark. It is shown that the model offers 
an internally consistent representation of the entire set of 
rate and concentration profiles. Furthermore, with few excep- 
tions, the equilibrium and kinetic reaction parameters ob- 
tained for the different sites are of comparable magnitude. 
This indicates that the modeling approach allows the re- 

trieval of reaction parameters that are broadly applicable. As 
the sites are characterized by fairly high rates of iron or 
manganese reduction, special attention is given to the redox 
cycling of these two metals in the sediments. In particular, 
the model is used to constrain the environmental factors that 
control the relative contributions of microbial and chemical 
pathways of Fe and Mn reduction. 

2. STEADYSEDI: MULTICOMPONENT 
REACTION-TRANSPORT MODEL 

Only a brief summary of STEADYSEDl is given here. 
The interested reader is referred to our earlier paper on the 
theory and finite difference solution of the model (Van Cap- 
pellen and Wang, 1996), and the user’s manual of 
STEADYSEDl, version 1.0 (Van Cappellen and Wang, 
1995b). Version 1.0 is available as public domain software 
and can be obtained by contacting the corresponding author. 

2.1. Chemical Species and Reactions 

The reactions included in the model are listed in Table 1. 
Note that the model only considers solid sediment constit- 
uents that are reactive on an early diagenetic timescale. Thus 
Fe(OH)3, for instance, represents the reducible fraction of 
Fe(III), not total oxidized iron. In the model, all S-bound 
Fe is represented by the chemical formula FeS, and Mn is 
considered to exist only in the oxidation states +I1 and +IV. 
These simplifying assumptions obviously limit the degree 
of detail of the simulations, but they do not significantly 
affect the general features of Fe and Mn redox cycling in 
the sediments (Van Cappellen and Wang, 1995a). We are 
currently working on a new version of the model which 
includes FeS and Fe& as separate iron sulfide species, thus 
allowing us to investigate the effects of pyritization on the 
early diagenesis of Fe and S (Bemer, 1970; Morse et al., 
1987). 

The decomposition of organic matter is represented by 
overall reactions for oxic respiration, denitrification, manga- 
nese (hydr)oxide reduction, iron (hydr)oxide reduction, sul- 
fate reduction, and methanogenesis (I-l to I-6). The reduced 
porewater species produced by the oxidation of organic mat- 
ter (Mn*+, Fe’+, m, H2S, and CH,) may participate in 
secondary redox reactions (I-7 to I-18), adsorb on sediment 
particles (I-19 to I-21), or precipitate as authigenic (hydr)ox- 
ides (I-7 to I-11), carbonate (I-22 and I-23), and sulfide 
minerals (I-24). The acid dissociation reactions of the dis- 
solved carbonate and sulfide systems, which are not listed 
in Table 1, are also included in the model. Adsorption of 
NH:, Mn’+, and Fe’+, plus the acid-base reactions of dis- 
solved carbonate and sulfide species are treated as equilib- 
rium processes. All other reactions are represented in 
STEADYSEDl by rate expressions. 

2.2. Reaction Kinetics 

STEADYSEDl allows the user to specify values for the 
deposition flux of metabolizable organic carbon and the first- 
order rate constant of carbon oxidation (k,). With this in- 
formation, the steady-state depth distribution of the net rate 
of carbon oxidation can be calculated. Alternatively, the 
depth distribution can be imposed directly by the user. The 
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latter option will be used here. In either case, the net rate of 
organic matter oxidation is broken down into the contribu- 
tions of the individual metabolic pathways (I-l to I-6). The 
computational scheme is based on a linearized Monod kinet- 
ics formulation (Van Cappellen and Wang, 1995a,b, 1996). 
The critical parameters in the computation are a set of lim- 
iting concentrations for the terminal electron acceptors of 
the five respiratory pathways, 02, NO;, Mn(IV), Fe(III), and 
SO:-. When the concentration of an external electron ac- 
ceptor exceeds its limiting value, the rate of the correspond- 
ing pathway is assumed to be independent of the concentra- 
tion of the electron acceptor. Furthermore, the energetically 
less favorable pathways are inhibited. When the concentra- 
tion of the electron acceptor drops below its limiting value, 
the corresponding rate decreases linearly with the oxidant 
concentration, and benthic heterotrophs start utilizing or- 
ganic carbon oxidation pathways with a lower intrinsic free 
energy yield. 

For a given distribution of the rate of organic carbon 
oxidation, the extent of vertical overlap between successive 
metabolic pathways increases with increasing values of the 
limiting concentrations of the respiratory electron acceptors. 
The vertical overlap is also more pronounced at higher rates 
of organic carbon oxidation. Thus, a set of limiting concen- 
trations which produces a clearly defined redox zonation in 
a deep-sea setting may result in significant overlap when 
applied to an organic-rich coastal sediment (Van Cappellen 
and Wang, 1995a). Values of the limiting concentrations 
applicable to natural aquatic sediments have been compiled 
by Van Cappellen et al. (1993) and Van Cappellen and Wang 
(1995a). 

Bimolecular kinetic expressions are used for the secondary 
redox reactions (Table 2). In a number of cases, experimental 
evidence directly supports the bimolecular formulation 
while, for the other cases, including microbially-mediated 
redox processes, the bimolecular rate law is justified as the 
simplest, yet kinetically consistent, approach (Van Cappellen 
and Wang, 1995a, 1996). The nonredox dissolution and 
growth rates of carbonate and sulfide minerals are assumed 
to depend linearly on the degree of saturation of the pore- 
water with respect to the minerals. Furthermore, the dissolu- 
tion rates are proportional to the concentrations of the miner- 
als. Hence, dissolution stops when there is no mineral left. 

2.3. Transport Processes 

The model accounts for solute transport by molecular dif- 
fusion, porewater irrigation, and sediment burial advection. 
Solids are transported via particle mixing (bioturbation) and 
advective burial. The intensities of irrigation and particle 
mixing are parameterized by solute exchange coefficients 
and biodiffusion coefficients, respectively (Bemer, 1980; 
Boudreau, 1984). At any given depth, the same irrigation 
exchange coefficient applies to all solutes, and the same 
biodiffusion coefficient to all particle-bound species. The 
depth distributions of the coefficients are specified by the 
user. 

2.4. Structure of STEADYSEDl 

The mathematical model consists of a set of nonlinear 
partial differential equations describing the spatial changes 

of species concentrations resulting from transport processes 
and irreversible reactions, and a set of nonlinear algebraic 
equations representing the equilibrium constraints on the re- 
versible reactions. The equations are solved numerically by 
a finite difference method combined with the Newton-Raph- 
son iteration technique. The code also includes a database 
with thermodynamic and kinetic data for the reactions. The 
user can access the database and modify parameter values. 
A subroutine automatically corrects acid-base equilibrium 
constants and solute diffusion coefficients for temperature 
and salinity. 

