
(2007) 239–255
www.elsevier.com/locate/marchem
Marine Chemistry 106
A non-steady state diagenetic model for changes in sediment
biogeochemistry in response to seasonally hypoxic/anoxic conditions

in the “dead zone” of the Louisiana shelf

John W. Morse a,⁎, Peter M. Eldridge b

a Department of Oceanography, Texas A and M University, College Station, TX 7784-3136, United States
b U.S. Environmental Protection Agency–Coastal Ecology Branch, WED/CEB, 2111 S.E. Marine Science Drive, Newport, OR 97365, United States

Received 2 August 2005; received in revised form 31 January 2006; accepted 17 February 2006
Available online 6 March 2006
Abstract

Biogeochemical processes occurring near the sediment–water interface can play an important role in the establishment and
persistence of hypoxic-to-anoxic conditions in areas of moderate-to-shallow water depth. Results are given in this paper for
diagenetic modeling of two sites from the area on the Louisiana shelf west of the Mississippi River Delta known as the “dead
zone”. This is one of the largest and most studied regions where seasonal coastal hypoxia occurs. The diagenetic model was
capable of generating good matches with depth profiles at both sites in the upper 8 cm. Moderate differences between predicted and
observed concentrations below this depth are most likely due to the highly non-steady state conditions in this region. The model
was also able to predict extremely low dissolved sulfide concentrations and bacterial sulfate reduction rates that were in good
agreement with independent direct observations. A sensitivity analysis of the model to input parameters showed that the model was
much more sensitive to changes in values under hypoxic conditions than norm-oxic or anoxic conditions in the overlying water.

Simulations were carried out to first determine how the profiles of sediment porewater parameters and interfacial fluxes would
change under differing quasi-steady state conditions where overlying dissolved oxygen concentrations and the rate of bioirrigation
were varied. Next a non-steady state simulation was run to investigate how sediment biogeochemistry would change between these
conditions during a hypothetical annual cycle. Results demonstrated a clear need to better understand the dynamic relationship
among overlying water oxygen concentrations, the behavior of the benthic faunal community responsible for bioirrigation and
sediment biogeochemistry.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Although the bottom waters of many freshwater and
marine environments are either permanently oxic or an-
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oxic, there is a growing appreciation that in many bodies
of water near-bottom conditions may seasonally oscillate
between these extremes (e.g., Chesapeake Bay, Sannich
Inlet, Offatts Bayou and Corpus Christi Bay, Texas, and
the Louisiana shelf west of the Mississippi River).
Interest has been growing (e.g., Malakof, 1998) in
regard to the potential exacerbation of seasonal hypoxic/
anoxic conditions in estuarine and near coastal areas by
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Fig. 1. The Mississippi Plume off the Louisiana coast was the site
for the development work on the sediment diagenetic model. The
location map shows the position of the data collection sites used for
the model calibration. The grey region is the seasonally hypoxic
“dead zone”.
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anthropogenic impacts associated with increased nutri-
ent input (e.g., see special issue of Estuaries, 1994;
Zimmerman and Canuel, 2000). Although observational
databases for these environments have increased greatly
over roughly the last decade, a quantitative understand-
ing of the dynamics of their physical, chemical and
ecological systems is not well established.

For estuarine and coastal waters of relatively shallow
to moderate depth, benthic processes, involving the
transport of oxidized and reduced species across the
sediment–water interface, can play an important role in
influencing the redox conditions of overlying waters
(Jørgensen et al., 1990; Roden and Tuttle, 1992; Cooper
and Morse, 1996; Sell and Morse, 2006). For example, a
high benthic oxygen demand (BOD) associated with the
heterotrophic oxidation of sedimentary organic matter
can lead to anoxic conditions in the overlying water. This
in turn can lead to the death or flight of benthic macro and
meio faunal organisms responsible for bioturbation and
bioirrigation (e.g., Blackwelder et al., 1996; Gupta et al.,
1996). As a result oxidative reactions and transport of
solid and dissolved species can be greatly slowed. Under
such conditions sedimentary sulfides can build up and
dissolution of carbonate minerals may slow or stop.
When oxic conditions return to the overlying water there
can be a major “oxygen debt” of reduced species
accumulated near the sediment–water interface that may
buffer the reestablishment of early oxic conditions. It is
clear that, in areas where seasonal hypoxia/anoxia
occurs, major non-steady state conditions exist not
only in the water column, but also in the underlying
sediments (e.g., Kristiansen et al., 2002).

