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Sergei Katsev,1 Gwénaëlle Chaillou, and Bjørn Sundby
Department of Earth and Planetary Sciences, McGill University, 3450 University Street, Montréal, Québec, H3A 2A7,
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Abstract

We applied a diagenetic model to examine the effects of a decadal-timescale progressive decrease in bottom-
water oxygen concentration on sediment geochemistry and fluxes across the sediment–water interface. The model
was calibrated using geochemical data acquired over the last 30 yr in the lower St. Lawrence River Estuary
(Canada), where the bottom-water oxygen concentration has been decreasing at an average rate of
1 mmol L21 yr21 over the past 70 yr. Benthic fluxes calculated from the model are comparable to fluxes derived
from shipboard sediment incubations. By propagating the model forward in time and allowing the oxygen
concentration to decrease further at 1 mmol L21 yr21, we predict changes in the distributions and fluxes of iron,
manganese, phosphorus, nitrogen, and sulfur. As the oxygen concentration decreases, the concentrations and
distributions of reactive phases in the sediment change at an accelerating pace. Fluxes of reduced substances out
of the sediment increase, reactive iron and manganese oxide phases become depleted, and the sediment becomes
progressively enriched in iron sulfides. A notable exception is the efflux of phosphate, which remains invariant. At
the study site, these changes are likely to become measurable within the next 20 yr. Model results are sensitive to
the effects of decreasing oxygen concentrations on the benthos, the response of which we represent by two
different approximations of the bioturbation and bioirrigation formulations: a gradual decrease and a threshold-
type decrease. The principal obstacle to reliable predictions of how sediments will respond is the lack of
knowledge about the response of bioturbation and bioirrigation to decreasing oxygen in bottom waters.

The depth below the sediment–water interface where
oxygen permeating from the water column is exhausted is
known as the oxygen penetration depth (OPD). This depth
separates environments dominated by aerobic and anaer-
obic metabolisms, and it reflects the balance between
supply and consumption of oxygen. Variations in the flux
of metabolizable organic matter to the sediment or in the
concentration of oxygen in the bottom water can shift the
location of the OPD and modify the distributions and
fluxes of redox-sensitive elements (Gobeil et al. 1997;
Kristensen 2000).

The effects of such variations are well documented for
seasonal timescales (e.g., Aller 1994; Sayles et al. 1994;
Thamdrup et al. 1994) and have been explored in several
modeling studies (Soetaert et al. 1996; Berg et al. 2003;
Morse and Eldridge 2007). In contrast, variations in the

supply and demand of oxygen over longer timescales have
received less attention (Thomson et al. 1996; Jung et al.
1997; Burdige 2006). Katsev et al. (2006a) demonstrated
that decadal variations in the flux of organic carbon to
organic-poor sediments, such as in the deep basins of the
Arctic Ocean, can shift the OPD by tens of centimeters and
trigger a redistribution of redox-sensitive elements within
the sediment column. Decadal-scale shifts in the OPD can
also take place in fjords, landlocked basins, continental
shelves adjacent to oxygen minimum zones, lakes un-
dergoing eutrophication or remediation, and deep oceanic
basins where bottom waters are replenished episodically.

The purpose of this paper is to examine the effects of
decadal and longer-term trends in the bottom-water oxygen
concentration on sediment geochemistry and fluxes across
the sediment–water interface. To illustrate the response of
sediments to such a trend, we apply a diagenetic model to
the lower St. Lawrence River Estuary (LSLE), where the
oxygen concentration in the bottom water has been
declining at an average rate of 1 mmol L21 yr21 for the
past 70 yr (Gilbert et al. 2005). The model is calibrated at
steady state using geochemical data acquired over the last
30 yr and is propagated forward in time under a scenario of
continuously decreasing oxygen concentrations until anox-
ia is reached. Model fluxes are compared to benthic fluxes
measured with shipboard incubations during the past 10 yr,
and changes in the distributions, speciations, and fluxes of
diagenetically reactive elements (Fe, Mn, P, N, S) are
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predicted. Sensitivity analyses of calibrated (steady-state)
and projected (transient) solutions identify the factors that
most strongly affect sediment geochemistry.

Study area

The St. Lawrence River Estuary (Fig. 1) receives the
discharge of one of the largest freshwater systems on the
North American continent (,10,900 m3 s21; Bourgault
and Koutitonsky 1999). The bathymetry of the estuary is
dominated by the Laurentian Channel, a 250–500-m-deep
submarine valley that extends landward 1,240 km from
the edge of the continental shelf. The overall circulation
pattern is estuarine; brackish water flows seaward in the
surface layer, and water formed in the northwest Atlantic
flows landward in the deep layer. The water in the deep
layer is isolated from the atmosphere by a permanent
pycnocline at 100–150-m depth. As it flows landward, the
bottom water gradually loses oxygen through respiration
and microbial degradation of organic matter settling
through the water column. The time it takes for a parcel
of water entering at the shelf edge to reach the head of the
Laurentian Channel is estimated to be 3–4 yr (Gilbert et
al. 2005). At depths greater than 150 m, oxygen con-
sumed by respiration cannot be replenished by winter
convection (Petrie et al. 1996). This makes oxygen
concentration in the bottom water sensitive to the fluxes

of organic carbon and the rates of oxygen supply with the
landward flow.

Dissolved oxygen in bottom waters—A compilation of
historical measurements from 300–355-m depth in the
LSLE shows that dissolved oxygen concentrations in the
bottom water have decreased by more than 50% over the
last 70 yr, from 130 mmol L21 in the 1930s to about
60 mmol L21 at present (Gilbert et al. 2005). One-half to
two-thirds of the observed decrease has been attributed to
a change in the oxygen content of the water that enters the
Gulf of St. Lawrence from the Atlantic Ocean (Gilbert at
al. 2005). The remaining oxygen depletion is likely caused
by increased fluxes of organic matter to the seafloor
(Benoit et al. 2006; Thibodeau et al. 2006). An area of
about 1,300 km2 of the Laurentian Trough is now bathed
in hypoxic waters (Gilbert et al. 2005).