3. SITE AND DATA DESCRIPTION 

The three sites (S4, S6, and S9) are located in the eastern Skager- 
rak, between Denmark and Norway (Canfield et al., 1993a,b). The 
water depths are 190 m at S4, 380 m at S6, and 695 m at S9. 
Sediment deposition rates range from 0.1-0.2 cm yr-‘. Canfield and 
coworkers provide a remarkably complete set of porewater and solid 
sediment profiles. Furthermore, they used sediment incubation ex- 
periments to determine the depth distributions of the net rate of 
organic carbon oxidation and the rate of sulfate reduction (Canfield 
et al., 1993b). The following available concentration and kinetic 
profiles are used in this work 

aqueous species: Mn’+, Fe’+, NO;, NH: at all sites; O2 at sites S4 
and S9 

solid phases: Fe(III), Fe(H), S-bound Fe at all sites; total Mn at sites 
S4 and S6; Mn(IV) and Mn(II) at site S9 

rates: sulfate reduction at sites S4 and S6, organic carbon oxidation 
at all sites. 

The distributions of reactive particulate Mn(IV) are estimated by 
subtracting the constant background Mn(IV) concentration observed 
at depth in the cores from the measured total concentrations. For 
sites S4 and S6, this procedure may potentially underestimate the 
reactive Mn(IV) content near the top of the sediments by as much 
as 30%, however, the actual discrepancies are likely to be much 
smaller. The reactive fraction of Fe@) at site S4 is estimated in 
the same way as reactive Mn(IV). For site S6, Fe(III) reduction may 
persist in the bottom part of the core (Canfield et al., 1993b) and, 
therefore, the nonreactive Fe(II1) fraction is equal or smaller than 
the deepest measured total Fe(III) concentration. In core S9, Fe(W) 
reduction is negligible and an accurate estimate of the reactive Fe(W) 
fraction is not critical for this site. 

Canfield et al. (1993b) have determined the depth distributions of 
net organic carbon oxidation. Therefore, we use these distributions 
directly as input for the model (Fig. 1). At sites S4 and S6, the 
measured distributions fit exponentially decreasing functions. How- 
ever, at site S9, the carbon oxidation rates deviate substantially from 
a smooth exponential distribution. The rate maximum at a depth of 
approximately 2.5 cm coincides with the transition between the aero- 
bic surface layer and the portion of the sediment where dissimilatory 
manganese reduction dominates (Fig. 1). The exact nature of the 
subsurface maximum is currently unknown, although a nonsteady 
state deposition event cannot be ruled out. In order to represent the 
organic carbon oxidation rate distribution at site S9, we fitted piece- 
wise polynomials to the measured data. 

4. MODELING STRATEGY 

The model parameters are divided into two categories: 
site-specific or environmental parameters, and reaction-spe- 
cific parameters. The first category comprises all the parame- 
ters characterizing the depositional environment, e.g., the 
sediment accumulation rate, the bottom water chemistry, the 
temperature, the particulate deposition fluxes, the intensities 
of particle mixing and irrigation, as well as physical charac- 
teristics of the sediment such as the porosity. The second 
category includes reaction rate coefficients, apparent equilib- 
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Table 1: Biogeochemical reactions included in the model. (Note: I S-H” 
represents a hydrated surface site.) 

(cH,o)~H,)~(H,P~,)~ +(x+2y)02 +(Y +2z)Hcoj R1’x + 

(x + y + 2z)CO, + yNOj + zHPO:- + (x + 2y + 2z)H,O 
(I-1) 

(CH,O)I(NH,)Y(H,PO,)Z + 2xhJn0, +(3x+y- 2zKO2 + (x+Y--~z)H@ 

‘3/X 3 2xMn2+ + (4x + y - 2z)HCOj + yNH; + zHPO:- 

(cH,o)#H~)~(H~P~~), +4xFe(OH)3 +(7x+ Y -2zKo2 R4’x ) 

4xFe2+ + (8x + y - 2z)HCOj + yNH; + zHPO:- + (3~ - y + 2z)H20 

(CH20)X(NH3)Y(H3P0,)Z +;So:- +(y-2z)Co, +(Y-2z)H,o= 

;H2S + (x + y- 2z)HCOj + yNH; + zHF’O,2- 

(CH,o)X(NH3)y(H3P04)I + (Y - 2z)H,o ” f 

;CH,+(X-2;+4z)C0,+(y-2z)HCOj+yNH;+zHPO~ 

(I-3) 

U-4) 

(I-5) 

(I-6) 

v redox m 
MI-?’ + $02 + 2HCO; & MnO, + 2C0, + H,O (1-7) 

=S-Mn++;O,+HCO;&=S-H’+MnO,+CO, (I-8) 

Fe” + :01 + 2HCO; + iH,O %, Fe(OH), + 2C0, 

(I-10) 

2Fe” + MnO, + ZHCO; + 2H,O&2Fe(OH), + MnZt + 2C0, (I-11) 

rium constants, surface site densities, and limiting concentra- 
tions of electron acceptors. 

The environmental parameters vary in response to pro- 
cesses that are largely external to the surface sediment, for 
instance, surface water productivity, transport of suspended 
matter, and water column stratification. The reaction parame- 
ters, on the other hand, should reflect primarily the intrinsic 
nature of the reaction pathways in the sediment. The distinc- 
tion between the two types of parameters is somewhat arbi- 
trary. Environmental parameters such as bottom water solute 
concentrations, for example, can be significantly affected by 

the benthic fluxes that result from reaction in the sediment. 
Similarly, rate coefficients vary with the bottom water tem- 
perature, while reaction parameters related to the reactivity 
and surface properties of sedimentary Fe and Mn (hydr)ox- 
ides may depend largely on the external sources of particu- 
late constituents, and the rate of sediment accumulation. 
Nonetheless, we may expect that large variations in chemical 
profiles from one site to another should be caused mainly 
by changes in the environmental parameters. Consequently, 
the fitting strategy adopted here attempts to minimize varia- 
tions in the reaction parameters. 
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NH; + 20, + 2HCO; &NO; + 2C0, + 3H,O 

H,S + 20, + 2HCO; &SO:- + 2C0, + 2H,O 

H,S + 2C0, + MnO, %r Mn2+ + S” + 2HCOj 

H,S + 4C0, + 2Fe(OH), &2Fez’ + S” + 4HCO; + 2H,O 

FeS + 20, &Fe’+ + SO: 

CH, + 20, &CO2 + 2H,O 

CH, + CO, + SO:- A2HCO; + H,S 

NH;i KN ,NH;(uds) 

ES-H’ +Mn2++HCO- 31 
KL + =S-Mn+ +CO, +H,O 

ES-H’ +Fe2’+HCO- 3 
+.J&+ ES-Fe++CO, +H20 

PreciDitation and dissolution reactions (non-redox): 
Mn*+ + 2HCO; AMnCO, + CO, + H,O 

