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Comparative diagenesis at three sites on
the Canadian continental margin

by Bernard P. Boudreau!, Alfonso Mucci?, Bjorn Sundby?,
George W. Luther* and Norman Silverberg’

ABSTRACT

Diagenesis of carbon, oxygen, nitrogen, and manganese at three sites on the Canadian continental
margin is quantitatively compared and contrasted using results from a computer code (CANDI)
published by Boudreau (1996a). The data at Station 3 (Cabot Strait) are well explained by the steady
state output from CANDI, assuming a porewater balance created by diffusion and reaction only,
whereas the data from Stations 4 (Emerald Basin-Scotia Shelf) and 5 (Scotia Slope) are not
consistent, in one way or another, with this simple model. The deviations between model and data at
Station 4 are best explained by nonsteady-state diagenesis. Model fits to the Station 5 £CO,
observations are improved dramatically by adding some irrigation at this site, but the XNHj
distribution appears to be subject to an additional anomalous transportto the O, zone and subsequent
oxidation to NO;. The mechanism for this latter phenomena is unknown and in need of future
research.

In addition, the O, and £CO, profiles at all sites require the existence of at least two reactive
organic matter types; furthermore, the initial amounts of these OM types at each station is strongly
dependent on the intensity of particle bioturbation. Ammonia is preferentially regenerated at Station
3 at a high ratio of about 25 N to 106 C. The net kinetics of the deeper removal of Mn?* appear to be
fractional-order with respect to the concentration of this species, suggesting multiple removal
processes. Finally, an oxidant balance, assuming steady state, indicates a considerable difference in
the use of oxidants at each station even though the O, fluxes are similar.

1. Introduction

Much of early diagenesis is driven by the regeneration of organic carbon (Berner, 1980;
Canfield, 1993). Because of the shallow water column, proximity to land and nutrient
sources, continental margin sediments receive a greater proportion of the net primary
productivity than equivalent sediments in the deep sea. This fact is reflected in the much
higher concentrations of organic carbon in shelf and slope sediments. Moreover, Berner
(1982) showed that the total burial rate of organic carbon in marginal sediments is
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presently about six times that in pelagic sediments, due to greater sedimentation rates that
overwhelm the effect of the relatively small surface area. As a result, diagenetic processes
in continental margin sediments play a far greater role globally in the removal and
regeneration of organic carbon and nutrients than similar processes in abyssal sediments.
No study of the fluxes and fate of carbon in the oceans can be considered complete or
accurate without considering benthic carbon cycling in continental margin sediments.

Our understanding of the processes that dominate organic matter diagenesis and their
rates in marginal sediments remains surprisingly slim. A major contributing factor to this
situation is the heterogeneity of this environment with respect to sediment type, accumula-
tion rates, degrees of biological and physical disturbance, and geochemical composition
and inputs. At the same time, sampling of porewaters and fluxes has proven to be difficult
in some sediments;i.e., sands and gravels. Even for muds, which are amenable to standard
sampling technologies, the number of geochemically documented sites outside of shallow
coastal areas is relatively small compared to deep-sea locations.

Although a better accounting of diagenesis in coarser sediments will require more
methodological innovation, we are, nevertheless, in a position to improve our quantitative
knowledge of diagenesis in muddy sediments of the continental margin. To this aim, the
Canadian JGOFS program (CJGOFS) has conducted a comprehensive porewater sampling
program at three stations on the Eastern Canadian Continental Margin—described later in
this paper. Separate subsets of the resulting analyses have been reported and discussed in
individual papers on mixing, iron and manganese chemistries, oxygen fluxes, calcium-
carbonate dissolution/fprecipitation, etc. (i.e., Anschutz et al., 1998; Luther et al., 1998;
Mucci et al, 1999; Mulsow et al., 1998; Silverberg et al., 1999); nevertheless, an
integrated evaluation of these data and their full implication to diagenesis in marginal
environments has yet to appear.

Once a diagenetic data set has been obtained, a quantitative description of the processes
that have produced these observations is not possible without some form of modeling
(Berner, 1980). Modeling of continental margin porewaters is particularly difficult because
of the extensive couplings between different species, the variety of oxidants utilized, and
the nonlinear kinetics that characterize organic matter decay and by-product oxidation
reactions. In response, various advanced computer codes have been developed recently to
deal with such complications; e.g., Boudreau (1996a), Soetaert et al. (1996), Van Cap-
pellen and Wang (1995), and Wang and Van Cappellen (1996). Applications of these codes
are still rare and more need to appear in the literature in order to allow potential users to
fully evaluate code utility, strengths and weaknesses. The CJGOFS data set presents an
opportunity to illustrate the use of one of these codes, i.e. CANDI (Carbon and Nutrient
Diagenesis), as presented in Boudreau (1996a).

Before jumping into the presentation of the application and its results, a short discussion
of the philosophy behind this modeling effort is in order so as to avoid false expectations
and misunderstandings. When a model does not reproduce a reliable set of data, this
situation does not constitute a failure of modeling per se. A properly-formulated and
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constructed model is nothing more than a canonical form of our collective understanding
of a chosen geochemical system. A mismatch questions our understanding, not the
modeling exercise. In fact, lack of agreement between a correctly formulated and solved
model and data is normally more informative than coherence. A negative outcome
unquestionably indicates a problem in the content of the model and, consequently, in our
logic or comprehension. On the other hand, the reason for model-data consistency can
never be established without a doubt; that is to say, the model may be a correct
representation of the phenomena being examined or the agreement may be the result of
excessive flexibility of the model solution. For example, the exponential function is the
solution to a number of steady-state models cast as differential equations;e.g., burial-decay
equation, diffusion-decay equation, diffusion-advection equation, etc. (see Boudreau,
1997). Exponentials are renown for their mathematical elasticity, such that they can be
made to fit almost any data set. Goodness of model fit to a data set can hardly be the basis
for proclaiming the correctness of a model in this situation.