We have used our earlier field studies on the Loui-
siana shelf west of the Mississippi River (Lin andMorse,
1991; Morse and Berner, 1995; Rowe et al., 1995, 2002;
Morse and Rowe, 1999; Morse unpublished data) to
construct a diagenetic model for the response of sedi-
ment biogeochemistry to seasonal changes in the redox
conditions of the overlying waters (e.g., Rabalais et al.,
1994, 2002). Our basic approach was to apply the dia-
genetic model of Eldridge and Morse (2000), that is
largely derived from the earlier diagenetic models of Van
Cappellen and Wang (1996) and Boudreau (1996), to
sediments in the study area. The model was modified
appropriately for the sediments on the Louisiana shelf
and non-steady state redox conditions of the overlying
waters. The model was first developed and tested on
existing sediment biogeochemical profiles. Model out-
puts were compared with independent measurements of
bacterial sulfate reduction rates. Next, testing was done
via sensitivity analysis of input parameters to identify
which of the parameters the model outputs were most
responsive to under different overlying water oxygen
concentrations. These results were then used as “guide
posts” in constructing the time dependent model.

Although there are significant uncertainties in the
results of our the modeling efforts, they do set some
interesting bounds and point the way to what types of
new data and sampling strategies will be required to
further refine our understanding of these complex and
important systems.

2. Background observational information

Hypoxic, defined as b2 mg L−1 dissolved oxygen
(DO), to anoxic (including sulfidic) conditions are com-
mon on the Louisiana shelf along the coast west of the
Mississippi River Delta in the summer. These conditions
primarily occur in the period from about mid-June to
mid-August. The intensity and extent of these hypoxic/
anoxic events are influenced by the interplay of many
factors. Hypoxic to anoxic conditions can range from
days to months in their duration (see Rabalais et al.,
1994, 2002). From the modeling standpoint, this means
no simple pattern for changes in water DO content can be
used and its variability can be very stochastic during the
summer. However, it does point to the need for a model
that can be used to examine the potential impacts of
different time periods of low-to-no DO in the overlying
waters.

Our modeling effort will utilize data from two sites
studied by Morse and Rowe (1999) in the Mississippi
bight at about 20 m depth (sites 2b and 3). Although
relatively close together (see Fig. 1, Morse and Rowe,
1999), Site 2b (29°07.1′N, 89°44.4′W) was overlain by
moderately hypoxic (1.1 mg L−1 or 34 μM DO) waters,
whereas Site 3 (29°06.5′N, 89°35.7′W) had close to



Table 1
Data from sites 2b and 3 used in model

Depth
(cm)

Porosity b63 μm (%) CaCO3 (wt.%) Org-C (wt.%) TRS (μmol/g) AVS (μmol/g)

2b 3 2b 3 2b 3 2b 3 2b 3 2b 3

0–1 0.79 0.73 87 49 5.0 3.2 0.82 0.51 158 88 2.8 2.3
1–2 0.77 0.62 87 45 3.8 3.1 0.76 0.44 136 100 2.7 1.0
2–4 0.71 0.60 90 55 3.3 4.8 0.55 0.44 82 94 0.2 0.4
4–6 0.72 0.57 96 60 2.9 4.1 0.55 0.44 80 95 0.0 0.2
8–10 0.73 0.56 99 74 3.3 3.5 0.54 0.51 69 144 0.0 0.2
12–14 0.75 0.57 99 78 2.8 4.9 0.53 0.52 79 182 0.0 0.2
16–18 0.74 0.59 99 78 2.9 3.2 0.49 0.51 83 169 0.2 0.2

Depth
(cm)

SO4
2− (mM) Cl− (mM) NH4

+ (μM) Fe2+ (μM) Mn2+ (μM) pH DIC (mM)

2b 3 2b 3 2b 3 2b 3 2b 3 2b 3 2b 3

0–1 32 28 637 533 229 166 43 50 57 60 7.43 7.19 2.80 2.73
1–2 26 30 516 604 202 205 48 77 63 47 7.14 7.00 3.00 2.70
2–4 26 30 505 612 242 262 66 45 52 43 7.12 7.01 3.26 3.02
4–6 27 30 490 623 226 269 48 87 34 33 7.10 7.02 3.26 3.08
8–10 25 31 501 617 207 219 85 82 30 39 7.19 7.09 3.29 3.30
12–14 26 31 531 632 242 215 57 105 30 39 7.25 7.13 3.37 3.24
16–18 26 31 481 627 291 242 62 87 28 23 7.24 7.04 3.10 2.97

Site t (°C) S

2b 27.2 32.1
3 28.7 27.9

Depth
(cm)

SO4
2− reduction rate (mmol m−3 d−1)

2b 3

0–5 79 62
5–10 29 60
10–15 18 18
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anoxic (∼ 0.04 mg L−1 or ∼ 1.3 μM DO) overlying
water and was near the delta. The data available for these
sites are extensive. It includes extensive measurements
of porewater and solid sediment chemistry, and radio-
tracer sulfate reduction rates (SRR). Additional data
from nearby sites will also be used to augment these data
(e.g., sediment accumulation rates and chlorophyll re-
activity from Chen et al., 2005). The data used in our
model are presented in Table 1. Porewater profiles for
important dissolved components such as dissolved inor-
ganic carbon (DIC), NH4