Fe” + 2HCO; 4 RB, R_, ,FeCO, + CO, + H,O 

Fe*’ + 2HCOj + H,S< Ru’ R-z-+ ,FeS + 2C0, + 2H,O 

v cons- 
CO:- + M302 +(l-S)H2S+6H20~ (l+S)HCO; +(l-6)I-E 0<6Sl 

(I-12) 

(I-13) 

(I-14) 

(I-15) 

(I-16) 

(I-17) 

(I-18) 

(I-19) 

(I-23) 

(I-24) 

(I-25) 

Before fitting the data, we have sought to establish values 
for as many parameters as possible, based on a broad litera- 
ture search (Van Cappellen and Wang, 1995a, 1996). Three 
classes of parameters emerged from the search (Table 3): 
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. A parameter for which a plausi- 
ble range can be estimated is referred to as a constrained 
parameter. For some parameters, no independent information 
was found to estimate or otherwise constrain the parameter 
values. These are fitted parameters, whose values are ob- 
tained entirely from matching calculated and observed pro- 
files. During fitting, constrained parameters are only allowed 
to vary within their specified ranges. As discussed earlier, 
for the simulations presented here, the depth distributions 

of the total rate of organic carbon oxidation are treated as 
independent forcing functions. 

At each site, the same set of environmental parameter 
values, e.g., the particle mixing and irrigation exchange coef- 
ficients, are applied to as many as ten distinct chemical spe- 
cies during fitting. This not only constrains the values of the 
environmental parameters, but also greatly reduces the site- 
dependent bias of the reaction parameters and, hence, makes 
them mechanistically more meaningful than the apparent 
parameters that are typically obtained with simpler models 
(e.g., Burdige and Gieskes, 1983; Gratton et al., 1990). The 
degree of freedom of the model is further reduced by 
applying it to multiple sites, without allowing for unreason- 
ably large changes in the reaction parameters. 

A possible objection to our modeling approach is that 
simpler models can provide equally good fits with far less 
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Table 2: Rate laws used in the model. The rate constants have the following units: 
kc, k-19, k-20, k-21, k-22, k-23: year-l; k7 to k17, k19, kza: M-1 year’; k21, k22, k23: 
mol g-l year-1 

4 = fik[ cH*o]m i = 1,...,6 

R7 = k7[mz+][02 3 

I$ = b[= S - Mn’][O,] 

4 = 4[FeZ+][0,] 

TS = [H2S] +[Hs-] 

I&, = k& S - Fe’l[O,] 

%I= k[MnOz][Fe2+] 

%2 = k2pqO21 

%3 = k,3Ts[021 

%4 = b,,$fiO2 3 

R,, = ~,,~@WW31 

$6 = ~~6[wp21 

47 = h7[CH41[021 

%s = k,,[C%l[%-] 

RL2 = k22~222WMn - ‘I 

R-22 = k_22G-u[MnC03]{1 --a~} 

R23 = k23623{nFe - ‘> 

R-23 = k-236-23[Feco3]{1 - %e} 

R24 = k?4&4 {%eS - ‘1 

R-24 = k_a&24[FeS]{1 - a,} 

R,>l: 

QM,Il: 

Q, > 1: 

Q,ll: 

npes > 1: 

R, I 1: 

s,, = 1, s-2, = 0 

s,, = 0, s-2, = 1 

623 = 1, S-23 = 0 

823 = 0, S-23 = 1 

824 = 1, s-24 = 0 

624 = 0, S-24 = 1 

W-1) 

W-2) 

(H-3) 

P-4) 

P-5) 

(W 

W-7) 

W-s) 

P-9) 

(I&10) 

(II-11) 

(II-12) 

(II-13) 

(II-14) 

(II-15) 

(II-16) 

(II-17) 

(II-M) 

(II-19) 

[] = concentration; (} = activity; K’ = conditional equilibrium constant 

adjustable parameters. This is true if the only goal of the 
modeling effort is to fit the data. However, the more com- 
plete a model, i.e., the more recognized transport processes 
and reaction pathways are included, the more powerful its 
diagnostic and prognostic capabilities. For example, there 
are eight individual reaction pathways for molecular oxygen 
reduction in STEADYSEDl (Table 1). Field and experimen- 
tal studies have provided evidence for the existence of each 
of these pathways.The relative importance of the pathways, 
however, varies from one depositional setting to another. A 

model such as the one presented here may help identify the 
external and internal factors controlling the distribution of 
net oxygen reduction over the different pathways. In addi- 
tion, it predicts how all reactive species and rate distributions 
would respond to a change in the sediment oxygen budget. 

5. RESULTS 

STEADYSEDl was fitted to the available concentration 
distributions of solute and solid species at the three sites 
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(Figs. 2 and 3). The parameter values used to generate the assumed to remain constant to a depth of 20 cm, below 
calculated depth profiles in the figures are listed in Table 3. which there is no mixing. Other depth distributions of the 
At all three sites, the biodiffusional mixing coefficient is mixing coefficient were tested, without dramatically improv- 
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Table 3: 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. p: bulk dry 
sediment density; 6: porosity; Dmix: mixing coefficient; xmix: mixing depth; Sb: adsorption site density 
on substrates other than Fe and Mn (hydr)oxides; TS: total dissolved sulfide; AM: total alkalinity; 

K&,,, Kg, : stability constants of Mn and Fe surface complexes; I&: NHfi adsorption coefficient. 

parameter 

ing the fit to the data. The porewater profiles, however, re- 
quire a decreasing intensity of irrigation with depth (Fig. 4). 
The ammonia profiles were used primarily to constrain the 
distributions of the irrigation exchange coefficients (Van 
Cappellen and Wang, 1996). For sites S4 and S6, simple 
exponential functions are satisfactory in reproducing the en- 
hancement of porewater transport by irrigation (Martin and 
Banta, 1992). For site S9, solute profiles in the top of the 
core are better reproduced if irrigation is assumed to increase 
from the water-sediment interface to about a depth of 2.5 
cm, before decreasing (Fig. 4). It is interesting to note that 
the deviating behavior of the irrigation exchange coefficient 
at S9 parallels that of its organic carbon oxidation rate 
(Fig. 1). 

parameters obtained from fitting the data are robust and can, 
therefore, be used in sensitivity analyses. 