2. Data

Detailed descriptions of the station locations, the data and the sampling and analytical
techniques are available in the papers by Mulsow et al. (1998), Anschutz et al. (1998),
Luther et al. (1998), Mucci et al. (1999), and Silverberg et al. (1999). Discussion of faunal
species, abundances, bioturbational activity can be found in Grehan et al. (1994). Only a
brief overview is provided here.

a. Sites & sampling

Sediment cores were collected from three stations located on the Eastern Canadian
Continental Margin during a June 1994 cruise of the CSS Hudson. A map showing the
geographiclocation of the sites is provided in Mulsow et al. (1998) and Luther et al. (1998)
and, in order to save journal space, is not repeated here. Station 3 (47°30'N, 60°05'W) is at
a depth of 525 m in the Laurentian Trough (roughly Station 12 of Silverberg et al., 1986),
Station 4 (43°50'N, 62°49'W) is at 230 m in the center of a small basin on the continental
shelf (see Buckley, 1991 and Grant et al., 1991 for detailed geological descriptions), and
Station 5 (42°53'N, 61°45'W) is located on the continental slope at a depth of 780 m.
Samples for porewater and solids analyses were collected with a 0.12 m? box corer, while
those intended for micro-electrode and flux measurements were obtained with a Bowers &
Connelly multicorer.

b. Data

Porewater modeling with CANDI will focus on the depth distributions of O,, NOy,
ECOZ, ENH3, and Mn?*. These particular data were chosen because they constitute the
minimal data set needed by CANDI for internal consistency in estimating parameter
values. The O, concentration was measured with two types of micro-electrodes, polaro-
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graphic Clark-type electrode and a solid-state voltammetric electrode (Silverberg et al.,
1999; Luther et al., 1997) at in situ temperature on board ship after retrieval of the
multicorer. The NO;, 2CO, and XNH; were obtained on squeezed porewater samples, as
described in Anschutz et al. (1998) and Mucci ef al. (1999). The O, and NO; data are
supplemented by independent measurements of their fluxes at the sediment-water inter-
face, determined on board ship following time-series incubations (Luther et al., 1998). The
dissolved manganese data were obtained with a solid-state voltammetric microelectrode
(Luther et al., 1997). The data are illustrated in Figures 1 through 8 later in this paper. In
addition to these porewater measurements, porosity profiles and excess >'°Pb were
obtained in order to determine bioturbationrates, as presented in Mulsow et al. (1998).

3. The model—CANDI

Details of the construction and workings of CANDI are provided in Boudreau (1996a).
Like the chemical analyses, these details are not repeated here. Briefly, CANDI has the
capability to model the effects of transport processes (molecular diffusion of solutes,
biodiffusion of solids, burial, compaction, and irrigation of solutes) and various reactions
(organic matter decay, by-product oxidation of Mn?*, NH;r , H,S, etc., FeS and FeS,
precipitation and oxidation, CaCOj; dissolution, and solid-solid reactions, e.g. FeS +
MnO,, etc.) on the distributions of organic matter, nutrients, oxidants, reduced by-
products, acid-base speciation and pH in an aqueous sediments.

For each solute species, the conservation (diagenetic) equations are of the form:

oc 10

oC
PR ¢Dc 7=~ ouC|+ NWIC, — €] = ZR (1)

where C is the concentration of the solute (mM of porewater), t is time (years), x is depth
(cm), @ is porosity, D'c is the tortuosity-corrected molecular diffusivity (cm? yr='), u is the
porewater advection velocity (cm yr~!), n(x) is the rate constant for irrigation as a function
of depth (yr™1), C, is the concentration at the sediment-water interface (mM), and LR is the
sum of reactions (mM yr™1).

Specific forms of 2R assumed in CANDI are listed in Boudreau (1996a) and are largely
those found in Wang and Van Cappellen (1996). The primary modification has been to
include a few new reactions, i.e. (Aller 1990; Luther et al., 1997):

5Mn** + 2NO; + 4H,0 — 5MnO, + N, + 8H* (2)
and
NO; + H,S + H,0 — SO~ + NH; 3)

Reactions between nitrate and FeS and FeS, probably also occur, but these are not
considered in this paper. Information and data with regard to the kinetics of reactions (2)
and (3) are nonexistent; consequently, following the lead of Van Cappellen and Wang
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(1995), plausible kinetic expressions are postulated to be

Ryinno, = ~kvivo, (Mn**)(NO3) 4)

Ry sno, = ~ku,sno,(H2S)(NO5) (%)

for reactions (2) and (3), respectively.

In addition, the data presented below will show that Mn?* is also removed from below
the oxic zone by solid-phase interactions. A variety of processes can produce this
phenomenon; i.e., co-precipitation with CaCO; (e.g., Pedersen and Price, 1982; Thomson
et al., 1986; Aller and Rude, 1988; Mucci, 1988), adsorption onto CaCOj; or FeS surfaces
(Arakaki and Morse, 1993), and/or the formation of a distinct MnCO; phase (e.g., Boyle,
1983; Middelburg et al., 1987). Because the specific process(es) acting at our stations
remains unidentified, the kinetics of suboxic Mn?* removal are initially modeled as first
order in the concentration of that species, i.e.

RMn*loss = _anfloss(an-F)- (6)

First-order kinetics for these reactions are at best gross over-simplifications; nevertheless,
in some circumstances, irreversible adsorption can be approximated as first order (Boudart
and Djéga-Mariadassou, 1984), and (co)-precipitation may appear to be first order if the
rate of formation of the mineral is relatively constant over the zone of Mn?* removal. The
values of all rate constants are reported later.

Each component of the solids obeys an equation similar to Eq. (1):

OB 10 OB

IR i A LRy @)
where B is the concentration of a solid species (mmoles per dm? of solids), @, is solids
volume fraction (1 — @), Dy is the bioturbational diffusivity (cm? yr~'), w is the solids
advection velocity (cm yr~!), and LR is the sum of reactions affecting the solid being
modeled (mmoles per dm? of solids yr~!). The values of the various parameters in these
equations are given below. These equations are solved numerically by the method of lines
(see Boudreau, 1996a, 1997).