+, Fe2+, and Mn2+ were similar
at the two sites (Table 2; Fig. 2). Although sulfate re-
duction was an active process at both sites (14 and
16 mmol m−2 d−1 at sites 2b and 3 respectively), result-
ing in the accumulation of substantial concentrations of
total reduced inorganic sulfur (TRS), dissolved sulfide
was not detectable (b10 μM) in porewaters. This was
likely the result of the high dissolved Fe2+ concentrations
in the porewaters that limited dissolved sulfide via iron
sulfide mineral formation.
Major differences in fluxes appear to be primarily the
result of the lack of oxic respiration at Site 3 due to the
close to anoxic conditions in the overlying water. At Site
2b the flux of oxygen into the sediment was close to the
same as the flux of carbon dioxide out of the sediment.
Therefore, even though sulfate reduction was the domi-
nant heterotrophic process in the sediments at Site 2b, the
almost complete oxidation of the produced sulfide must
occur (i.e., here BOD is a good estimate of total benthic
heterotrophic activity). Additionally, Site 3 had coarser
grained sediment, less organic matter (OM) that also was
of lower reactivity, and lower porosities than Site 2b. The
coarser-grained nature of the sediment and the lower
reactivity of the labile OM are possibly due to Site 3
being closer to the delta coast and receiving a greater
proportion of coarse-grained sediment containing more
terrestrial OM.

Morse and Rowe (1999) established many of the
general relationships among the various parameters and
environmental conditions that served as a conceptual



Table 2
Comparison of average values of parameters used in model as the
ratio Site 3 to Site 2b

Parameter Ratio 3/2b

Porosity
<63 μm
CaCO3
Org-C
TRS
AVS
SO4
Cl–

NH4
+

Fe2+

Mn2+

pH
DIC

0.81
0.67
1.11
0.79
1.27
0.78
1.13
1.16
0.96
1.31
0.96
0.98
0.95

2–

Valueswhere important disagreement occurs are in grey. Note general
excellent agreement for porewater components and poor agreement
for fluxes and sedimentation rates.
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base for our modeling efforts. Our goal was to make
certain that we could reasonably well model the direct
observational data at these sites before embarking on the
considerably more speculative investigation of the im-
pacts of changing overlying water redox conditions on
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Fig. 2. Concentrations of dissolved components as with • for data a
sediment biogeochemistry. An important caveat was
that, lacking data to the contrary, we necessarily had to
assume the response of the highly reactive components
was sufficiently fast so that their observed distributions
represented quasi-steady state conditions. As will be
discussed later, this seems to have been a reasonable
assumption near the sediment–water interface, but not so
for deeper in the sediment where the response time to
changes in overlying water chemistry would be expected
to be longer.

3. The diagenetic model

The diagenetic model was largely derived from the
model of Van Cappellen and Wang (1996) as described
in Eldridge and Morse (2000). In this study, we further
modified the model by adding equations for manganese,
an element that was in low concentrations and could be
ignored in the previous study. As in the earlier model,
pH profiles were collected in the field and were imposed
on model calculations of FeS saturation and other pH
sensitive parameters. The new model calculates pore-
water fluxes. We broke out the fluxes due to Fickian
diffusion processes from those due to non-local
exchange due to irrigation processes. As in most aspects
of the diagenetic model the formulation for irrigation is
0 400 0 50 100

(μM) Fe2+ (μM) Mn2+ (μM)

0 100

Site
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50

nd line for model. Based on data of Morse and Rowe (1999).



243J.W. Morse, P.M. Eldridge / Marine Chemistry 106 (2007) 239–255
only an approximation of a complex set of processes and
its effectiveness diminishes as sediment conditions
diverge from the model assumptions. For convenience
we use a single irrigation coefficient (α0) instead of
multiple α0, one for each geochemical porewater spe-
cies. The single α0 is slightly less accurate than multiple
α0 (Grigg et al., 2005). Of greater concern is that the
Table 3
This table shows the diagenetic reactions simulated in the model

Organic matter oxidations:

1: ðCH2OÞxðNH3ÞyðH3PO4Þz þ ðxþ 2yÞO2 þ ðyþ 2zÞHCO−
3Y

R1=x ðxþ yþ

2: ðCH2OÞxðNH3ÞyðH3PO4Þz þ
4xþ 3y

5

� �
NO−

3 þY
R2=x 2xþ 4y

5

� �
N2 þ

�

þ 3xþ 6yþ 10z
5

� �
H2O

3: ðCH2OÞxðNH3ÞyðH3PO4Þz þ 2xMnO2 þ ð3xþ y−2zÞCO2 þ ðxþ y−2zÞH2

4: ðCH2OÞxðNH3ÞyðH3PO4Þz þ 4xFeðOHÞ3 þ ð7xþ y−2xÞHCO−
3Y

R41=x
4xF

5: CH2Oð Þx NH3ð Þy H3PO4ð Þzþ
x
2

� �
SO2−

4 þ y−2zð ÞCO2 þ y−2zð ÞH2OY
R5=x

Redox cycles:

8: Fe2þ þ 1
4
O2 þ 2HCO−

3 þ
1
2
H2OY

R8
FeðOHÞ3 þ 2CO2

10: 2Fe2þ þMnO2 þ 2HCO−
3 þ 2H2OY

R10
FeðOHÞ3 þMn2þ þ 2CO2

11: NHþ
4 þ 2O2 þ 2HCO−

3Y
R11

NO−
3 þ 2CO2 þ 2H2O

12: H2Sþ 2O2 þ 2HCO−
3Y

R12
SO2−

4 þ 2CO2 þ 2H2O

14: H2Sþ 4CO2 þ 2FeðOHÞ3Y
R14

2Fe2þ þ S0 þ 4HCO−
3 þ 2H2O

15: FeSþ 2O2Y
R15

Fe2þ þ SO42−

23: Fe2þ þ 2HCO−
3 þ H2S X

R23 ;R−23
FeSþ 2CO2 þ 2H2O

Alkalinity:

24: CO2−
3 þ dCO2 þ ð1−dÞH2S () ð1−dÞHCO−

3 þ ð1−dÞHS− þ H2O

Eqs. (1)–(4) are replicated for refractory and labile organic matter. x, y, z ar
respectively. Because we did not include all reactions from Van Cappellen and
numbering scheme used by these authors.
accuracy of the non-local exchange formulation can be
compromised when “substantial production or con-
sumption occurs in a narrow band near a burrow wall”
(Grigg et al., 2005). We found no information to suggest
that our sites on the Gulf Shelf were different than other
sites where non-local exchange formulations have been
used. The non-local exchange model however may be
2zÞCO2 þ yNO−
3 þ zHPO2−

4 þ ðxþ 2yþ 2zÞH2O

x−3yþ 10z
5

�
CO2 þ 4xþ 3y−10z

5

� �
HCO−

3 þ zHPO2−
4

OY
R3=x

2xMn2þ þ ð4xþ y−2zÞHCO−
3 þ yNHþ

4 þ zHPO2−
4

e2þ þ ð8xþ y−2zÞHCO−
3 þ yNHþ

4 þ zHPO2−
4 þ ð3x−yþ 2zÞH2O

x
2
H2S þ xþ y−2zð ÞHCO−

3 þ yNHþ
3 þ zHPO2−

4

0VdV1

e the component of oxidation contributed by CH2O, NH3, and H3PO4

Wang (1996) the numbers in the table are not sequential, but refer to the



Table 4
Rate equations used in the reaction scheme (revised from Van
Cappellen and Wang, 1996)

R1=kg rO2 R11=k11[NH4
+][O2]

R2=kg rNO3
− R12=k12TS[O2]

R3=kg rMn(IV) R13=k13TS[MnO2]
R4=kg rFe(III) R14=k14TS[Fe(OH)3]
R5=kg rSO4

2− R15=k15[FeS][O2]
R8=k8[Fe

2+][O2] R23=K23σ23(ΩFeS−1)
R10=k10[MnO2][Fe

2+] R−23=K−23σ−23[FeS](1−ΩFeS)
where:

XFeS ¼ ½Fe2þ�½HS−�
½Hþ�

½Hþ�þKHþ
K V
FeS

XFeSN1: d23 ¼ 1; d−23 ¼ 0

XFeSV1: d23 ¼ 0; d−23 ¼ 1

TS=[H2S]+[HS
−]. Indexes on equation are the same as used by Van

Cappellen and Wang (1996). Subscripted numbers refer to
corresponding indices in Van Cappellen and Wang (1996).
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more appropriate than other competing formulations
(cylinder model) when there are “rapid episodic
advective fluxes between sediment and overlying
water” (Grigg et al., 2005). As will subsequently be
shown, disturbance is an important aspect of our
simulations. The equations of state are the same as in
Eldridge and Morse (2000), but are repeated here for the
convenience of the reader in Tables 3 and 4. The model
was tested and used in five different ways:

1) A model calibration was made for assumed steady
state conditions at the two stations;

2) A comparisonwas conducted ofmodel-predicted flux-
es and sulfate reduction rates with observed values;

3) A sensitivity analysis was made to investigate how
model input parameters affect simulated results;

4) Model runs were made for Site 2b to predict different
steady state conditions in the sediment, for changes
in the overlying water O2 concentration and esti-
mated associated changes in bioturbation and bio-
irrigation; and

5) The model was modified to produce time-dependent
results for differing scenarios of non-steady state con-
ditions in transition between the conditions in (4).