5.1. Organic Carbon Oxidation Pathways 

The model-calculated distributions of the organic carbon 
oxidation pathways reveal a large degree of vertical overlap 
(Fig. 1). This is especially true below the surficial aerobic 
layer. For S6 and S9, the model predicts that low rates of 
denitrification and aerobic respiration persist in the deeper 
portions of the cores. At sites S4 and S6, the onset of dissimi- 
latory Fe reduction coincides with that of dissimilatory Mn 
reduction. Although dissimilatory iron reduction starts at a 
shallower depth than sulfate reduction in core S6, the two 
respiratory pathways coexist over substantial depth intervals 
at S4 and S6. A major reason for the absence of sharp vertical 
separations of the organic matter oxidation pathways is the 
intense irrigation and bioturbation of the sediments (Table 
3, Fig. 4). Irrigation and macrofaunal activity in general 
cause the appearance of laterally inhomogeneous distribu- 
tions of redox conditions (Aller, 1980, 1982). In a one-di- 
mensional early diagenetic model, such as STEADYSEDl, 
the horizontal integration of lateral heterogeneity translates 
into vertical overlap. 

For the majority of reaction parameters, it is possible to 
use the same or very similar values from one site to another 
(Table 3). This is definitely the case for reactions involving 
only aqueous species. When solid and interfacial species act 
as reactants, however, it is often necessary to allow for 
changes in the parameters. This is not unreasonable given the 
documented variability of the reactivities, surface properties, 
and solubilities of sedimentary (hydr)oxide, carbonate, and 
sulfide phases (e.g., Morse et al., 1987; Canfield, 1989; Bur- 
dige et al., 1992; Postma, 1993). As can be seen from Table 
3, most reaction parameters vary within less than one order 
of magnitude. This gives us confidence that the reaction 

The lateral heterogeneity of sediment structure and micro- 
bial populations also affects the numerical values of the 
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table 3 (cont.) 

concentrations 

table 3 (cont.) 

reaction 

rate 
constants 

k-24 (yr’) I 1x103 I 
1. Canfield et nl. (1993a); 2. Canfield et al. (1993b); 3. Tromp (pers. comm); 4. Van Cappellen et al. (1993); 5. Tromp et al. (1995); 

Emerson et Ul. (1984); 7. Martin and hnta (1992); 8. Enoksson k al. (1990); 9. Thamdrup ef ul. (1994a); 10. Canfield (pers. comm.); 11. V 
Cappellen and Bemer (1988); 12. Van CappeUen and Wang (1995a); 13. Ma&in and Aller (1984); 14. Smith and Jenne (1991); 15. Johns 
(1982); 16. Miho and !Schmiber (1982); 17. Wersin (1990); 18. Davison (1991); 19. Wehrli (1990); 20. Miller0 et al. (1987a); 21. Myers a~ 
Nealson (19eS); 22. BiUm (1982); 23. Millero et al. (1987b); 24. Yao and Miller0 (1993); 25. F’yzik and Sornmer (1981); 26. Iversen a~ 
Jmgensen (1985); 27. Wollast (1990); 28. Balistrieri and Murray (1982); 29. Diem and Stumm (1984). 
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FIG. 2. Porewater chemistry at sites S4, S6, and S9. The solid lines represent model-calculated distributions; the 
symbols are data from Canfield et al. (1993a,b). 

limiting concentrations of electron acceptors derived from order of a few I_LM (Nielsen et al., 1990). The model-derived 
the model fits. For example, the limiting concentration of value for the sediments, however, is higher (20 PM, Table 
O2 for aerobic respiration measured in biofilms is on the 3). The discrepancy may partly reflect the fact that 
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3003 

STEADYSEDl horizontally averages the dissolved O2 con- iting O2 concentration for anaerobic respiration to occur; 
centration. The oxygen concentration inside a local micro- outside, however, the O2 levels may be higher. Consequently, 
environment must be lower than the true, physiological lim- apparent limiting electron acceptor concentrations derived 
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irrigation coefficient (yi’) 

I / I 

FIG. 4. Depth distributions of the irrigation exchange coefficients. 
The distributions were obtained primarily from fitting the dissolved 
ammonia distributions. All solute distributions, however, indicate 
significant irrigation of the porewaters at the three sites. 

from measured depth profiles in a sediment are higher than 
the intrinsic, physiological values. It also means that the 
apparent limiting concentrations are, to a degree, site-depen- 
dent because the deviation between apparent and physiologi- 
cal limiting concentrations depends on the intensities of irr- 
gation and bioturbation. 

The small, residual rates of aerobic respiration and denitri- 
fication that are predicted to persist at depth in cores S6 and 
S9 (Fig. 1) may be an artifact of the non-local irrigation 
model used. The latter assumes that the composition of bot- 
tom water flushed into the sediment remains unchanged dur- 
ing its downward transport, an obvious idealization (see also, 
Aller, 1980; Matisoff, 1995). Thus, possibly, the irrigation 
fluxes of O2 and NO; below depths of 2 cm in cores S6 and 
S9 are overestimated. Note, however, that the predicted con- 
centrations of O2 and NO; in the porewaters of S6 and S9 
are near-zero below 2 cm (Fig. 2), implying that any oxygen 
or nitrate transported by irrigation into the deeper sediment 
is almost instantaneously consumed, for instance by bacteria 
living within the walls of faunal burrows. Such a situation 
has been documented by Binnerup et al. (1992) for a biotur- 
bated estuarine sediment. Using a microsensor, Binnerup et 
al. (1992) showed that dissolved oxygen did not extend fur- 
ther than 1.5 mm from the wall of a burrow located within 
the anoxic portion of the sediment. They attributed the sharp 
O2 concentration gradient across the wall to high respiratory 
rates right at the burrow-sediment interface. 

The calculated contributions of the different carbon oxida- 
tion pathways within the top 10 cm sediments are summa- 
rized in Table 4. The integrated rates are in reasonable agree- 
ment with those determined by Canfield et al. (1993b), based 
on incubation experiment data and oxygen uptake rates. It 
is important to note that the measured rates were not used 
as primary fitting data. Rather, the model parameters were 
adjusted in order to provide best fits to the observed concen- 

tration profiles (Figs. 2 and 3). Thus, the agreement displayed 
in Table 4 supports the validity of the overall modeling 
approach. 

At site S6, the model-calculated contributions of aerobic 
respiration and denitrification are higher than the estimates 
of Canfield et al. (1993b). Similarly, at S9 the calculations 
predict a larger contribution of aerobic respiration. This is 
because, according to the model, oxygen and nitrate are 
flushed by irrigation into the deeper sections of the cores, 
where they sustain O2 and NO; respiration in an otherwise 
mostly anoxic environment (see above discussion). The pos- 
sible respiration of O2 and NO; in deep micro-environments, 
for example along the walls of burrows, was not included 
in the rate estimates derived by Canfield et al. (1993b). 