4. Parameter values

General diagenetic codes, such as CANDI, contain a host of free parameters; i.e.,
diffusion, irrigation, and bioturbation coefficients, rate and Monod constants, whose values
must be specified in order to produce a model outcome (prediction). Some are best reserved
for fitting the data; e.g., organic matter stoichiometric coefficients and decomposition rate
constants, because they are of fundamental importance (see next section), but others are
either reasonably well known a priori; e.g., diffusion coefficients, or play more minor roles
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and are best fixed prior to model runs. The values for the latter type parameters are
discussed below.

Free-solution diffusion coefficients in pure water for all solutes in the model are
calculated with the formulas in Boudreau (1997, Chapter 4, Section 4.2.3). Temperature,
pressure and salinity corrections were obtained using the formulas from Li and Gregory
(1974) and Kukulka et al. (1987). To correct for tortuosity, the porosity profiles are fit to an
exponential formula (Mulsow et al., 1998) and the empirical equation advanced by
Boudreau (1996b) is utilized; i.e., 62 = 1 — In(@?), where 0 is the tortuosity. This 6—¢
relationshipis valid for the entire natural range of these variables. All calculations are made
automatically in CANDL

Bioturbation is assumed to be dominantly diffusional at our three stations, which is
consistent with faunal abundances, distributions and species types, but minor head-down
deposit feeding probably occurs at Stations 3 and 5 (Grehan et al., 1994); nevertheless,
210pp distributions are adequately described by a diffusional model (Mulsow et al., 1998)
and that practice is continued here. Using excess 2!°Pb profiles and assuming constant
porosity, Mulsow et al. (1998) derive Dp values of 0.19 and 0.37 cm? yr~! for Stations 4
and 5, respectively, in the summer of 1994. The lower Dy value at Station 4 is consistent
with the lower abundances and bioturbational capacity of the fauna at that station (Grehan
et al., 1994). Station 3 was characterized by values of 12.1 cm? yr~! in the 0-5 cm zone and
0.68 cm? yr~! between 5-16 cm. This latter depth-dependence was approximated using a
Gaussian function as in Christensen (1982). Calculated Dy values for all these stations at
other sampling times (i.e., May 1993 and December 1993) exhibit a fair amount of
variability (see Tables 3, 4 and 5 in Mulsow et al., 1998) which is probably related to
pronounced local heterogeneities (Smith and Schaffer, 1984), because seasonal variability
usually cannot be resolved with 2'Pb profiles. In calculating Dy values, all the penetration
of excess 2'°Pb was attributed to mixing; this is certainly not true, as burial must also
contribute. The burial velocity was set to a nominal value of 0.01 cm yr~! at all stations
(see Mucci et al., 1998), while noting that larger values have modest effect on the
porewater profiles modeled here. Furthermore, the irrigation rate constant was set initially
to zero in the model results given below, but nonzero values were later explored in fitting
the data at Station 5.

The plethora of reactions included in CANDI, as well as their kinetics, can be found in
Boudreau (1996a). The values for preset rate constants for the present study are given in
Table 1; obvious rate constants not found in this table will be discussed in the next section.
The exact numerical value of most of the rate constants for the by-product oxidation
reactions are not known, but they are thought to be large and any value above 10° mM ™!
yr~! produces essentially the same result within the errors in the data. Also, a zero value for
a particular constant does not represent its true value or that this reaction does not occur at
the CJGOFS sites, simply that the reaction was not considered.

Organic matter oxidation is assumed to have a Monod-type dependence on the
concentrations of the various available oxidants (Boudreau and Westrich, 1984; Boudreau,
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Table 1. Values for preset rate constants in CANDI used in modeling the CJGOFS Stations.

Equation

Reaction numberyt Station 3 Station 4 Station 5 Units
Mn?* oxidation with NOJ 2) 1.0 X 104 1.0 X 10° 1.0 X 10° mM~!yr!
2 H,S oxidation with NO;’ 3) 1.0 X 10* 1.0 X 10° 1.0 X 10° mM~!yr!
YH,S oxidation with O, B(10) 1.0X107 1.0X10° 1.0X10° mM 'yr!
Mn2* oxidation with O, B (9) 1.0 X 103 1.0 X 10° 1.0 X 10° mM~!yr!
Fe2* oxidation with O, B (8) 1.0 X 10° 1.0 X 10° 1.0 X 10° mM~!yr!
YNH, oxidation with O, B(11) 10OX100 10X10 1.0X107 mM 'yr!
FeS oxidation with O, B (19) 1.0 X 103 0 0 mM~!yr!
FeS oxidation with MnO, B (18) 0 0 0 mM~!yr!
FeS oxidation with Fe3* B (17) 0 0 0 mM~!yr!
2H,S oxidation with Fe3* B (16) 10 10 10 mM~!yr!
FeS formation B (7) 3 300 300 mM~!yr!
FeS, formation B (20) 1.0X 1073 1.0X1073 1.0X 1073 yro!
Fe2* oxidation with MnO, B (14) 10 10 10 mM~!yr!
2H,S oxidation with MnO, B (15) 1 10 10 mM~!yr!
CH, oxidation with O, B (12) 1.0 X 103 1.0 X 10° 1.0 X 10° mM~!yr!
CH, oxidation with SO, B (13) 1.0 X 10° 1.0 X 10° 1.0 X 10° mM~!yr!

tEquations numbers preceded by a B indicate equations in Boudreau (1996a). Many values taken
from Van Cappellen and Wang (1995).

1996a, 1997; Van Cappellen et al., 1993; and Van Cappellen and Gaillard, 1996). The
Monod saturation constants for O,, NO; and SOZ are 0.08, 0.015 and 1.0 mM, respec-
tively, at all stations.

Bottom waters (x = 0) were not sampled and analyzed separately for each station. A
uniform water composition at the sediment surface of 0.2 mM O,, 0.032 mM NO;, 0.011
mM XNH,, 0.0 mM Mn?2*, 0.0 mM Fe2* and 0.0 mM CH, was assumed for each station.
The XCO, was 2.303 mM at Stations 3 and 4 and 2.25 mM at Station 5. The ammonia
concentration is assumed, not measured in June 1994; it is undoubtedly too high, but that
fact is of no consequence. The dissolved sulfate was calculated from the bottom water
chlorinities, Cl, using the equation SOZ = Cl-0.00145753.