Sediments—The sediments that floor the estuary are silty
clays with a thin oxidized surface layer and an organic
carbon content of ,2% (dry weight). The oxygen
concentration decreases sharply below the sediment–water
interface and becomes undetectable at a depth varying
between 0.2 and 1.0 cm, sometimes within the same core
(Silverberg et al. 1987; Silverberg and Sundby 1990;
Anschutz et al. 2000).

Despite the changing oxygen regime in the LSLE, no
clear temporal trends have been identified in the distribu-
tions of redox-sensitive metals (Fe, Mn) and nutrients (N
and P), neither in the sediment column, nor in fluxes across
the sediment–water interface (Sundby et al. 1992; Silver-
berg et al. 1995, 2000; Anschutz et al. 1998, 2000).
However, if the decreasing oxygen trend continues, at
some point the sediment will be affected (Kristiansen et al.
2002; Sell and Morse 2006).

Fluxes across the sediment–water interface—To obtain
data against which to test model results, a set of cylindrical
sediment cores, 10-cm inner diameter and 50-cm length,
were recovered in August 2005 at three locations (Stas. 22,
23, E5; Fig. 1) in the hypoxic zone of the LSLE using
a Bowers & Connelly Multicorer (Barnett et al. 1984).
Immediately upon recovery, two cores from each station
were incubated in the dark for 60 h at 4uC as described by
Hulth et al. (1994). A Plexiglas lid, equipped with a rubber
O-ring, a magnetic stirring bar, and two Teflon valves for
sampling, was fitted on the top of each core liner, leaving
about 11 cm of ambient bottom water between the lid and
the sediment surface. Care was taken to avoid trapping air
bubbles under the lid. At regular intervals, 10-mL water
samples were drawn into a glass syringe for oxygen analysis
by the Winkler method. A second sample was collected
with a plastic syringe and filtered through a Nalgene 0.2-
mm cellulose acetate membrane filter. Aliquots of the
filtrate were analyzed on board for nutrients, or acidified to
pH 1.6 with ultrapure Seastar HNO3 for later analysis of
dissolved metals. The water removed during sampling was
replaced by an equivalent volume of bottom water of
known composition and oxygen concentration. The total
amount of water withdrawn and replaced during each

Fig. 1. (A) Gulf and Estuary of St. Lawrence with study area
shown by outline. (B) Location of sampling sites in the Lower St.
Lawrence River Estuary (circles).
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sample collection did not exceed 25% of the total volume of
overlying water.

Soluble reactive phosphate (SRP) was determined
immediately upon sampling by the spectrophotometric
heptamolybdate method of Murphy and Riley (1962).
Total dissolved nitrate (SNO3 5 NO {

3 + NO {
2 ) was

analyzed within a few days on frozen aliquots using the
flow-injection method of Anderson (1979). The detection
limits were 0.8 and 0.5 mmol L21 for SRP and nitrate,
respectively, and the precision of both methods was 65%.
Total dissolved Mn was determined in acidified water
samples by flame atomic absorption spectrophotometry
using external aqueous standard solutions for calibration.
The detection limit was below 0.08 mmol L21, and the
precision was better than 65%. Dissolved Fe(II) was
determined with the ferrozine procedure of Stookey (1970)
with 65% precision and a detection limit of 2 mmol L21.

To correct for the composition of the replacement water,
the change in concentration of a given element (DX) due to
sediment–water exchange between samplings was calculat-
ed as:

DX ~ s2½ �{ Vtot { Vs1ð Þ s1½ �z Vs1 refill½ �ð Þ=Vtotf g ð1Þ

where Vtot and Vs1 are the total volume of overlying water
and volume of water withdrawn in the previous sampling,
respectively, whereas [s1], [refill], and [s2] are, respectively,
the concentrations of the element of interest in the previous
sampling, in the replacement bottom water, and in the

current sampling. Concentration changes were plotted
against time to derive an average rate of exchange across
the sediment–water interface over the incubation period
(Fig. 2). These rates, normalized to the surface area of the
exposed interface (78.53 cm2), were taken as a measure of
the fluxes of oxygen, nitrate, phosphate, manganese, and
iron across the sediment–water interface. The results are
presented in Table 1.

The model

To simulate diagenesis of the LSLE sediments, we used
the reaction-transport model LSSE-Mega, the numerical
code of which is described in detail in Katsev et al.
(2006a,b). Because model details, such as the number of
reactive species and the values of kinetic constants, differ
among model implementations, a detailed description is
provided in the Web Appendix 1 to this paper (www.
aslo.org/lo/toc/vol_52/issue_6/2555a1.pdf) and in the online
database dSED (Katsev et al. 2004).

Several improvements were introduced in the present
implementation: sediment compaction was considered
explicitly (Meysman et al. 2005) using a measured porosity
profile (see Web Appendix 1), and the bioirrigation
formulation was modified to account for the difference in
bioirrigation rates between oxidized and reduced solutes.
The transport of solutes by the irrigation activities of
burrow-dwelling organisms is typically described (e.g.,