4. Steady state model results

4.1. Calibration of steady state models of data for
different sites and comparison of results with indepen-
dent observations

The primary objective of the runs using presumed
steady state conditions was to determine how differ-
ences in bottom water O2 concentration affect sediment
geochemistry. Input parameter values are given in
Table 5.

At both sites (slightly hypoxic; Site 2b and nearly
anoxic; Site 3) there was only at most a few millimeters
penetration of O2 into the sediments. The model always
showed low concentrations of porewater sulfides
(∼ 20 μM HS− plus H2S) that were close to the sulfide
analytical detection limit. The model consistently provid-
ed good fits between measured and modeled porewater
Mn2+, but the modeled Fe2+ profiles below 8 cm were
lower than the measured profiles and the porewater Fe2+

andMn2+ profiles were similar at sites 2b and 3. Modeled
and measured OM and DIC exhibited a similar difficulty.

At Site 2b, in order to meet the DIC constraints, the
model required that the labile OM input be∼ 5 times the
size of the non-labile OM input. The reactivity of the
labile pool was 20 y−1 which is on the same order of
magnitude as that of phytoplankton (∼ 50 y−1; Heip et
al., 1995; Minoru et al., 2002). The sediment profile
inflection point of the DIC and reduced porewater metals
occurred around 2 cm, suggesting that much of the OM
mineralization took place within this surface 2 cm layer
(Fig. 2). The dominance of OM mineralization near the
sediment–water interface and the relative lack of a
transport mechanism to mix the porewater NH4

+

downward resulted in a general decease in NH4
+ with

depth, similar to that found in other poorly irrigated
sediments (D'Andrea et al., 1996). Because the oxygen
penetration depth was small, sulfate reduction was the
dominate process below the first few millimeters. At Site
2b, the model predicted a SRR of 110 μM SO4

2− d−1 at
0.75 cm below the sediment–water interface (Fig. 3).
Although, there were no measurements above 3 cm into
the profile, the decay of the measured SRR and the
modeled SRR was the same at depth (Fig. 3).

The net DIC flux (Table 6) was−35mmol Cm−2 d−1,
which is close to that predicted from the integrated
sulfate reduction rate of ∼ 28 mmol C m−2 d−1. The O2

flux (Table 6) calculated from the model under hypoxic
conditions is only 4.6mmol Cm−2 d−1. When combined
with the integrated sulfate reduction rate this reasonably
matches the DIC flux. However, even if all the O2 flux
went to sulfide oxidation at least 80% of the produced
sulfide would have to be buried or consumed via reaction
with iron and manganese oxides.

In order to meet the [DIC] constraints at Site 3, the
model required that the labile OM input be N3 times the
size of the non-labile OM input, but the reactivity of the
labile pool was only 7y−1 which is about one third that
used for Site 2b. There was no obvious inflection point in
the measured or modeled DIC profile nor was there an
obvious trend in porewater metals concentrations. The



Table 5
Values of input parameters used in calibration (2b, hypoxic and 3) and sensitivity analyses

Model parameter Units 2b O2 sat 2b hypoxic 2b anoxic 3 (Anoxic)

Surface biodiffusion (BD0) cm2 y−1 25
Depth biodiffusion decrease cm 18
Depth biodiffusion goes to 0 cm 25
OM rate constants y−1 20 7
OM rate constants y−1 0.080
DOM rate constants y−1 35 20
Dissolution rate y−1 0.15
KFeS [mol L−1]2 0.0006
k8([Fe2][O2]) mol L−1 y−1 80
k10([MnO2][Fe

2+]) mol L−1 y−1 0.60
k11([NH4

+][O2]) mol L−1 y−1 2.6
k12([TS][O2]) mol L−1 y−1 2600
k13([TS][MnO2]) mol L−1 y−1 0.10
k14([TS][Fe(OH)3]) mol L−1 y−1 10
k15([FeS][O2]) mol L−1 y−1 3
k23([FeS] mol g−1 y−1 10
k_23([FeS]) mol g−1 y−1 0.0028
C:Ps atom L None 105
N:Ps atom L None 25 20
P:Ps atom L None 0.158
C:Ps atom NL None 105
N:Ps atom NL None 25 20
P:Ps atom NL None 0.10
C:Ps atom DOC None 105
N:Ps atom DOC None 25
P:Ps atom DOC None 0.10
kO2 mM 0.040
kNO3

− mM 0.025
kMnO mM 1400
kFe(III) mM 18,000
kSO4

2− mM 800
Irrigation coefficient y 60 2.0 19
Advective velocity cm y−1 0.80 0.8 0.6
Benthic boundary O2 mM 5000 34.4 2.0 2.0
Benthic boundary NO3