Aerobic respiration accounts for at most 32% of total 
organic carbon oxidation in the sediments (Table 4). The 
highest calculated integrated rates of aerobic respiration and 
denitrification are found at S6, which is also the most in- 
tensely irrigated site (Fig. 4). According to the calculations, 
denitrification in core S6 may represent up to 13% of the 
total carbon oxidation. This value is comparable to those 
reported for Flax Pond and Long Island Sound sediments 
(Ma&in and Swider, 1989). Sulfate reduction dominates res- 
piration at site S4. At site S6, however, dissimilatory ferric 
(hydr)oxide reduction is more important than sulfate reduc- 
tion, while organic carbon oxidation at site S9 is dominated 
by exceptionally high rates of dissimilatory manganese re- 
duction (for detailed discussion, see Canfield et al., 1993a,b). 

5.2. Oxygen Budgets 

It has been proposed that in nearshore marine sediments 
much of the O2 flux into the sediments is consumed by the 
oxidation of reduced products of anaerobic decomposition 
(e.g., Jergensen, 1982; Chanton et al., 1987; Ma&in and 
Swider, 1989; Aller, 1990; Canfield, 1993). This is also what 
the calculated rates of O2 reduction at the Danish sites show 
(Table 5). Only between 22 and 46% of the oxygen demand 
of the sediment is directly coupled to organic carbon oxida- 
tion, the rest being mainly consumed in the oxidation of iron 
sulfides, plus adsorbed Mn(I1) and Fe(I1). 

5.3. Iron and Manganese Cycling 

The model simulations suggest that the spatial separation 
between the porewater build-up of Mn2+ and that of Fe’+ at 
sites S4 and S6 (Fig. 2) is caused by the oxidation of dis- 
solved Fe’+ by Mn oxides (see also, Myers and Nealson, 
1988; Burdige, 1993; Canfield et al., 1993a; Dhakar and 
Burdige, 1996). When the reaction is eliminated, by impos- 
ing k,, = 0, dissolved Fe’+ ions can move closer to the 
water-sediment interface before undergoing oxidation by O2 
and, as a consequence, Mn2+ and Fe’+ coexist in the topmost 
porewaters. At sites S4 and S6, the oxidation of Fe’+ by Mn 
oxides represents the main pathway of manganese reduction 
(Table 6), and it accounts for the oxidation of 17 and 48% 
of all reduced Fe species. These results underscore the im- 
portant role manganese oxides may play as an intermediate 
oxidant of the redox cycles of iron and oxygen (Aller, 1994). 
In contrast, at site S9, dissimilatory manganese reduction is 
the sole pathway for Mn oxide reduction (Table 6). 
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Table 4: Depth-integrated rates of organic carbon oxidation within the top 10 cm of the sediments, in units of 
pm01 cm-* yrl. The model-calculated rates are compared with the estimates of Canfield ef al. (1993b) 
derived from incubation experiments. The numbers in parantheses express the contributions of the 
pathways as percentages of the total rates. 

SO4 369.7 (64.6) 295.7 (51.1) 108.5 (24.7) 105.9 (27.9) 0.0 (0.0) < 0.1 (< 0.1) 

CG 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

total 572.7 (100.0) 577.2 (100.0) 439.0 (100.0) 373.1(100.0) 423.6 (100.0) 399.0 (100.0) 
. IrAa+hlnnnan-;c 

Insoluble (hydr)oxides of Fe and Mn dominate in the up- 
per parts of the sediments. They are gradually replaced by 
reduced solid-bound species with increasing depth (Fig. 3). 
Intense bioturbation of the sediments, however, mixes to- 
gether oxidized and reduced particulate species of the solids. 
Mixing brings reduced solid-bound Fe and Mn up into the 

aerobic surface layer while, at S4 and S6, it extends the zone 
of iron reduction well into the sulfate reduction zone (Fig. 3). 
The figure shows that the model under predicts the combined 
concentrations of carbonate and adsorbed Fe(I1) right below 
the water-sediment interface. The discrepancy may result 
from the assumptions of uniform mixing and constant poros- 

Table 5: Depth-integrated rates of 9 reduction pathways in the top 
10 cm of the sediments, in units of ~01 cm-* yr1. The 
numbers in parentheses express the contributions of the 
pathways as percentages of total O2 consumption. 

pathway site s4 site s6 site s9 I 

c&4 78.1 (21.8) 167.0 (45.8) 90.7 (30.6) 

Mn(II) ads 16.2 (4.5) 64.7 (17.8) 194.3 (65.5) 

Fez+ I 4.4 (1.2) 1 24.2 (6.6) 1 0.0 (0.0) 

Fe@) ads 125.2 (34.9) 55.4 (15.2) 0.0 (0.0) 

H2S ~~ I 0.1 (c 0.1) I 0.2 (< 0.1) 0.0 (0.0) 

NH; 9.78 (2.7) 6.6 (1.8) 11.6 (3.9) 

F& 124.7 (34.8) 46.4 (12.7) 0.0 (0.0) 

total 353.5 (100.0) 364.5 (100.0) 296.6 (100.0) 
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Table 6: Depth-integrated rates of Mn and Fe reduction pathways plus Mn and 
Fe redox cycling efficiencies, in the top 10 an of the sediments. Rates 
are in units of pm01 cm-2 yrl . The numbers in parentheses express the 
contributions of the pathways as percentages of the total rates. 

CYclins 

efficiency 
Mn 0.64 0.86 0.71 

Fe 0.90 0.93 0.00 

ity of the surface sediments. A subsurface maximum of the 
mixing intensity (e.g., McCall and Tevesz, 1982), or a highly 
porous surface layer would both produce the lower concen- 
trations reported for the topmost core sections. 

Based on the model results, it is possible to construct 
detailed budgets of Mn and Fe in the sediments, as illustrated 
for site S4 in Fig. 5 The model-derived deposition fluxes of 
reactive Fe and Mn are comparable to those estimated for 
other nearshore depositional settings (Trefry and Presley, 
1982; Sundby and Silverberg, 1985). The total depth-inte- 
grated rate of iron reduction at S4 is much larger than the 
oxidizing capacity supplied by deposition at the water-sedi- 
ment interface. This means that Fe atoms cycle many times 
through their oxidized and reduced states in the surface sedi- 
ment, before they are permanently buried or returned to the 
water column (Canfield et al., 1993a). For Mn, however, 
most deposited oxidized ions are returned to the bottom 
water as Mn2+ after a single reduction step. In other words, 
the manganese redox cycle extends in the water column, 
whereas that of Fe is mostly taking place within the sedi- 
ments. A similar conclusion was reached by Canfield et al. 
(1993a) for site S4, as well as by Thamdrup et al. (1994b) 
for coastal sediments in Aarhus Bay, Denmark. 