CANDI was run to steady state at each station with either 1000 or 2000 points on the
modeled depth interval. The interval varied from 35 cm at Stations 4 and 5 to as much as
150 cm at Station 3.

5. Results and discussion

In conducting our analysis, perfect fits to the data sets are not possible, in part because
couplings in the reaction terms of the diagenetic equations cause interdependence between
model predictions for different species, and because the data do not originate from the same
cores, the effects of lateral heterogeneities add variability. An optimal (eye-ball) fit for one
species may cause a less than acceptable fit to another; consequently, the results displayed
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Figure 1. Oxygen data collected with microelectrodes at Station 3, 4 and 5. The solid lines are
eye-balled best fits with the program CANDI (Boudreau, 1996a). Each diagram also contains the
value of the decay constants for each of the two reactive organic matter types and their respective
concentrationsat the sediment-water interface.

here are compromise solutions, and the underlying need for these compromises will be
discussed, when appropriate.

a. Oxygen

The microelectrode-measured O, profiles are displayed in Figure 1, and the solid lines
are fits from CANDI. Least-squares fitting of the Bouldin (1968) model can produce
statistically superior approximations to this data than that provided by CANDI (Luther et
al., 1997; Silverberg et al., 1999); nevertheless, the CANDI-based fits are better than
acceptable, and the reader must remember that CANDI is constrained to fit more than one
species simultaneously. In addition, the interfacial O, flux generated from the CANDI fit
(see Table 2) for Station 3 is statistically identical to the chamber-measured value of
—4.14 = 0.95 mmole m~2d~!, whereas the model-calculated values are within a factor of
two to three of the measured values at the other two sites;i.e., —4.9 £ 0.08 mmole m~2d™!
at Station 4 and —4.4 = 0.85 mmole m~2 d~! at Station 5 (see Luther et al., 1997).

CANDI requires the existence of two types of reactive organic matter in order to
simulate the observed O, and XCO, profiles (see below). The Station 4 plot (Fig. 1, upper
right-hand diagram) illustrates typical model sensitivity to the surficial (x = 0) fraction of
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Table 2. Summary of parameters and other quantities derived with CANDI from the CIGOFS data
assuming steady state.

Parametert Station 3 Station 4 Station 5 Units
G,(0) 0.1 1.7 2.5 % of solids
G,(0) 3.25 0.6 2.5 % of solids
k, 1.0 1.0 3.0 yr!
k, 5.0 X 1075 1.0 X 1073 2.0X 1073 yr!
Fo, (x = 0) 5.25 9.19 13.8 mmol m~2d~!
Mn1V), 0.05 0.5 0% %
Fe(IID), 0.01 0.2 0% %
C:N 106:22 106:259 106:25 (mole:mole)
Kkealcite 30 500 300 yr!
karagonile 3 50 5 yr* !

where:

G(0) = concentrationof the highly reactive organic matter at the sediment-waterinterface (x = 0)

G,(0) = concentration of the weakly reactive organic matter at the sediment-water interface
(x=0)

k, = first-order decay constant for the highly reactive organic matter

k, = first-order decay constant for the weakly reactive organic matter

Fo, (x = 0) = flux of O, at the sediment-waterinterface

Mn(1V), = initial solid Mn(IV) concentration,i.e. x = 0

Fe(IlI), = initial solid Fe(IlT) concentration,i.e. x = 0

C:N = Carbon to Nitrogen mole ratio in the decaying organic matter

keaeie = first-order dissolution constant for calcite

Karagonite = first-order dissolution constant for aragonite

$Required with no dissolved metals measure in the porewaters.

{[Disagrees with simple stoichiometric modeling (see text). Probably not at steady state.

total solids that is composed of the more reactive organic type (as % carbon). The quantity
of this reactive organic matter must be known to within about 0.1% in order to best
simulate the O, profiles.

In these illustrated model results, the more reactive organic matter has a rate constant of
1-3 yr7! and surface abundances of 0.1%, 1.7% and 2.5% at Stations 3, 4 and 5,
respectively. Such material represents a yearly input of fresh organic matter, primarily from
the Spring bloom that occurs at all these stations. Because of its high reactivity, this organic
matter decays away rapidly in the first centimeter of the sediment and would be difficult to
detect in our analyses of the solid phase (see Mucci et al., 1999). The large difference
between G;(0) at Station 3 and that at the other two stations may be disconcerting,
particularly given the similar oxygen demands. An explanation lies with the large
differences in mixing rates between stations (see the Parameter values section above and
Mulsow et al., 1998). The surficial OM concentrations are lower at Station 3 because
mixing is so much more intense there. However, D was as large as 0.72 cm? yr~! at Station
4 in the Winter of 1993 and 0.81 cm? yr~! at Station 5 in the Summer of 1993. If such large
values were used in the model, the calculated G1(0) values would be cut by more than half.
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Mixing coefficient values are also greater if porosity gradients are included in the mixing
model (see Table 4 of Mulsow et al., 1998). This analysis highlights the need for accurate
estimates of mixing rates for use in diagenetic models, particularly since reactive organic
carbon is difficult to measure directly. In fact, this point is true of all solid-phase-based
models, e.g. Aller (1994).

The more refractory organic matter has reactivities between 0.05-2 X 1073 yr~!, and it is
most abundant at Station 3 and least abundant at Station 4. These numbers are derived from
the XCO, profiles, discussed further below. The abundance of more refractory carbon at
Station 3 is consistent with the idea that the sandy shelf areas of the eastern Gulf of St.
Lawrence eventually export most of their carbon and that this material is old and of low
reactivity by the time it settles at this station.

b. Nitrate

The greatest discrepancies between the model and data occur with the nitrate profiles
(Fig. 2). The Station 3 nitrate data are not plotted as the measurements are so low that they
may suffur from analytical problems. The Station 4 nitrate data drop more rapidly in the
first centimeter than expected from theory, while Station 5 data display a larger than
expected maximum in the first centimeter.