Fig. 2. Consumption (positive) or release (negative) of dissolved oxygen, nitrate, manga-
nese, and phosphate in sediment incubation experiments. Plotted are changes in the respective
concentrations (mmol L21) in the overlying water. Circles mark the data points that were
excluded from calculations as outliers.
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Meile et al. 2005) as proportional to airr(C
0
i 2 Ci), where Ci

and C 0
i are the concentrations of solute i in the sediment

pore water and water overlying the sediment, respectively,
and airr describes the intensity of bioirrigation. Because
reduced solutes are consumed or precipitated at the
oxidized burrow wall, they barely penetrate into the burrow
water. Hence, they effectively experience lower bioirriga-
tion rates than oxidized species (Meile et al. 2005). In some
studies (e.g., Berg et al. 2003), this effect was accounted for
by introducing a correction factor for the bioirrigation
coefficient airr. However, since this coefficient characterizes
the activity of irrigating organisms, it should be solute
independent, and it is more appropriate to correct the
solute concentration in the burrow rather than the
bioirrigation coefficient. We therefore introduce the term
airr (C 0

i 2 C burr
i ), where C burr

i is the concentration of
a species in the water of a bioirrigated burrow. The two
approaches produce similar results when the concentration
of solute in the overlying water, C 0

i , is small, which is
typically the case for reduced species. We obtain the
concentration C burr

i for Fe(II), Mn(II), NH z
4 , and H2S, as

well as for P, which adsorbs on the oxidized iron that lines
burrow walls, by multiplying the pore-water concentration
Ci by a factor of 0.1. For other species, we use C burr

i 5 Ci.
Transient simulations require several additional mod-

ifications to the sediment model. One is to couple influxes
and effluxes of elements at the sediment surface to account
for their transformations in the overlying water column
(Soetaert et al. 2000). Such coupling can potentially
generate positive feedbacks that strongly influence tran-
sient diagenetic regimes (Katsev et al. 2006b). In the present
case, it can affect the sedimentation fluxes of Mn and Fe
oxides. Another modification is related to the response of
bioturbation and bioirrigation to decreasing oxygen levels.
These modifications are described next.

Coupling between sediment and water column—Solutes
released from the sediment can generate particulate
phases—by reoxidation, precipitation, adsorption, or in-
corporation into organic particles—and become redepos-
ited into the sediment. This creates a coupling between
elemental influxes and effluxes. We characterize this
coupling for iron and manganese by introducing the

recycling coefficients eFe and eMn. These are defined as
Wrec,i/Wout,i, where Wout,i is the molar flux of the element i
out of the sediment and Wrec,i is the fraction of that flux
that returns to the sediment (Fig. 3). Specifically, an efflux
of Fe2+, Wout,Fe, generates a ‘‘recycled’’ sedimentation flux
of ferric iron, eFeWout,Fe, that contributes to the total
sedimentation flux of ferric iron, FFe OHð Þ3 . Likewise, the
flux of Mn2+ from the sediment contributes to the
sedimentation flux, FMnO2

, of manganese oxide. The
‘‘nonrecycled’’ part of the efflux, (1 2 ei) Wout,i, is assumed
to be flushed from the system or immobilized within
refractory compounds. The relationship between the total
sedimentation flux Wsed,i, as measured for example by
sediment traps, and the net external input Wext,i, such as
from terrestrial or upstream sources, is given by Wsed,i 5
Wext,i + Wrec,i 5 Wext,i + eiWout,i. In steady-state simulations,

Table 1. Fluxes (mmol cm22 yr21) in (+) and out (2) of the sediment derived from sediment incubations and model simulations.
Incubation results for Sta. 23 are bold, and this location corresponds to the geochemical profiles in Fig. 5. Both steady-state (t 5 0) and
transient (recorded at t 5 25 yr) simulation results are presented. Transient simulations used KDbO2

~ 50 mmol L{1 and eMn 5 eFe 5 0.6.
Simulation time t 5 25 roughly corresponds to year 2005 under the approximation that the bottom-water O2 concentration decreases
from the reference state by 1 mmol L21 yr21.

O2 NO {
3 Mn2+ Fe2+ H3PO4

Incubations
Sta. E5 +234 +23.7 24.4 (2) ,2.5 23.3
Sta. 24 +237 +15.3 26.9 (2) ,2.5 22.6
Sta. 23 +157* +20.8 215.3 (2) ,2.5 23.6

Model at ref. state (t50) +150 +20.4 210.2 20.73 22.2
Model at t525 yr +120 +22.63 213.1 21.10 22.2
Contribution of bioirrigation to total flux in

reference state
40% 87% 99% 95% 43%

* Best estimate (sample appeared to be contaminated by an air bubble).

Fig. 3. Recycling of sedimentary constituents in the water
column. Substances released from the sediment (flux Wout) are
redeposited in one form or another (Wrec) or removed from the
system (Wflush). The molar redeposition flux is Wrec 5 eWout, where
e is the efficiency of recycling and values vary between 0 and 1.
The total flux of material reaching the sediment surface is Wsed 5
Wrec + Wext, where Wext is the net sedimentation flux from external
sources. Wbur is the burial flux into the deep sediment. Wint

represents mass fluxes within the diagenetically active layer of the
sediment column.

2558 Katsev et al.



only the total flux Wsed,i needs to be specified at the model
boundary, in which case the solutions become independent
of the recycling efficiency. In transient simulations, total
sedimentation fluxes of Mn and Fe oxides at the model
boundary, FMnO2

~ Wsed, Mn and FFe OHð Þ3 ~ Wsed, Fe, re-
spectively, were calculated for constant (specified) recycling
coefficients, eMn and eFe, and fixed external inputs, Wext,Mn

and Wext,Fe. The external inputs were calculated at the start
of each transient simulation run as Wext,i, 5 W st

sed;j 2
eiW

st
out;j, where W st

sed;j is the total sedimentation flux at the
initial (reference) state. The initial flux out of the sediment,
W st

out;j, was calculated from model concentration gradients
at the reference state (Table 1). During the course of the
transient simulations, the fluxes W st

out;j were recalculated at
each iteration step.