−1 mM 25
Benthic boundary NH4

+ mM 50 120
Benthic boundary SO4

2− mM 26,000
Benthic boundary TH2S mM 2.0
Benthic boundary MnO2 mmol gdw−1 9300 5.0
Benthic boundary Mn2+ mM 23 20
Benthic boundary R–Fe(III) mmol gdw−1 250,000 18,000
Benthic boundary Fe2+ mM 1.0
Benthic boundary FeS mmol gdw−1 250,000 100
Benthic boundary DOM mM 20,000
Benthic boundary TC mmol gdw−1 2400 2300
Benthic boundary DOMI mM 16,000 17,000
Benthic boundary NH4

+ mM 5.0
OM1 flux mg C m−2 d−1 260 340 120
OM2 flux mg C m−2 d−1 120 70 30

If a data box is blank, the same value was used as for Site 2b (hypoxic).
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lack of obvious gradients in this sediment resulted in a
model calibration that required only 150 mg C m−2 d−1

for labile OM which is slightly less than half that
predicted for Site 2b. The SRRwas also about half that of
Site 2b (Table 1, also see Fig. 3). Avery low surficial flux
of O2was a consequence of the very low bottomwater O2
concentrations and low labile OM flux. We used a low
irrigation (19 cm2 y−1) coefficient for this site because
there are few irrigating infauna under these low O2

conditions (Rowe et al., 2002). The flux of O2 was only
about 10% of the DIC and most of the produced sulfide
must be buried or react with metal oxides.
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Fig. 3. Sulfate reduction measurements and model simulations for Site
2b (solid line and squares) and 3 (dashed Line and open circles). Lines
aremodel generated and symbols are data fromMorse andRowe (1999).

Table 6
Fickian, irrigation (non-local exchange by irrigating infauna), and total
surficial fluxes predicted by the model (mmol m−2 d−1)

Site Fickian Irrigation Irrigation % Net flux

2b
O2 4.1 0.56 12 4.6
DIC −9.0 −25 73 −35
NH4

+ −2.4 −7.9 76 −10
3
O2 0.15 0.02 12 0.17
DIC −3.3 −12 79 −16
NH4

+ −1.0 −4.1 79 −5.1

Positive numbers are fluxes into the sediments and negative fluxes are
out of the sediment.
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In summary, the model is capable of generating good
matches to depth profiles at both sites in the upper 8 cm.
Moderate differences between predicted and observed
concentrations below this depth aremost likely due to the
highly non-steady state conditions in this region. Further
faith in model is gained from its ability to predict ex-
tremely low dissolved sulfide concentrations, and bacte-
rial sulfate reduction rate depth profiles, that are in good
agreement with independent direct observations for both
sites, even though they differed in several important
ways (e.g., overlying water DO, grain size and porosity,
organic matter concentration and lability).

4.2. Sensitivity analyses

4.2.1. Method of analysis and general considerations
Examination of the sensitivity of the model outputs

(here OM, DIC, NH4
+, Fe2+, and Mn2+ depth profiles) to

input parameters provides a test of the model stability
(Gold, 1977). Effects of input data (Table 5) variability
were tested on the model by increasing and decreasing
the value of each datum individually by 50% for most
input parameters. The sensitivity of the models to these
changes was determined by a measure of goodness of
fit. This was done by using the root mean squared dif-
ference (RMSD) between the reference simulations for
sites 2b and 3, and each altered simulation normalized by
the reference site simulation mean (Table 5). It should be
kept in mind that this approach primarily measures dif-
ferences in the shape of the calculated concentration–
depth profiles and does not involve qualities such as
maximum or minimum concentrations, nor does it pro-
duce results such as comparison of integrated or mean
values. The resulting RMSD values are consequently
calculated as absolute (sign independent) fractions of the
mean values.

Presentation of the results of the sensitivity tests is
given in Table 7. They have been divided into four
arbitrary categories based on the extent of influence.
The first is comprised of input parameters that have a
close to negligible influence (b0.1), the second is com-
prised of parameters that have a modest influence (0.10
to 0.99), the third is comprised of parameters that have
major influence (1.00 to 4.99), and finally the fourth is
comprised of those parameters that produce what are
not likely to be “reasonable” results (N5). Table 7 does
not include numeric data (as the large number of val-
ues is rather overwhelming), but rather the many data
“boxes” have been shaded according to the defined
range categories. In addition to results under observed
conditions at sites 2b and 3, results are reported for
simulations at Site 2b where overlying water was both
saturated with dissolved oxygen and anoxic. Bioirri-
gation rates were kept constant for oxic and hypoxic
conditions but set to very close to zero for anoxic
conditions. Results are presented as four side-by-side
shaded panels to provide for ease of comparison. Values
of input parameters for the four sensitivity analyses are
given in Table 5.