The Station 4 data are much lower than observed in some other continental shelf
sediments; e.g., Fernex et al. (1989), but not unlike the data reported at the S, Station by
Canfield et al. (1993). CANDI incorporates traditional nitrification in the O, zone and
predicts a rise to a maximum of 19 uM, followed by a rapid depletion to essentially zero
nitrate by a depth of 1.5 cm, as observed in other coastal sediments; e.g., Enoksson and
Samuelsson (1987) and Lohse et al. (1993). Luther et al. (1997) invoke a reaction between
MnO, and XNH; in order to explain the apparent lack of nitrification of ammonia that is
produced by sulfate reduction, i.e.

2NH, + 3MnO, + 6H* — 3Mn?* + N, + 6H,0. (8)

This reaction short-circuits the traditional Nitrogen cycle in sediments that takes ammonia
to di-nitrogen via nitrate. This reaction was not included in the current version of CANDI,
which may account for the discrepancy between the data and the model at Station 4.
Station 5 data, in contrast, exhibit the classic subsurface maximum due to sequential
nitrification during O, reduction and subsequent denitrification; such distributions have
previously been reported in continental rise sediments; e.g., Cai et al. (1995). The oddity is
the magnitude of the NO; rise; the increase is four times larger than can be explained by
CANDL An increase of this size is dwarfed only by that reported by Billen (1982) for
sandy sediments in the Southern Bight of the North Sea. CANDI’s results are completely
consistent with the rise predicted by other models under similar circumstances; e.g., Jahnke
et al. (1982), Wang and Van Cappellen (1996), and Soetaert et al. (1996), and actual
maxima observed in other continental margin sediments; e.g., Christensen and Rowe
(1984), Enoksson and Samuelsson (1987), Kemp et al. (1990), Devol and Christensen
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Figure 2. Nitrate data from Stations 4 and 5. Solid lines are predicts from CANDI, based on a C:N
ratio of 106:25. Reasons for the mismatch are explored in the text.

(1993), and Lohse et al. (1993). Billen (1982) quantitatively accounts for his large
maximum by oxidation of ammonia, produced deeper in the sediment by anaerobic
respiration. Nitrification of upward diffusing ammonia is already part of CANDI; i.e.,
reaction (11) in Boudreau (1996a), but the diffusive flux of ammonia at Station 5 is simply
not strong enough to generate the observed maximum. Another explanation must be
sought.

One possibility for the anomalous nitrate peak at Station 5 rests in lowering the C/N ratio
of the decaying organic matter in the aerobic zone. Currently, this ratio is set to the same
value calculated for the anaerobic zone ammonia data; i.e., C/N = 4.24 (Table 2).
However, this value is already remarkably small, as Canfield et al. (1993) cite 8.85 £ 3.7
as typical of continental margin sediments. A reduction to smaller than 0.2 would be
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Figure 3. Plots of total inorganic carbon with depth at each of the three CIGOFS stations. The effect
of aragonite and calcite dissolution is displayed in the Station 4 diagram. The % organic carbon
refers to the less reactive type. The other diagrams contain the dissolution rate constants used to
obtain the model lines.

necessary to explain the data, and that is highly unlikely. Another possibility is lysing
bacterial cells that have stored nitrate (e.g., Fossing et al, 1995) during squeezing;
nevertheless, we observed no evidence of unusual bacterial mats, nor were the environmen-
tal conditions necessarily conducive to their growth. Irrigation could play a role in
generating this peak; however, calculations of the effects of irrigation alone, presented in
the ammonia section below, do not support this idea. Finally, the excess nitrate may be
linked to unusual behavior of ammonia at this site (again see below).

c. Total CO,

Our XCO, data are displayed in Figure 3. The initial increase (slope) in XCO, is dictated
by oxic organic matter decay in the upper 2 cm at each site, while the final (asymptotic)
amount of XCO, is largely controlled by the amount of sulfate reduction, with lesser
contributions from CaCOj; precipitation. Dissolution of calcite and aragonite also modestly
alter CANDI’s predictions of the 2CO, data near the surface, and this is discussed further
below. CANDI calculates that the porewaters are undersaturated with respect to calcite in
the upper 1-3 cm, whereas they are supersaturated with respect to this mineral below these



1998] Boudreau et al.: Diagenesis in continental margin sediments 1271

IC 0, (mM)

2 25 3 35 4 4.5
0 P I B .

Depth (cm)

20
25]

30 Station &

a5

Figure 4. A model refit of the XCO, data for Station 5 that includes irrigation at a rate of 50 yr~! and
a spatial dependence given by Eq. (9) of the text; otherwise, the parameter values are the same as
those in Figure 3.

depths. XRD analyses show that calcite is abundant in these sediments, but aragonite was
not detected; however, pteropods are quite common in sediment trap material (Mucci et al.,
1999).

Station 3 sediments have the greatest amount of slowly reactive organic matter (3.25%,
Table 2), and this fact is reflected in the much higher ECOZ concentrations observed at
depth. CANDI’s slight under-prediction of XCO, below 30 cm may indicate the existence
of another yet more slowly reactive organic matter fraction.

Station 5 has nearly as much of the second organic matter type, but CANDI indicates
thatit is substantially more reactive than at Station 3; thus, the decomposition occurs closer
to the sediment-water interface and more of the XCO, produced escapes the sediments. The
net result is that the asymptotic £CO, concentration is decidedly lower at Station 5. In
addition, the dip in XCO, between 5 and 10 cm suggests a process that removes 2CO»; e.g.,
irrigation and/or CaCOj; precipitation. The typical effects of irrigation are displayed in
Figure 4, and they bring the model into close agreement with the data. These latter results
were obtained by assuming that irrigation is a nonlocal exchange with a rate given by

Rirrigation = g {1 — tanh ()C - X*)}[CU - C] (9)
where 1 is the irrigation rate constant, tanh() is the hyperbolic tangent function, x* is a
depth where irrigation begins to decline, C, is the concentration of the solute in question in
the overlying waters. The Figure 4 results were obtained with = 50 yr~! and x* of 4 cm
Larger values of either parameter lead to less optimal fits and the appearance of O, at depth
in the sediment.