Relative to the decadal timescale of interest in this study,
recycling of Fe(II) and Mn(II) in the water column is fast.
In seawater, reduced iron is typically oxidized on timescales
of minutes to hours (Millero et al. 1987), and reduced
manganese is oxidized on timescales of hours in the
presence of MnO2, carbonate particles, or bacteria (Mor-
gan 2005). Accordingly, we adopted a ‘‘reflective’’ bound-
ary condition (Soetaert et al. 2000) for both iron and
manganese, i.e., with no explicit time delay between release
and redeposition.

Response of bioturbation and bioirrigation to decreasing
oxygen concentrations—During intermittent hypoxic
events, oxyconforming benthic species respond to low
oxygen concentrations by slowing down their activities and
lowering their oxygen requirements. Others (oxyregulators)
maintain relatively fixed metabolic rates and respond by
increasing the rate of burrow ventilation (Forster et al.
1995; Kristensen 2000). In the long term, diminishing
availability of oxygen reduces biomass, diversity, and
abundance, and modifies the composition of the benthic
community (Ritter and Montagna 1999).

Quantitative descriptions of the effects of diminishing
oxygen concentration on sediment bioturbation and
bioirrigation are rare. Expressions used for the relationship
between the bioturbation coefficient, Db, and the oxygen
concentration at the sediment-water interface, [O2]0, range
from linear (Fossing et al. 2004; Morse and Eldridge 2007)
to strongly nonlinear (Ritter and Montagna 1999). We
consider two types of functional dependencies. In the first
type (Fig. 4), the biodiffusion coefficient at the sediment
surface, D 0

b, decreases with [O2]0 according to:

D0
b ~ D0

b ref 1 { gð Þ
KDbO2

z Oref
2

� �

Oref
2

� � O2½ �0

KDbO2
z O2½ �0

z gD0
b ref

ð2Þ

where [O ref
2 ] is a reference concentration of oxygen (set at

80 mmol L21 for the LSLE), D0
b ref is the bioturbation

coefficient at [O ref
2 ], and KDbO2

is a characteristic oxygen

concentration at which D 0
b decreases by a factor of 2. The

dimensionless parameter g represents the residual bioturba-

tion in a fully anoxic sediment.

The second approximation (Fig. 4) assumes that D 0
b

decreases sharply within a relatively narrow range of [O2]0

concentrations around a threshold value:

D0
b ~ D0

b ref 1 { gð Þ 1

1 z exp {t O2½ �0 { O2½ �thr
� �� �

z gD0
b ref

ð3Þ

Here, [O2]thr 5 62.5 mmol L21 is the threshold concentra-
tion that corresponds to severe hypoxia (Diaz and
Rosenberg 1995). The coefficient t characterizes the

steepness of the D 0
b vs. [O2]0 curve. In the absence of more

information, we chose t 5 0.3 mmol L21 and g 5 0.02. The
bioirrigation coefficient at the sediment–water interface,

a 0
irr, is considered to have the same functional dependence

on [O2]0 as D 0
b (Eqs. 2 and 3).

Computed Axial Tomography (CAT) scan images of
sediment cores collected in August 2005 suggest that the
response of bioturbation to decreasing oxygen concentra-
tion is better described by a threshold-type approximation
such as Eq. 3 (S. Dufour pers. comm.). These images show
abundant deep burrows at several stations in the LSLE. At
Stas. 22 and 24 (Fig. 1), where the levels of O2 in the
bottom water in August 2005 were 80 and 70 mmol L21,
respectively, the burrows connect to the sediment surface.
At Sta. 23, where the oxygen concentration was below
60 mmol L21, most burrows appear to end about 2 cm
below the sediment surface, suggesting that the original
burrows were abandoned by their inhabitants. If the 2-cm
depth horizon reflects the timing of the abandonment (or
mortality), a local sedimentation rate of ,0.5 cm yr21

(Thibodeau et al. 2006) suggests that the burrows were
abandoned approximately four years previously. A further

Fig. 4. The dependence of bioturbation (D 0
b) and bioirriga-

tion (a 0
irr) coefficients on oxygen concentration [O2]0 at the

sediment–water interface. The coefficients are normalized to their
respective values at the reference oxygen concentration [O2] 0

ref 5
80 mmol L21. The parameter KDbO2

(in mmol L21) is defined in
Eq. 2. The solid line corresponds to the scenario where benthic
activity decreases sharply at the hypoxic threshold (Eq. 3); g is the
residual bioturbation or bioirrigation activity in a fully anox-
ic sediment.
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indication of the rapid shift in bioturbation regime is
a recent invasion by Capitellid worms at Sta. 23 (P.
Archambault pers. comm.). These worms, which irrigate
the sediment to a depth of about 2 cm, are typically found
in highly stressed (e.g., organic-rich, ammonia-rich) envir-
onments (Rosenberg 2001).

Numerical modeling and calibration at steady state—To
calibrate the model for the conditions observed in the
LSLE, we used site specific parameters such as sedimen-
tation rate, bioturbation rate, etc., for an extensively
sampled site situated in the middle of the LSLE (Sta. 23;
Silverberg and Sundby 1990) (Fig. 1). The dissolved oxygen
concentration at the sediment–water interface was assigned
a value of 80 mmol L21, which corresponds to the
conditions in the LSLE in the late 1970s and early 1980s
(Gilbert et al. 2005). Vertical distributions of dissolved and
solid-phase species observed at this site between 1977 and
2005 are compiled in Fig. 5. Few data are available before
1977. The profiles show no apparent temporal trends. The
amounts of extractable reactive Mn and Fe oxides appear
to have decreased since 1980s, but the extraction techniques
used in different years were not identical. In addition, the
solid-phase and pore-water profiles are likely affected by
spatial variability within the same location (Lavigne et al.
1997) and by temporal variations caused by seasonally
variable organic matter fluxes to the seafloor.