4.2.2. Results of sensitivity analyses

4.2.2.1. General results. In Table 7 it can be readily
observed thatmodel output is least sensitive to variation of
the input parameter values under oxic conditions andmost
sensitive to changes in input parameter values under
hypoxic conditions. Under anoxic conditions the impact
of changing input parameters is generally slight-to-modest
with close to a constant influence for a given output
parameter. The differences between the modeled Site 2b
Anoxic and Site 3 Observed are probably dominantly
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the result of the greater concentration of labile OM
at Site 2b. This leads to OMnot being sensitive at Site 2b,
but slightly sensitive at Site 3, and the inverse being
true for Mn2+ to changes in input parameters. These
Table 7
Results of sensitivity analyses for most input parameters

2b Oxygen saturatedModel parameter

Surface biodiff. (BD0)
Depth biodiff. decrease
Depth biodiff. goes to 0
OM rate constants
OM rate constants
DOM rate constants
Dissolution rate
KFeS
k8([Fe2][O2])
k10([MnO2][Fe2+])
k11([NH4][O2]
k12([TS][O2])
k13([TS][MnO2])
k14([TS][Fe(OH)3])
k15([FeS][O2])
k23([FeS]
k_23 ([FeS])
C:Ps atom L
N:Ps atom L
P:Ps atom L
C:Ps atom NL
N:Ps atom NL
P:Ps atom NL
C:Ps atom DOC
N:Ps atom DOC
P:Ps atom DOC
kO2
kNO3
kMn0
kFe(III) 
kSO4
Irrigation coefficient
Advective velocity
Benthic boundary O2
Benthic boundary NO3
Benthic boundary NH4
Benthic boundary SO4
Benthic boundary TH2S
Benthic boundary MnO2
Benthic boundary Mn2+

Benthic boundary R–Fe(III)
Benthic boundary Fe2+

Benthic boundary FeS
Benthic boundary DOM
Benthic boundary TC
Benthic boundary DOMI
Benthic boundary NH4
OM1 flux
OM2 flux

OM DIC NH4 Fe2+

MiMaxMinMaxMinMaxMinMax

+

2–

+

–1

2–

–

+

+

general observations are consistent with the model
being more stable under strongly oxic or anoxic con-
ditions, but less stable under the redox-transitional hyp-
oxic conditions.
2b Hypoxic-observed

Min

Mn2+

Max MinMax MinMax MinMax MinMaxMinMaxn

OM DIC NH4 Fe2+ Mn2++

(continued on next page)



2b Anoxic 3 Anoxic-observedModel parameter

Min

Surface biodiff. (BD0 )
Depth biodiff. decrease
Depth biodiff. goes to 0
OM rate constants
OM rate constants
DOM rate constants
Dissolution rate
KFeS
k8([Fe2][O2])
k10([MnO2][Fe2+])
k11([NH4][O2]
k12([TS][O2])
k13([TS][MnO2])
k14([TS][Fe(OH)3])
k15([FeS][O2])
k23([FeS]
k_23 ([FeS])
C:Ps atom L
N:Ps atom L
P:Ps atom L
C:Ps atom NL
N:Ps atom NL
P:Ps atom NL
C:Ps atom DOC
N:Ps atom DOC
P:Ps atom DOC
kO2
kNO3
kMn0
kFe(III) 
kSO4
Irrigation coefficient
Advective velocity
Benthic boundary O2
Benthic boundary NO3
Benthic boundary NH4
Benthic boundary SO4
Benthic boundary TH2S
Benthic boundary MnO2
Benthic boundary Mn2+

Benthic boundary R–Fe(III)
Benthic boundaryr Fe2+

Benthic boundary FeS
Benthic boundary DOM
Benthic boundary TC
Benthic boundary DOMI
Benthic boundary NH4
OM1 flux
OM2 flux

OM DIC NH4 Fe2+ Mn2+

Max MinMax MinMax MinMax MinMaxMinMaxMinMaxMinMaxMinMaxMinMax

OM DIC NH4 Fe2+ Mn2+

+

2–

+

–1

2–

–

+

++

Max=1.5 and Min=0.5 times the model values used of input parameters. Shading in results boxes corresponds to the root mean squared difference
(RMSD) values of blank=b0.10, light grey=0.10 to 0.99, dark grey=1.00 to 4.99 and black=≥5.00. See text for further explanations.

Table 7 (continued)
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Among the input parameters having the greatest sen-
sitivity for both oxic and hypoxic conditions are those
associated with macrofaunal activity (surface biodiffu-
sion and the irrigation coefficient), the labile organic
matter flux rate, benthic boundary DO concentration,
sedimentation rate (advective velocity) and kSO4

2−.
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Macrofaunal activity and benthic boundary DO concen-
tration are generally related and will be a focus of much
of the following discussion of results of simulations of
differing possible scenarios.