The £CO, profile at Station 4 is somewhat over-predicted at shallow depths; i.e., too
much production. This discrepancy may be related to nonsteady state effects, as discussed
below in the section on the Mn?" results.
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In these model predictions, we have added enough dissolution of both calcite and
aragonite, as first-order processes in their own saturation states (Hales and Emerson, 1997);
i.e.,

Raragonite = karagonite [Karagonite - (Ca2+)(CO3=)] (10)

and

Rcalcite = Kealcite [Kcalcite - (Ca2+)(CO3=)] (1 1)

to eliminate their respective undersaturations. In these equations, Kygonite and Keqicie are the
rate constants, whereas Kynoonie and K are the solubility products, respectively.
Dissolved carbonate concentrations were calculated dynamically from the observed pH
(Mucci et al., 1999) and the model XCO,. Comparison of the calculated rate constants with
previously modelled values is difficult because recent studies have assumed nonlinear
kinetics; however, the order of magnitude consistency between stations is encouraging and
may indicate useful values. The difference between CANDI fits with and without
dissolution is illustrated with the Station 4 results of Figure 3. The XCO, modifications
engendered by these mineral dissolutions are modest, but probably observable.

d. Ammonia

Figure 5 contains the total ammonia data for our three stations, as well as the fits from
CANDIL. The free parameter available for these fits is the C/N ratio of the decaying organic
matter. Sensitivity to this parameter is illustrated in the Station 4 diagram of Figure 5. The
model output is reasonably sensitive to the C/N ratio, and the values required in order to fit
the data at all stations are in the narrow range of 106:22 to 106:25, i.e. 4.82 to 4.24. This
compares with a mean C/N of 15 from solid phase analyses at both Stations 3 and 4
(CJGOEFS unpublished data, K. Juniper, Pers. Commun.). These results would suggest
strong preferential regeneration of N at all three sites.

As with the £CO,, the prediction of the ammonia profile at Station 3 is generally well
represented, with a slight underestimation of the asymptotic concentration at depth. Again,
this is probably attributable to another, slower reacting organic matter component. The
Station 4 data seem well simulated. The Station 5 ammonia data are perceptively lower in
the top 20-25 cm than predicted by the model. The similarity to the anomaly in the XCO,
data suggests that irrigation might be responsible.

In order to determine the internal consistency of these results, the data and model results
are also displayed on “‘stoichiometric” type plots in Figure 6, and these diagrams reveal
some important facts not apparent in the property-depth plots. In particular, the modeled
regeneration ratio (106:22) at Station 3 is very close to that derived using a simple
Berner-type model (i.e., 106:21.2), which is a statistical best fit. Strong preferential
regeneration of Nitrogen does, indeed, occur at this station. More and more, Station 3
emerges as consistent with the predictions of standard steady-state diagenetic theory.

The plot for Station 4 in Figure 6 displays a striking discrepancy between the data and
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Figure 5. Total ammonia profiles for the three stations and the CANDI model fits. The C:N ratio was
the free parameter available in fitting these data; its value is indicated in each diagram. The
question mark in the Station 5 plot indicates a sink for ammonia, not originally included in the
model.

the CANDI-generated results. The data plot on a simple linear trend, equivalent to a C:N
regeneration ratio of 106:10.6; meanwhile, the CANDI-based prediction is a curved line
that only roughly approximates the data and suggests preferential regeneration. The
CANDI line in Figure 6 is curved because two strong sources of C and N to the porewaters
are needed to explain the combined O,, XCO, and XNHj; data if steady state is operative.
The data make no such suggestion and the underlying assumption to the model, i.e. steady
state, must come into question. This latter point finds strong support from the Mn?* data, as
discussed further below.

Finally, the initial Station 5 plot in Figure 6 without irrigation clearly shows that the
model result fails to reproduce the data. These data form a regular curved trend on this plot,
while the model line, after an initial curved segment, is a straight line as in a conventional
stoichiometric plot. The difference between model and data is the opposite of that seen at
Station 4. Curvature of this variety in the data arises from any process that creates an
additional source or sink of these solutes, beyond that from the decay of a single organic
matter type. Irrigation would constitute such a sink; consequently, the XNH; data were refit
using the amount of irrigation implied by the fit to the XCO, in Figure 4;i.e., 1 = 50 yr™!
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Figure 7. Top diagram is a plot of the Station 5 total ammonia data along with the CANDI output
(solid line) that includes the same degree of irrigation as in Figure 4. The bottom diagram is a
Y CO,-XNH; stoichiometric plot for this same station that includes the CANDI results (dots
merging to a solid line).

and x* of 4 cm in Eq (9). The result is illustrated in the top plot of Figure 7. While an
improvement, a closer fit to the data above 20 cm, cannot be obtained without sacrificing
the agreement below this depth, and vice-versa. Arguments about the goodness of this fit
are, however, largely moot, as the resulting stoichiometric plot exhibits no improvement,
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and the amount of irrigation needed to ““fix” this disparity would create unacceptable
problems in the other profiles.

The CANDI results in Figure 7 tell us that a process other than irrigation, as we currently
understand it, must be responsible for the curvature in the Station 5 stoichiometric plot. The
sense of the curvature argues that XNHj is removed preferentially to XCO,. Deep oxidation
of the ammonia to nitrate is, nevertheless, unlikely because no NO; is found in the
porewaters at the required depths, and neither O, nor MnO, appears to be available as an
oxidantin the appropriate depth range. Additionally, crystalline ferric minerals are unlikely
candidates as oxidants because of the paucity of dissolved iron in the porewaters at this site
(Luther et al., 1998). Station 5 is also marked by anomalous “‘excess” nitrate in the near
surface porewater (Fig. 2). We are tempted to speculate that the “missing” ammonia is
transported to the upper 3 cm, rather than the overlying seawater, where it is oxidized with
0,. This transport would be selective to ammonia, as the effects do not appear in the XCO,
profile, which suggests solute-specific transport. A possibility is irreversible NH;-NH;
adsorption onto solids and bioturbationinto the O, zone for oxidation. The irreversibility of
such a process would be necessary because linear reversible adsorption would not create
curvature in a stoichiometric plot, as shown by Berner (1977, 1980). Another, perhaps
vague, mechanisms would be a selective biologically mediated transport. We possess no
further evidence in regard to this phenomena and must abandon further comment unless
future studies provide more information.

e. Manganese

The dissolved Mn?" concentrations are plotted in Figure 8 for Stations 3 and 4. Our
voltammetric microelectrode did not detect any dissolved manganese in the upper 10 cm at
Station 5 (5 uM detection limit), which is consistent with the lack of reactive solid Mn at
this station reported by Luther et al. (1998). The manganese data at the remaining two
stations have a number of noteworthy features.