The model was tuned via a sequential procedure whereby
model parameters (the flux of organic carbon to the
sediment surface, organic carbon reactivity, etc.) were
adjusted until the model solutions approached the observed
field data. The steady-state solution is shown in Fig. 5. The
depth of oxygen penetration in the simulated reference state
is deeper than the most recently measured one (0.4 cm),
which is consistent with the trend of decreasing oxygen
concentration in the bottom water. Discrepancies among
simulated and measured species distributions are attributed
to spatial heterogeneity, temporal variability (see follow-
ing), absence of a diffusive boundary layer in the model
formulation, the operational nature of the chemical
extractions used to determine the concentrations of solid
phases, variations between the extraction methods used in
different years, and inherent uncertainties in model
parameters.

Numerical modeling and simulations of transient states—
To simulate the response of the sediment to a progressive
depletion in bottom-water oxygen, the model was propa-
gated forward for 80 yr from the reference steady state. A
time-dependent boundary condition was imposed whereby
the oxygen concentration at the sediment–water interface,
[O2]0, decreased at a constant rate of 1 mmol L21 yr21,
which is the average rate of oxygen depletion in the bottom
waters of the LSLE over the past 70 yr (Gilbert et al. 2005).
All other model parameters, with the exception of those for
bioturbation and bioirrigation (see previous), were kept
constant. Since the bottom-water oxygen concentration in
the reference state (80 mmol L21) corresponds to the early
1980s, the time t 5 20–25 ([O2]0 5 55–60 mmol L21) in our
simulations corresponds to the early to mid-2000s. The

simulated time interval thus includes two decades before
present, plus 60 yr into the future.

To examine the effects of uncertainties in model
parameterization on the dynamics of benthic fluxes, the
model was run 50 times for different combinations of
model parameters. To vary the parameters simultaneously,
a Halton randomization sequence (Reichert et al. 2002) was
employed to generate parameter values; the model param-
eters were thus evenly sampled within the specified ranges
(see Web Appendix 1).

The recycling coefficients eFe and eMn cannot be derived
from sediment data and are therefore treated as adjustable
parameters. Nevertheless, their magnitudes can be estimat-
ed from other considerations. Sundby and Silverberg (1985)
estimated that approximately 40% of the Mn released from
the sediment in the St. Lawrence River Estuary is flushed to
the open ocean, which corresponds to a recycling co-
efficient eMn of ,0.6. In view of the similar geochemical
reactivity of reduced and oxidized iron and manganese in
the water column, the recycling coefficient for iron, eFe, is
likely to be comparable to eMn.

We did not consider the recycling of the nutrients P and
N. These elements are recycled in the water column chiefly
by primary production in the photic zone. The fluxes of P
and N out of the sediment, however, are negligible
compared to the P and N inputs by the St. Lawrence
River and the upwelling water at the head of the
Laurentian Channel (Yeats 1988). A historical compilation
of nutrient data over the past 35 yr shows that N and P
concentrations have not varied appreciably in the deep
water of the St. Lawrence River Estuary (D. Gilbert pers.
comm.).

Results and discussion

Measured vs. predicted fluxes—The fluxes of dissolved
iron, manganese, nitrate, phosphate, and oxygen calculated
at reference steady state are well within a factor of two of
the fluxes measured with shipboard incubations of cores at
Sta. 23 (Table 1). The flux calculations account for solute
transport by molecular diffusion, bioturbation, and bioir-
rigation. The calculated Fe flux is below the detection limit
of the incubation method, and no flux of dissolved iron was
detected during the incubations. The calculated oxygen
fluxes are within the range of 98–420 mmol cm22 yr21

measured at Sta. 23 by Silverberg et al. (1995) and in good
agreement with the value of 128 mmol cm22 yr21 obtained
by the same authors in mesocosm experiments with
sediments recovered from Sta. 23.

Figure 6 presents the model parameters that most affect
the fluxes of oxygen, nitrate, iron, manganese, and
phosphorus across the sediment–water interface. The
sensitivity analysis was carried out by comparing the values
of fluxes at the reference steady state with those obtained at
steady state by changing individual model parameters by
10%. A complete list of the parameters used in the
sensitivity analysis can be found in Web Appendix 1.

Sediment diagenesis at the reference steady state—At
a bottom-water oxygen concentration [O2]0 5
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http://www.aslo.org/lo/toc/vol_52/issue_6/2555a1.pdf
http://www.aslo.org/lo/toc/vol_52/issue_6/2555a1.pdf


Fig. 5. Model calibrated to the geochemical data at Sta. 23. Filled symbols correspond to data collected between 1977 and 1990;
open symbols correspond to data collected between 1991 and 2005. The years of the respective sample collections are indicated in the
symbol legend. Solid lines are the calculated profiles at the reference steady state. Note that species distributions are affected by changes
in the sediment redox conditions and steady-state profiles may not always adequately match the measurements. Simulated transient
profiles for different times (t) are shown in Fig. 11.
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80 mmol L21, the oxygen penetration depth is simulated at
,0.7 cm (Fig. 5). With this relatively thin oxic layer, redox-
sensitive elements, such as Mn and Fe, cycle close to the
sediment–water interface. Manganese and iron oxides
undergo reductive dissolution down to 3-cm and 10-cm
depths, respectively. Most of the upward flux of Mn(II)
and a large proportion of the Fe(II) flux are oxidized and
precipitated in the oxic layer. A substantial fraction of
Fe(II) is also immobilized within the sediment as iron
sulfides, which accumulate below 5-cm depth. The upward
transport of Mn(II) and the downward transport of
oxidants (O2 and NO {

3 ) by bioirrigation result in a trough
in the dissolved Mn(II) profile (Fig. 5). Although chemi-
cally extractable Fe is present below the 10-cm depth
(Fig. 5), significant sulfate reduction in these sediments
(Edenborn et al. 1987), which is energetically less favorable
than iron reduction, suggests that only a fraction of the
extracted iron is available for reduction (Anschutz et al.
2000; Larsen et al. 2006). Accordingly, the [Fe(OH)3]
variable in our simulations corresponds only to the
available fraction.