A quantitative measure of the redox cycling of Fe and Mn 
within the sediments is the cycling efficiency (modified after 
Canfield et al., 1993a, and Van Cappellen and Wang, 1995a): 

E= 
R red 

J+R,,’ (1) 

where Rd is the depth-integrated rate of Fe (or Mn) reduc- 
tion and J is the deposition flux of reactive Fe (or Mn) oxides 

at the water sediment interface. The cycling efficiency has 
a value of zero when the deposited oxidized Fe (or Mn) 
ions are simply buried without undergoing reduction in the 
sediment. This would be the case for an organic-poor sedi- 
ment which remains oxic at depth. When on average every 
oxidized metal ion is reduced once before leaving the surface 
sediment, the cycling efficiency is equal to 0.5. If redox 
recycling occurs within the sediment, the cycling efficiency 
has a value between 0.5 and 1. The limiting value of 1 would 
correspond to the situation where the ions cycle indefinitely 
between their oxidized and reduced forms without ever es- 
caping the sediment. The calculated cycling efficiencies of 
Mn and Fe in the three Danish sediments are given in Table 
6. The highest cycling efficiencies, for both Mn and Fe, are 
found at site S6. The values are larger than at site S4 because 
Mn and Fe reduction occur at greater depths in the sediment, 
hence reducing loss of Fe2’ and Mn2’ to the overlying water 
column. At site S9, the cycling efficiency of Fe within the 
top 10 cm is zero because no Fe(II1) reduction takes place. 

Adsorbed Mn(I1) and Fe(I1) have been recognized as po- 
tentially important species in sediments (Murray et al., 1984; 
Canfield et al., 1993a). The model explicitly accounts for 
the role of adsorbed Mn(II) and Fe(I1) in the metal redox 
cycles (Table 1). At sites S4 and S6, the oxidation of ad- 
sorbed Fe(U) represents up to 35% of the total O2 uptake by 
the sediments (Table 5), and up to 80% of the total rate of 
Fe@) oxidation. All Mn(I1) oxygenation is heterogeneous. 
These results are consistent with kinetic studies of Mn(I1) 
and Fe(I1) oxygenation, which have shown that the oxidation 
rates are greatly enhanced by adsorption or uptake of Mn2+ 
and Fe2+ by mineral surfaces and biological membranes 
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FIG. 5. Steady state budgets of reactive Fe and Mn at site S4. The numbers on the figure are the model-calculated 
fluxes and reaction rates integrated over the entire sediment column. All units are in pmol cm-’ y-l. 

(Sung and Morgan, 1981; Diem and Stumm, 1984; Morgan 
et al., 1985; Davies and Morgan, 1989; Wehrli, 1990; Stumm 
and Sulzberger, 1992). In particular, the homogeneous oxi- 

dation of Mn2+ has been shown to be exceedingly slow 
(Diem and Stumm, 1984). The model simulations further 
suggest large variations in the adsorption site densities on 
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sulfate reduction rate (pmoles C/cm3/y r) 

FIG. 6. Model-predicted and measured depth distributions of sul- 
fate reduction rates at sites S4 and S6 (data from Canfield et al., 
1993b). 

Mn and Fe (hydr)oxides from one sediment to another (Table 
3). Significant differences in Mn adsorption properties 
among the sites were reported by Canfield et al. (1993a). 

Adsorbed Mn(I1) and Fe(B) are also found to affect the 
alkalinity of the porewaters. In fact, the computational results 
predict that the adsorption of Fe” (I-21) and the oxidation 
of adsorbed Fe(I1) (I-10) are the two most important sinks 
of alkalinity at sites S4 and S6. Thus, in sediments rich 
in reactive iron and manganese, metal ion adsorption may 
potentially have a large impact on the acid-base chemistry 
of the pore solution. 

5.4. Predicted Profiles 

The sulfate reduction rate distributions were measured at 
S4 and S6 by Canfield et al. (1993b), using the 35SOzm incu- 
bation method. The distributions were not used directly when 
fitting the model to the data (see above), making it possible 
to check how the predicted sulfate reduction rates compare 
to the measured ones (Fig. 6). It can be seen from the figure 
that the agreement is quite satisfactory. For site S4, in partic- 
ular, the shallow depth at which sulfate reduction starts is 
correctly predicted. 

The calculated pH profiles at sites S4 and S9 show well- 
developed subsurface minima (Fig. 7). As discussed in previ- 
ous papers, the minima are caused by the intense redox 
cycling of Fe (site S4) and Mn (site S9) within the sediments 
(Van Cappellen and Wang, 1995a, 1996). Preliminary pore- 
water pH data indicate that such pH minima are in fact 
observed in the Danish coastal sediments (Canfield, pers. 
commun.). At site S6, the intense irrigation of the porewaters 
partially obliterates the development of the pH minimum. In 
the simulations presented here, CaC03 is not included as a 
species and, therefore, the magnitude of the porewater pH 
fluctuations are probably overpredicted. In the actual sedi- 
ments, buffering by CaC03 dissolution and precipitation is 
likely to dampen the pH variations. 

Nearly all biogeochemical reactions in surface sediments 

influence pH and alkalinity (Table 1). Multi-component, 
multi-reaction early diagenetic models offer the only con- 
ceivable approach to understanding the distributions of these 
two quantities in porewaters. Such an understanding is neces- 
sary if we are to use pH and alkalinity as diagnostic indica- 
tors of biogeochemical activities in sediments. 

5.5. Benthic Fluxes 

A comparison of the calculated diffusion and irrigation 
fluxes of aqueous species across the water-sediment interface 
shows that irrigation dominates for all species except for O2 
and NO; at site S4 (Table 7). This result is in general agree- 
ment with field studies (e.g., Clavero et al., 1991; Matisoff, 
1995). Molecular diffusion accounts for 22-67% of the ben- 
thic uptake flux of O2 at the three sites. These values are 
similar to those estimated for other nearshore sediments (e.g., 
Mackin and Swider, 1989). The calculated benthic fluxes of 
Mn2+ are of the same order of magnitude as those measured 
in coastal environments (Hunt, 1983; Aller, 1994). For ni- 
trate, molecular diffusion and irrigation cause exchange 
fluxes in opposite directions. As a result, there is a net trans- 
fer of nitrate from the bottom water to the sediment, even 
when the nitrate gradient at the water-sediment interface is 
positive (Table 7). 

Part of the benthic fluxes of Fe” and Mn2+ are due to the 
desorption of adsorbed Fe(I1) and Mn(I1) brought by mixing 
to the water-sediment interface and exposed to the low dis- 
solved metal concentrations of the bottom waters. If desorp- 
tion is fast relative to particle transport, as assumed in the 
model, then the desorption flux is limited by the rate of 
upward mixing of the adsorbed species. Using Mn as exam- 
ple, the desorption flux is equal to D,,&(K[Mn2+]}l& - 
wK[M~*+]~, where DtiX, K, and w are the mixing coefficient, 
adsorption coefficient, and linear sedimentation rate. The 
parameters, and the concentration and concentration gradi- 
ent, are all evaluated at the water-sediment interface. When- 
ever a nonzero concentration gradient of porewater Mn2+ 
exists in the topmost sediment, there is the possibility of 
a nonzero desorption flux of Mn(I1) to the water column. 
According to the calculations, the desorption fluxes of 
Fe” and Mn” may, in some cases, be significant 
(Fig. 5, Table 7). 