At neither station does Mn?* overlap the O, profiles, and Aller (1990) and Luther et al.
(1997) have advanced that Mn?* is oxidized by NO; (or iodate) before the former reaches
the oxic zone; i.e., via reaction (2) given above. We have tested this hypothesis with
CANDI. The Station 4 diagram in Figure 8 illustrates the CANDI-predicted Mn2* profiles
with and without reaction (2). Whereas addition of reaction (2) certainly shifts the
predicted profile downward, away from the oxic zone, the predicted Mn?* profile is still
some 2 cm above the data. Reaction (2) alone cannot account for the discrepancy. A
nonsteady state history may be at work at Station 4 — for a related example, see Gobeil et
al. (1997). Oxygen might not be penetrating as deeply as in the recent past. Such a situation
could occur as a result of a number of factors, including rapid increase in the delivery of
highly reactive organic matter or a sudden decrease in the rate of mixing, as perhaps
suggested by the Dy values calculated by Mulsow et al. (1998). Changes in bottom water
O, content might have the observed effect, but then the Mn?* profile should have time to
adjust to that type of change.
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Figure 8. Dissolved manganese distributions at Stations 3 and 4. The model curves in the top
diagram (Station 4) illustrate the effect of reaction (2); i.e., Mn?* oxidation by NO;. The bottom
diagram shows the effect of varying the Mn?* removal rate constant and initial Mn(IV) at
Station 3.

The Mn2* profiles and CANDI’s predictions are in much better agreement at Station 3.
This calculationis inclusive of reaction (2), and it was driven with a surficial MnO, content
of 1% of solids by dry weight, which is similar to the data reported by Luther et al. (1998).
The solid phase Mn data and that predicted by the model are not presented here, but differ
in their rates of decrease with depth; however, the solids data comes from a separate core,
and we fear strong lateral heterogeneities in the solid phase data; e.g., Smith and Schafer
(1984). The main discrepancy between model and data now centers on the backside of the
Mn?* peak. Figure 8 displays theoretical curves for three different removal rate constants



1278 Journal of Marine Research [56,6

and initial solid-Mn(IV) concentrations at the sediment-water interface; the curve labelled
¢ begins to supply a reasonable simulation of the position of the front and the magnitude of
the peak, but not the precipitous decline. In fact, we have found no combination of Ky, oss
value and Mn(IV) input that could match the data.

The problem seems to revolve around the kinetics assumed in Eq. (6). The reaction rate
is linear in the Mn?* concentration. This means that Mn?* below the maximum will
decrease to undetectable levels with depth in an exponential-like manner; i.e., attaining
zero concentration only at infinity. This type of decline is not rapid enough. The rapid
decline in the data indicate undetectable Mn?* at a finite depth of about 6 cm. A
higher-order power in the Mn?* concentration will lead to an even gentler decline,
approximately proportional to x™", where n is the order of reaction. To obtain a rapid
decline to essentially zero values at a finite depth, the order must be less than 1 (Boudreau,
1997). Consequently, Figure 8 appears to constitute evidence that the overall kinetics of
Mn?* removal are fractional order in that species’ concentration. Such kinetics have been
argued to result from multiple, competing reactions (e.g., Shoemaker et al., 1981). We
cannot, however, explore this suggestion further, as CANDI and all other diagenesis codes
in current use cannot deal properly, in a numerical sense, with such kinetics.

f. Reactive carbon balance

Among CANDI’s various outputs are estimates of the fraction of the total organic matter
input at these stations that is consumed by the various possible oxidants at steady state; i.e.,
0,, NO;, Mn(1V), Fe(Ill), SO, and self-oxidation (methanogenesis). Clearly the Station 4
predictions must be regarded with some suspicion, as nonsteady-state effects are not
included.

The information presented in Table 3 is valuable in at least two respects. Firstly, it
constitutes a check on carbon balance in the model, which in our cases is balanced to no
worse than 0.1%. Secondly, such numbers allow comparison with diagenesis at other
sampled sediments, independent of the absolute magnitude of the carbon input. A selection
of similar data from other coastal and marginal sediments is also included in Table 3. A
caveat must be kept in mind when considering the results in Table 3. Our CANDI results do
not produce as much FeS and FeS, as recorded in the sediments (Mucci et al., 1999),
because, in reality, a second slowly reacting source of iron allows FeS and FeS, to be
formed progressively with depth into the sediment (Canfield, 1989). CANDI does not
presently have the capability to deal with a second iron source. Consequently, more of the
H,S produced by sulfate reduction is precipitated deep in the sediment and buried, rather
than transported upward and oxidized with O, or precipitated as FeS-FeS, in the upper
decimeters of the sediment; therefore, the role of O, as an OM oxidant is minimized and
that of sulfate reduction is conversely maximized. Nevertheless, the Table 3 results remain
highly informative.

The results in Table 3 emphasize that Station 3 is, by far, the more reducing, and that the
shallowest site, Station 4, is most oxic. In fact, Station 3 is remarkably similar to the 190 m
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Table 3. Percent of carbon oxidized by various oxidants at the CIGOFS sites assuming steady state
and some other coastal and marginal sites available in the literatures.