Nonlocal transport by bioirrigation is an important
contributor to the total flux of oxidized solutes (Glud et al.
1994). For instance, the diffusive flux of NO {

3 into the
sediment, as estimated from measured and modeled
concentration gradients at the sediment–water interface

(Fig. 5) using Fick’s first law, measured porosity, and the
molecular diffusion coefficient for nitrate, is much smaller
than the modeled and measured fluxes of total nitrate
(Table 1). This disparity between the diffusive and total
fluxes has also been noted at the same study location by
others (M. Lehmann pers. comm.).

The integrated rate of oxic respiration over the length of
the core, RO2

, suggests that as much as 30% of the organic
carbon flux is mineralized by oxic respiration despite the
shallow penetration of oxygen. The reason for this is that
a large fraction (about 30% in the model) of the deposited
organic matter is sufficiently reactive that it decomposes
before it can be buried deeper into the sediment. The model
partitions the remaining mineralization among anaerobic
respiration pathways as follows: 2% denitrification, 24%
Mn reduction, 9% Fe reduction, 26% sulfate reduction, and
9% methanogenesis. The estimated rate of sulfate reduction
is consistent with the value (26%) derived for Sta. 23 by
Edenborn et al. (1987) based on a core recovered in 1983.

At the reference state, the molar ratios of manganese and
iron effluxes to their respective deposition fluxes (Wout : Wsed

in Fig. 3) are, respectively, 0.76 and 0.03 (Fig. 7). The
fraction of sedimentary Fe released to the water column is
lower than that for Mn because Fe is cycling deeper in the
sediment and is immobilized within the sediment column.
The simulated vertical distributions of solid-iron phases

Fig. 6. Variations (%) of the steady-state fluxes of O2, NO {
3 , Mn2+, Fe2+, and H3PO4 in response to a 10% increase in selected

model parameters relative to the reference steady-state values.
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suggest that iron is buried primarily as solid sulfides (FeSx:
acid volatile sulfides and pyrite), whereas most of the
manganese (76%) is returned to the water column by
diffusion and bioirrigation. According to the model, a small
amount of solid Mn is buried with carbonates or adsorbed
to other sediment solids. This compares favorably with the
results of Sundby and Silverberg (1985), who estimated the
fraction of Mn released to the overlying waters to be 82%.

Transient-state simulations—If the organic carbon flux is
fixed, the oxygen penetration into the sediment decreases
with decreasing oxygen concentration in the overlying
water (Fig. 8). As long as the oxygen concentration is high
enough that oxic respiration within the oxic layer
dominates over other pathways of organic carbon miner-
alization (in the model formulation, this occurs as long as
[O2]0 is larger than the Monod constant Clim

O2
), the OPD

decreases almost linearly with decreasing [O2]0. At lower
oxygen concentrations, the simple linear relationship

breaks down, and the migration of the OPD toward the
sediment–water interface accelerates slightly (Epping and
Helder 1997). The linear relationship between the OPD and
[O2]0 is in agreement with an analytical expression derived
by Revsbech et al. (1980) approximating a constant oxygen
consumption rate and is typical for organic-rich sediments.
In organic-poor sediments, the relationship can become
strongly nonlinear (Katsev et al. 2006a).

Figure 9 illustrates the effect of decreasing oxygen
concentrations on mineralization pathways of organic
matter. As the oxygen concentration at the interface
decreases, anaerobic respiration gradually replaces aerobic
respiration. The rates of iron and manganese reduction,
which are limited by the amounts of the respective metal
oxides, also decrease at low oxygen concentrations because
the pools of both Fe and Mn oxides become depleted via
loss to the water column and conversion to reduced solid
phases. At oxygen concentrations below 20 mmol L21,
most of the sedimentary organic matter is mineralized by

Fig. 7. Simulated cycling of (A) Mn, (B) Fe, (C) N, and (D) S in the sediment at the reference steady state (Fig. 5). Individual
pathways correspond to model reactions described in the electronic supplements. Numbers are the integrated rates of the respective
processes, normalized to the total input of a given element. Values above and below the dashed lines correspond to the sediment–water
exchanges and burial fluxes, respectively. Pathway labels correspond to the redox couples in the respective processes. BR 5 bacterial
reduction coupled to organic matter oxidation, disp 5 sulfur disproportionation, Viv 5 vivianite. The species marked on the diagram
correspond to the model variables. Note that such model species as FeCO3 and vivianite may not necessarily represent those exact
minerals but are effective representations of phases with analogous behaviors.
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the reduction of sulfate, which can be readily replenished
by diffusion from the overlying water.

Fluxes across the sediment–water interface—Figure 10
presents model predictions of oxygen, nitrate, Mn(II),
Fe(II), and phosphate fluxes across the sediment–water
interface over the 80 yr that lead to anoxia. The figure
shows the range of solutions obtained for 50 randomized
combinations of model parameters (see Fig. 10 caption and
Web Appendix 1). The randomized parameters include
those identified as significant by the steady-state sensitivity
analysis in Fig. 6, as well as the recycling coefficients eFe

and eMn, and KDbO2
.

The flux of oxygen into the sediment decreases with
diminishing oxygen availability (Fig. 10). As the oxic
sediment layer becomes thinner, the oxidized solid species,
such as Mn and Fe oxides, become exposed to reducing
conditions in the presence of reactive organic matter
progressively closer to the sediment surface. The pore-
water Fe(II) and Mn(II) concentrations increase below the
oxic–anoxic interface, their gradients become steeper, and
the fluxes of Fe(II) and Mn(II) across the sediment–water
interface increase accordingly.