6. SENSITIVITY ANALYSES 

Because it fully incorporates the couplings among all reac- 
tive chemical species, STEADYSEDl is particularly suitable 
for studying the collective response of the early diagenetic 
system to changes in external or internal forcings. Given the 
complex chemical dynamics involves, the response may no 
longer be intuitively predictable. In this section, we use the 
model to identify those reactions that are of minor impor- 
tance at the sites studied and, therefore, can be ignored. 
Then, we investigate the effects of particle mixing, irrigation, 
total carbon oxidation rate, deposition fluxes, and sedimenta- 
tion rate on redox cycling in coastal marine sediments. 

6.1. Identifkation of Minor Reactions 

An important issue in complex, multi-reaction systems is 
to distinguish those potential reactions that are important in 
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FIG. 7. Calculated pH and alkalinity profiles at the three sites. 

controlling the transformations and distributions of species, 
from those that are not. Here we apply STEADYSEDl to 
decide which reactions of Table 1 are of minor importance 
in the three Danish coastal sediments. The rates of all the 
reactions are integrated over the first 10 cm of the sediments; 
then the contributions of each reaction to the total production 
and consumption of the various reactive species plus alkalin- 
ity are computed. The calculations show that, at the three 
sites, the oxidation reactions of dissolved sulfide by O2 and 
MnOz (I- 13 and I- 14) account for less than 5% of the produc- 
tion or consumption of the reactants and products. Thus, to 

a good approximation, both reactions can be ignored. Other 
minor reactions are homogeneous manganese oxygenation 
and the reactions involving U-I+ All remaining reactions, 
however, are needed to explain the available data. 

6.2. Effect of Particle Mixing 

It has been suggested in previous studies that the cycling 
efficiencies of both Mn and Fe are enhanced by particle 
mixing (e.g., Aller et al., 1986; Ma&in et al., 1988; Aller, 
1990, 1994; Burdige, 1993; Canfield et al., 1993a). Our sen- 

Table 7: Benthic fluxes in ~01 an-2 yrl. Positive values indicate fluxes into the sediment. 
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FIG. 8. Effect of particle mixing on (a) the redox cycling efficienc- 
ies of Fe and Mn, and (b) the maximum concentrations of reactive 
Fe and Mn (hydr)oxides in the sediment. With the exception of 
the variable mixing coefficient, all conditions arc those for site S4 
(Table 3). 

sitivity analysis for site S4, however, reveals a more compli- 
cated relationship between physical mixing of the sediment 
and the redox cycling of the metals. 

For Mn, particle mixing appears to have an adverse influ- 
ence on the redox cycling within the sediments (Fig. 8a). 
In the absence of particle mixing, reduced Mn species are 
produced in a fairly narrow depth zone, in close proximity 
to the oxic layer. Downward diffusing O2 efficiently re-oxi- 
dizes the reduced Mn species within the sediment, restricting 
leakage of Mr?+ to the overlying water column. Particle 
mixing, however, enhances the transport of particle-bound 
Mn(I1) to the water-sediment interface where it is remobil- 
ized and returned to the water column. In other words, sedi- 
ment mixing tends to push the redox cycle of Mn out of the 
sediment. 

In contrast, the sedimentary redox cycling of iron is pro- 
moted by mixing, at least for values of the mixing coefficient 
lower than 10 cm2 yr-’ (Fig. 8a). The different responses of 
Mn and Fe cycling efficiencies are due to the fact that iron 
reduction occurs more deeply than Mn reduction. As a result, 
a more intense redistribution of particulate Fe(III) and Fe(I1) 
species enhances cycling in the sediment more than it en- 
hances loss from the surface sediment. When the redox cy- 

cling of Fe ceases to be limited by the rate of vertical trans- 
port, the redox cycling efficiency becomes independent of 
the mixing coefficient. At site S4, this happens when D,, 
exceeds 10 cm* yr-‘. 

For given deposition fluxes of reactive oxidized Fe and 
Mn, the maximum concentrations of Fe(OHb and MnO, 
observed in the sediment decrease with increasing particle 
mixing intensity (Fig. 8b). This reflects the spreading of the 
oxides over greater depth intervals. The model simulations 
also indicate that at site S4 a subsurface maximum of the 
manganese (hydr)oxide concentration would develop when 
the mixing coefficient drops below 5 cm* yr-‘. At higher 
rates of biological mixing, the maximum concentration al- 
ways occurs at the water-sediment interface. A recent study 
by Dhakar and Burdige (1996) also underscores the role of 
bioturbation in controlling the development of a subsurface 
Mn oxide concentration peak in deep-sea sediments. 

A comparison of Fig. 8a and 8b shows that there is no 
unique relationship between the measured oxide concentra- 
tion of a metal and its redox cycling efficiency within a 
sediment. Stated more generally, concentrations alone may 
be poor indicators of chemical dynamics in early diagenetic 
systems. For example, according to Fig. 8, a higher concen- 
tration of reducible Fe(II1) in a sediment does not necessarily 
imply a larger contribution of dissimilatory iron reduction 
to organic carbon oxidation. It should also be noted that the 
functional dependencies displayed in Fig. 8a and 8b hold 
only for the particular conditions at site S4. In a sediment 
where the manganese reduction zone is located at greater 
depth, the cycling efficiency E of manganese would depend 
on the mixing intensity in a manner similar to that observed 
for iron at S4. 

6.3. Effect of Irrigation 

Benthic animal irrigation enhances the flux of O2 into the 
sediment and, therefore, enhances the rates of Mn(I1) and 
Fe(R) oxidation, recycling more Mn and Fe back to the 
reactive Mn(IV) and Fe(II1) pools. Consequently, the frac- 
tion of organic carbon oxidation coupled to dissimilatory 
metal reduction increases with irrigation intensity (Fig. 9a). 
By introducing more O2 into the sediment, irrigation also 
reduces the build-up of iron sulfides (Fig. 9b). Because it 
promotes sulfide oxidation as well as solute exchanges be- 
tween sediment and bottom water, irrigation is potentially a 
critical process controlling the benthic regeneration of sul- 
fide-bound trace metals from sediments (Huerta-Diaz and 
Morse, 1992; Rivera-Duarte and Flegal, 1994). 