Site 0, NO; Mn(1V) Fe SO, CH,§ Total]
3 15.0 3.65 15.9 1.63 52.7 0.97 100.0
4 73.7 14.2 2.39 0.65 8.84 0.15 100.1
5 534 20.3 0.0 0.0 259 0.46 100.1
S, 13.6 32 0.0 32.1 51.1 — 100
Se 17.4 3.8 0.0 50.9 279 — 100
So 3.6 5.7 90.7 0.0 <1.0 — 100
FP1 6.0 13.5 — — 80.5%* — 100
Fp2 9.4 23.5 — — 67.1% — 100
FP3 9.7 11.7 — — 78.6* — 100
FpP4 13.6 14.8 — — 71.6* — 100
LIS1 8.1 18.8 — — 73.1% — 100
LIS2 33 14.1 — — 82.6%* — 100
QP2 68.6— 6.8— 1.3— 0.03— 6.0— — 100
74.1 12.1 23 0.06 10.8 — 100

tRates of OM oxidation by O, are somewhat minimized and those of sulfate reduction are
maximized by our underestimation of FeS-FeS, burial.

1S4, Sg and Sy are the Skaggerak sites (Canfield et al., 1993). FP1, FP2, FP3 and FP4 are from Flax
Pond, New York, as sampled on 6/13/87, 7/29/87, 9/22/87 and 12/11/87, respectively (Mackin and
Swider, 1989). LIS1 and LIS2 are values from Mackin and Swider (1989) Long Island Sound Station
9, sampled on 1/28/87 and 8/6/87, respectively. QP2 is a continental rise site at 3160, east of Cap
Hatteras, reported by Heggie et al. (1987).

§Self-oxidationto produce methane.

*Mackin and Swider assume that carbon oxidation other than with O, and NO; is mainly
attributable to SO, .

JTotals for CANDI can be different than 100% because of errors in numerical approximations.

S, site studied by Canfield ef al. (1993) in the Skaggerak; specifically, oxygen utilization
accounts for only ~15% of carbon oxidation, while sulfate reduction amounts for ~52% of
the total, at each site. The only significant difference was the metal oxide contributions. At
S4, Mn(IV) and Fe(IlI) account for ~0.0 and 32.1% of the total reduction, whereas these
numbers are ~16 and 1.6%, respectively, at Station 3. The Station 4 metal contributions
could easily be in error because of numerous assumptions made in order to run the model
(e.g., the iron input); likewise, Canfield et al. (1993) state that because of errors and
assumptions, the Mn(IV) contribution could be as high as 10%. Therefore, the similarity
may be more striking than suggested in Table 3. At both sites, most of the oxygen is used to
oxidize reduced by-products (i.e., Fe?*, Mn?>*, H,S and NH3), rather than organic matter.
Metal oxide reduction definitely rivals O, utilization in the carbon balance. Estimates for
Flax Pond, New York, and Long Island Sound bear some similarity to Station 3, in that
SOZ is a dominant oxidant and O, is not; however, further comparison is not possible
because metal oxide contributions were not resolved by Mackin and Swider (1989).

In contrast to Station 3, our Station 4 strongly resembles the deep continental rise QP2
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site from Heggie et al. (1987). Oxygen consumption dominates the carbon balance
(~74%), followed by nitrate and sulfate, then quite minor contributions from the metal
oxides. The QP2 and Station 4 balances are not that different from the estimates for the
deep-sea MANOP sites M, H and C (Bender and Heggie, 1984). What is notable is that
Station 4 is a mud in only 230 m of water, while the deep sea sites are all below 3000 m;
could this be the result of our steady state assumption? Station 5, at an intermediate depth,
is more reduced than Station 4, but inclusion of irrigation, as in Figure 4, does not
appreciably alter the results given in Table 3.

6. Conclusions

The object of diagenetic modeling is to advance our understanding of diagenesis through
quantitative and rigorous analysis, particularly of data. If models and observations were
always in accord, then we might conclude that we possessed perfect theoretical comprehen-
sion of diagenesis, a highly improbable situation indeed. (This state would be akin to that
of late 19th-Century physicists who mistakenly believed that their discipline was essen-
tially complete.) Therefore, all diagenetic data sets should be subject to quantitative
modeling (in its broadest interpretation) in order to aid in the discovery of new or
unappreciated phenomena or to indicate how the theory itself needs improvement.

In this spirit we have applied the diagenesis code CANDI (Boudreau, 1996a) to integrate
our understanding of the porewater data at three sites on the Canadian continental margin.
From this analysis we have been able to establish that the sediment at Station 3 in the Cabot
Strait is well described by the standard, steady-state, diffusion-reaction theory within
CANDIL. On the other hand, our modeling indicates that the porewaters at Stations4 and 5,
on the Scotian Shelf and Slope, respectively, follow less orthodox behavior. Specifically,
Station 4 appears to be in a nonsteady state, while Station 5 is not only irrigated (see Fig. 4),
but seemingly subject to unusual transport and oxidation of ammonia. More work needs to
be done to expand on this latter possibility.

Furthermore, our modeling has allowed us to reach a number of secondary conclusions,
including:

(1) Atleast two types of reactive OM exist at each station: one that decays on a yearly
basis and one that decomposes on decadal or longer time scales. The calculated
initial amounts of these organic matter types is a sensitive function of the mixing
rates; consequently,accurate assessment of mixing must become a priority in studies
of early diagenesis.

(2) Ammoniais preferentially regenerated at Station 3 at an unusually high ratio of 22 N
to 106 C. Simple Berner-type stoichiometric modeling verifies this finding.

(3) The dissolved manganese is affected by oxidation with nitrate (and possibly iodate).
This process tends to separate the overlap between O, and Mn?*; however, this is
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not enough to explain the separation at Station 4, and nonsteady state effects are
likely there.

(4) The decline in Mn?* with depth is attributed to either co-precipitation as a carbonate
or adsorption onto carbonates or FeS. The model fits suggest that the net kinetics of
this process are fractional-order with respect to the Mn?* concentration. Such net
kinetics have been argued to result from multiple, simultaneous and competing
reactions (e.g., Shoemaker et al., 1981).

(5) Assuming steady-state, the balance of carbon oxidants shows that organic matter
oxidation is dominated by O,-reduction at Station 4, at only 230 m depth, whereas
Station 3, at 530 m, is dominated by suboxic-anoxic diagenesis, much like an
organic-rich coastal sediment.
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