Although the uncertainty in the projected solutions is
significant (Fig. 10), for both formulations of the bioturba-
tion/bioirrigation parameters (Eqs. 2 and 3), the upward
fluxes of dissolved Mn(II) and Fe(II) generally increase
with time, and the rate of change accelerates as anoxia is
approached. The solutions with high Mn and Fe fluxes

Fig. 8. Variations of the sediment oxygen penetration depth
(OPD) as the O2 concentration at the sediment–water interface is
decreased from the reference state at the rate of 1 mmol L21 yr21.
eFe 5 eMn 5 0.6, KDbO2

~ 50 mmol L{1.

Fig. 9. Variations of the rates of organic-matter mineraliza-
tion processes as the O2 concentration at the sediment–water
interface is decreased from the reference state (Fig. 5) at the rate
of 1 mmol L21 yr21. The rates were calculated by integrating the
rates of individual organic matter degradation pathways over the
top 20 cm of sediment. eFe 5 eMn 5 0.6, KDbO2

~ 50 mmol L{1.

Fig. 10. Simulated temporal variations in the absolute values
of benthic fluxes as the O2 concentration at the sediment–water
interface is decreased at the rate of 1 mmol L21 yr21. The outlines
represent the ranges of solutions corresponding to 50 randomized
combinations of model parameters. The randomized parameters
included those identified in the steady-state sensitivity analysis in
Fig. 6 (varied within a 620% range), KDbO2

(varied between 0 and
100 mmol L21), and eMn and eFe (varied between 0 and 1). For
a complete list, see Web Appendix 1. Simulation time is counted
from the calibration conditions characterized by [O2]0 5
80 mmol L21. Two sets of simulations correspond to different
approximations (Eqs. 2 and 3) for the response of bioturbation
and bioirrigation to decreasing oxygen concentrations.
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generally correspond to the larger values of a 0
irr, whereas

those with low fluxes correspond to the smaller a 0
irr values.

In the case where the bioturbation/bioirrigation response to
decreasing oxygen concentration is given by Eq. 3 (thresh-
old function; Fig. 4), the fluxes of Mn(II) and Fe(II), as
well as nitrate, decrease temporarily at around t 5 30,
following a sharp decline in the bioirrigation rate when the
oxygen concentration reaches the hypoxic threshold.

In the case of phosphorus, the model simulations predict
that the efflux of phosphate from the sediment will remain
nearly constant in spite of declining oxygen concentrations
in the overlying water (Fig. 10). The insensitivity of the
phosphate flux to oxygen depletion can be explained by
a simple mass balance: on decadal or longer timescales, the
efflux of phosphate equals the difference between the
sedimentation flux and the burial flux of phosphorus. If the
sedimentation flux and the burial flux are insensitive to
declining oxygen, the efflux will also be insensitive (Katsev
et al. 2006b). The sedimentation flux of phosphorus is
considered constant in the model, and we have no
information that suggests that it varies on the timescale
of interest in the St. Lawrence River Estuary. Declining
oxygen concentrations also seem to have little effect on the
burial flux. Burial of ferrous phosphates (represented in the
model by vivianite) is relatively unaffected by oxygen
depletion because a large portion of vivianite that is
precipitated in the upper part of the sediment column will
dissolve in the presence of hydrogen sulfide in the layers
below. The same argument applies to the burial of
phosphorus adsorbed to Fe(III) solids: in organic-rich
sediment and in the presence of hydrogen sulfide, reactive
ferric solids are reductively dissolved within the top 10 cm
of the sediment (Fig. 5; Sundby et al. 2002; Anschutz et al.
1998). The decreasing size of the reactive oxidized-iron pool
therefore does not have a direct effect on phosphorus
burial. This is consistent with previous studies in the LSLE
(Sundby et al. 1992), and with generic numerical simula-
tions for similar sulfate-rich environments (Katsev et al.
2006b). There may be some residual phosphorus adsorbed

to the less reactive iron oxides, such as magnetite and
hematite, but there is no reason to believe that this fraction
of phosphorus would vary with varying oxygen in the
overlying water. There is evidence that authigenic apatite
(calcium phosphate) is a significant fraction of the
phosphorus being permanently buried in the reduced
sediment of the Gulf of St. Lawrence (Louchouarn et al.
1997). Apatite precipitation was not considered in the
model because it is unlikely that the rate of apatite
formation and burial is affected by oxygen depletion.

Changes in sediment composition—Under conditions of
constant deposition rate of Mn and Fe oxides, the efflux of
dissolved Mn and Fe can increase either at the cost of
decreasing the sediment inventory of dissolvable metals, or
through an increase in the share of the deposited metals
that is remobilized to the water column, as opposed to
being permanently immobilized in the deep sediment. Since
most of the Mn deposited to the sediment surface is already
being returned to the water column (Fig. 7), the increase in
the Mn flux (Fig. 10) has to come from the dissolution of
the remaining pool of dissolvable metal (Fig. 11). Model
simulations reveal that the rate at which the sedimentary
pool of solid Mn is depleted depends on the recycling
coefficient: The greater the efficiency of ‘‘recycling’’ across
the sediment–water interface (higher eMn), the slower is the
rate of Mn depletion. In contrast to Mn, the amount of Fe
that is released from the sediment is a small fraction of the
total deposition flux (Fig. 7). Accordingly, a substantial
increase in the efflux of dissolved Fe can be achieved with
only minor changes in the iron inventory (Fig. 10), almost
independently of the efficiency of iron recycling (eFe).

The principal effect of decreasing oxygen on the
speciation of solid iron within the sediment column is
conversion of iron oxyhydroxides to sulfides (Fig. 11). The
inventory of total Fe remains nearly constant. The depletion
of sedimentary Fe and Mn oxides and accumulation of iron
sulfides are consistent with earlier observations in seasonally
hypoxic environments (Kristiansen et al. 2002).