6.4. Effect of Carbon Oxidation 

The relative contributions of dissimilatory pathways to 
total manganese and iron reduction are very sensitive to the 
organic carbon oxidation rate. This is illustrated for site S4 
(Fig. lOa). In the simulations, the deposition fluxes of reac- 
tive Fe and Mn (hydr)oxides remain constant, but the depth- 
integrated rate of carbon oxidation is varied. The latter is 
achieved by changing the intercept of the rate distribution 
at the water-sediment interface, while keeping the same ex- 
ponential depth attenuation coefficient as in Fig. la. 

At rates of organic carbon oxidation below about 200 
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FIG. 9. Effect of irrigation intensity on (a) the relative contribution 
of dissimilatory Fe plus Mn reduction to total organic carbon oxida- 
tion and (b) the maximum concentration of iron sulfide in the sedi- 
ment. The numerical values along the horizontal axis correspond to 
the irrigation exchange coefficients at the water-sediment interface. 
The exponential depth attenuation coefficient of the exchange coef- 
ficient is kept constant and equal to the value for site S4 (Fig. 4). 
All other conditions are identical to those for site S4 (Table 3). 

pm01 cm-’ yr-‘, organic matter is predominantly degraded 
by aerobic respiration, denitrification, and dissimilatory man- 
ganese reduction. Because little reduced Fez+ and HS- is 
produced, dissimilatory manganese reduction is not compet- 
ing with chemical reduction (I- 11 and I- 14). Hence, all man- 
ganese reduction is coupled directly to organic carbon oxida- 
tion. As the organic carbon oxidation rate increases above 
200 pm01 cm-’ yr-‘, however, iron(III) and subsequently 
sulfate will be reduced. The onset of Fe(III) (hydr)oxide 
reduction has a fairly dramatic effect on the relative contri- 
bution of dissimilatory Mn reduction. This reflects the effi- 
cient reduction of Mn oxides by dissolved Fe2’. Thus, we 
do not expect high levels of dissimilatory Mn reduction in 
sediments with high levels of porewater Fe*+. In a similar 
fashion, the fraction of iron reduction which is directly cou- 
pled to organic carbon oxidation decreases as more dissolved 
sulfide is generated, causing microbial iron reduction to com- 
pete under progressively less favorable conditions with 
chemical reduction by HS- (I-15). 

The intensity of organic carbon oxidation also affects the 

Fe and Mn (hydr)oxide concentrations in the sediments (Fig. 
lob). Low rates of organic carbon oxidation cause the redox 
cycling of the metals to occur relatively deep below the 
water-sediment interface. The efficient trapping of the ions 
within the sediment results in a build-up of the oxide concen- 
trations at the oxic-anoxic boundary. 

6.5. Effect of Metal Deposition Flux 

A comparison of the composition of the Danish sediments 
reveals a very large difference in reactive manganese (hy- 
dr)oxide content between the two shallowest sites (S4 and 
S6), on the one hand, and the deepest site (S9), on the other 
hand (Fig. 3). The highest concentrations at S9 are more 
than thirty times larger than those at S4 or S6. There is 
obviously more reactive manganese being deposited at site 
S9, but a thirtyfold increase of the deposition flux seems 
rather excessive. A sensitivity analysis for site S9 reveals a 
strongly nonlinear dependence of the Mn (hydr)oxide con- 
tent on the deposition flux (Fig. 11). In other words, under 
the right conditions, a relatively small increase in the deposi- 
tion flux may induce a large increase in the measured concen- 
tration. The nonlinear dependencies of the Mn oxide levels 
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FIG. 10. Effect of total organic carbon oxidation rate on (a) the 
relative contributions of dissimilatory pathways to total Fe and 
Mn reduction, and (b) the maximum concentration of Fe and Mn 
(hydr)oxides in the top 10 cm at site S4. 
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on the rate of organic carbon oxidation (Fig. lob) and the Mn 
deposition flux (Fig. 11) may, together, explain the lateral 
transition in sediment composition that is observed with in- 
creasing water depth in the area studied by Canfield and his 
coworkers (Thamdrup, pers. commun.). 

6.6. Effect of Sedimentation Rate 

Variations of the sedimentation rate by one order of mag- 
nitude only slightly affect the redox cycling of Fe and Mn 
in the coastal sediments (Fig. 12), indicating that mixing by 
macrofauna, not advective burial, is the main particle trans- 
port process. This is true for most marine sediments which 
are not overlain by anoxic bottom waters (Tromp et al., 
1995). Although it does not play a major direct role in the 
early diagenesis of Fe and Mn, sedimentation rate if nonethe- 
less a key variable characterizing depositional systems in 
the oceans, because the main controls on sedimentary redox 
cycling, i.e., the deposition flux and reactivity of organic 
matter; the intensities of bioturbation and irrigation, and the 
metal deposition fluxes, all tend to correlate with sedimenta- 
tion rate (Tromp et al., 1995). 

7. CONCLUSIONS 

Chemical dynamics in surface sediments are characterized 
by a high degree of coupling among reactive species, and 
by the frequent occurrence of multiple competing reaction 
pathways. A comprehensive quantitative treatment of early 
diagenesis must, therefore, rely on the development of multi- 
component reactive transport models that include fairly large 
numbers of reactive species and reactions. Because of the 
complexity involved, an important part of the computational 
effort should be directed toward testing and calibrating pro- 
posed models. This task is made possible by the increasing 
availability of detailed datasets on porewater and solid sedi- 
ment chemistry. An important constraint on the validation 
of multicomponent models of early diagenesis derives from 
the reaction couplings which require that a unique set of 
reaction stoichiometries and rate parameters simultaneously 
reproduces the distributions of all the species at a given site. 

In this paper, we have shown that the kinetic transport- 
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reaction code STEADYSEDl consistently reproduces the 
extensive chemical and kinetic data collected by Canfield 
and his colleagues at three coastal marine depositional sites. 
The results support the use of STEADYSEDl as an inter- 
pretative and predictive tool. Thus, the model can be used 
to explain observed concentration profiles in terms of bio- 
geochemical reactions and physical transport processes. It 
can also be utilized for the construction of detailed budgets 
for the main redox elements in the surface sediments, the 
evaluation of the relative importance of hompeting reaction 
pathways, and the extraction of values for the reaction and 
transport parameters. The latter can be applied in sensitivity 
analyses that may help identify the major controls on early 
diagenesis by simulating the response of redox cycling in 
the sediments to changes in external and internal forcings. 

Clearly, STEADYSEDl carries a number of simplifying 
assumptions and it depends on the parameterization of trans- 
port and reaction processes. In future versions of the model 
some of these assumptions will be relaxed, new parameter- 
izations will be tested, and additional reactive species and 
reaction processes will be included. Nonetheless, the re- 
sults presented here suggest that, in its present form, 
STEADYSEDl accounts for the principal chemical species 
and processes governing redox conditions in early diagenetic 
systems. Therefore, the model could be applied advanta- 
geously to sites where extensive datasets such as those dis- 
cussed here are not available. 
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