Fig. 11. Evolution of sediment composition as the O2 concentration at the sediment–water interface decreases at the rate of
1 mmol L21 yr21 from the reference steady state (solid line): at t 5 25 yr (dash), 50 yr (dash-dot), and 75 yr (dot). eMn 5 eFe 5 0.6;
KDbO2

~ 50 mmol L{1. Concentration units are mol cm23 for solutes and mol g21 for solids.
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As bottom-water oxygen concentrations decrease, the
pore-water concentrations of reduced species, such as
ammonium, Fe(II), and Mn(II), as well as phosphate
increase, whereas the concentration of nitrate decreases.
Despite an increased rate of sulfate reduction, the
concentration of sulfate in the sediment pore water does
not change appreciably (not shown) because the rate at
which sulfate is replenished by diffusion and bioirrigation
from the overlying water outpaces the rate at which it is
consumed by sulfate reduction in the deep sediment.

The absence of clear temporal trends in sediment
composition and benthic fluxes over the past several
decades (Anschutz et al. 2000; Fig. 5) is consistent with
the relatively slow rate of change predicted by our
simulations for t , 25 yr (Figs. 10, 11). Nevertheless, our
simulations suggest that sediment chemistry and elemental
fluxes at the sediment–water interface will change measur-
ably in the LSLE within the next few decades if oxygen
depletion persists at the current rate.

Lagging sediment response to O2 depletion—The oxygen
depletion in the bottom water of LSLE proceeds faster than
the sediment can fully respond: The decadal timescale in
our simulations is shorter than the time required to reach
a steady state (several hundred years). For example, for the
reference parameter set, a decrease in O2 concentration
from 80 to 5 mmol L21 over a period of 75 yr increases the
simulated Fe(II) flux from the sediment from 0.7 to
33 mmol cm22 yr21. In contrast, the flux of Fe(II) stabilizes
at 8 mmol cm22 yr21 if the concentration of O2 in the
overlying water is held constant at 5 mmol L21 long enough
to reach a steady state.

The critical importance of bioturbation and bioirrigation
to predicting change—Our calculations show that a pro-
gressive decrease in the bottom-water oxygen concentration
will increase the fluxes of reduced substances out of the
sediment, deplete reactive iron and manganese oxides, and
enrich the sediment in iron sulfides. In an estuarine
environment, where dissolved sulfate is abundant, oxic
respiration is replaced predominantly by sulfate reduction.
As anoxia is approached, the concentrations and distribu-
tions of reactive phases in the sediment will change at an
accelerating pace. At the long-term monitoring site at Sta.
23, these changes will become measurable within the next
20 yr. The concentration of solid-phase manganese and the
partitioning of solid-phase iron between the oxidized and
sulfide phases will be most affected.

The model predictions are sensitive to changes in the
sedimentation flux of reactive organic carbon, the oxygen
concentration at the sediment–water interface, the de-
position fluxes of iron and manganese, and, most
importantly, the rates and modes of bioturbation and
bioirrigation. When bottom water ultimately becomes
anoxic, bioturbation and bioirrigation will cease, but
before that happens, decreasing bottom-water oxygen will
affect the composition and functionality of the benthic
community in ways that are poorly understood. Even
though we are not well equipped to describe the functional
dependence of bioirrigation and bioturbation on oxygen

concentration, our model results reveal that bioirrigation
accounts for 40% to 99% of the solute transport between
the pore water and the overlying water (Table 1). The
contribution of bioirrigation is especially high for the
transport of reduced species, such as Mn(II) and Fe(II),
whose gradients (and therefore diffusive transport) are
weak at the sediment–water interface in the presence of an
oxic layer. The importance of bioirrigation is reflected in
the strong dependence of model solutions on the bioirriga-
tion coefficient a 0

irr (Figs. 6, 10). The threshold-type
decrease in bioirrigation in response to oxygen depletion
(Eq. 3) temporarily lowers the Mn and Fe fluxes at ,t 5 30
(Fig. 10). The decrease in bioturbation has a different
effect. As the rate of mixing decreases, reduction of
oxidized phases takes place progressively closer to the
sediment–water interface, and the diffusive fluxes of Fe and
Mn from the sediment increase. The shallowing of the
redox boundary is responsible for increasing the effluxes of
reduced elements during the last stages of oxygen depletion
(Fig. 10). This modeling exercise thus illustrates the
importance of relative responses of bioirrigator vs.
bioturbator communities.

The uncertainties in the projected flux values reported in
Fig. 10 are large. For the flux of Mn(II), the uncertainty is
as high as 80% in the vicinity of anoxia. The lack of
understanding of how the benthic community responds to
slowly decreasing oxygen availability is the single most
important obstacle to predicting the timing and magnitude
of changes in sediment composition and fluxes. Faunal
succession stages along a spatial oxygen gradient (Pearson
and Rosenberg 1978; Rhoads et al. 1978; Rosenberg 2001)
suggest that benthic diversity and bioturbation depth
decrease gradually with decreasing oxygen availability,
but it is not clear how well these conceptual models
describe the benthic responses to temporal changes in
oxygen levels, nor is it clear how changes in the benthic
communities affect the intensities and modes of bioturba-
tion and bioirrigation. A large body of evidence supports
the notion that drastic changes in benthic diversity result
when the oxygen concentration falls below a certain
threshold, but the value of this threshold is still the subject
of debate. Low oxygen concentrations do not necessarily
eliminate bioturbation and bioirrigation completely, since
actively bioturbating animals can be present in environ-
ments with permanently low dissolved oxygen levels
(,3 mmol L21) (Levin et al. 2003). It is thus possible that
an area of the seafloor affected by low oxygen levels can be
colonized, given sufficient time, by species such as
nematode or tubificid worms that are tolerant to the low
oxygen conditions. In addition, variations in the sediment
bioturbation and bioirrigation activity can affect the rate of
organic carbon decomposition (Kristensen 2000), which is
in itself an important control on sediment diagenesis.
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