4.2.2.2. Sulfide. Dissolved sulfide concentrations are
usually low to non-detectable near the sediment–water
interface in Louisiana shelf sediments under oxic condi-
tions as observed in this study and earlier work (e.g., Lin
and Morse, 1991; Morse and Rowe, 1999), but dissolved
sulfide has been observed in bottom waters under anoxic
conditions (L. Cifuentes, personal communication). Our
results are reasonably consistent with these observations
in that themodel predicts only low concentrations near the
sediment–water but an increasingly strong build up of
dissolved sulfide below about 10 cmwith decreasing DO.
Sulfide behavior will be discussed further in relation to
possible scenarios later in this paper.

4.2.2.3. Dissolved oxygen flux. The DO flux (or ben-
thic oxygen demand; BOD) is primarily controlled by
three factors. The first is the concentration of DO in the
benthic boundary water. Obviously when there is no DO
in the overlying water the flux must be zero no matter
how other parameters such the labile OM flux are varied.
The DO flux becomes very sensitive to DO concentration
under hypoxic conditions where, as a first order approx-
imation, the flux becomes proportional to the concen-
tration. However, it is also sensitive under both oxic and
hypoxic conditions to the second major factor, the bio-
irrigation rate. The bioirrigation rate is also influenced by
DO concentration, under hypoxic conditions, and, under
oxic conditions, by the reestablishment of the benthic
faunal communities. The third factor controlling DO flux
can be the flux of labile OM. This is often likely to be
the limiting factor under oxic conditions.

4.3. Steady state sediment biogeochemistry under dif-
fering conditions

Site 2b was chosen for a series of model runs under
simulated steady state conditions to determine primarily
Table 8
Simulated sediment DO flux at different stages of recovery from an anoxic

Conditions O2 μM at sed. surface Irrigation c

Anoxia (no infauna) 2 2
Initial mixing (no infauna) 200 2
High O2 (pioneering species) 200 10
Natural state (mature community) 200 100
Hypoxia (standard run) 34 30

Fluxes are in mmol O2 m
−2 d−1 and are separated into predicted interfacial
the influences of differing DO concentrations in the
overlying water and changes in sediment bioirrigation
rates on the porewater chemistry of dissolved constitu-
ents and fluxes across the sediment–water interface. Site
2b was chosen because it is reasonably representative of
sediments on the open Louisiana shelf in the seasonally
hypoxic–anoxic “dead zone”. The sensitivity tests also
indicated that simulated anoxic conditions for Site 2b
were very similar to those observed for Site 3, with the
primary differences resulting from a greater concentra-
tion of labile organic matter at Site 2b.

The steady state simulations were made by setting the
input parameters to given values indicative of natural
Gulf Shelf conditions, hypoxia and anoxia. The model
was run then for 50 years, which was more than adequate
to produce steady state results. What these simulations
do not address is the time and pathways necessary in
natural systems to transit between the differing steady
state environments. This issue will be addressed in the
next subsection (Section 4.4).

Different conditions were used in a series of steady
state model runs (Table 8) to simulate going from
norm-oxic to anoxic and then back to norm-oxic
conditions. Bioirrigation rates were adjusted to esti-
mated appropriate values for each set of conditions.
The return to oxic overlying water conditions was
deemed to occur rapidly (e.g. a major storm mixes the
water column), but return to original norm-oxic con-
ditions was subdivided into initially no bioirrigation,
moderate bioirrigation, from “pioneering” benthic
fauna, and finally the original bioirrigation rate. Results
are discussed for changes in OM, DIC, NH4

+, Fe2+, and
Mn2+ depth profiles, dissolved sulfide depth profiles,
and benthic DO fluxes.

The generally used sets of depth profiles for model
results are shown in Fig. 4A for going from norm-oxic to
anoxic conditions and in Fig. 4B for returning from
anoxic to norm-oxic conditions. In going from oxic to
anoxic conditions, OM exhibits an increase near the
sediment–water interface. This is likely due to decreas-
ing rates of OM oxidation. DIC and NH4

+ show similar
behavior with little change until anoxic conditions are
bottom water condition

oefficient Total O2 flux Fickian O2 flux Irrigation O2 flux

0.26 0.26 0
16 16 0.22
17 16 1.1
27 15 11
4.6 4.1 0.56

Fickian and irrigating fluxes.
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reached, at which point there is a significant build up in
the concentrations of both constituents with increasing
depth. This reflects the substantial decrease in transport
rates under anoxic conditions where Fickian diffusion
predominates. The primary influence on Fe2+ distribu-
tion is the major decrease in the depth at which its
concentration approaches zero. This will subsequently
be shown to be the result of dissolved sulfide build up
resulting in FeS precipitation at shallower depths. Mn2+

has an increase in its shallow depth maximum in de-
creasingly oxic conditions and a large increase in its
concentration at depth under anoxic conditions. This
reflects its increasing importance as an electron acceptor
OC (%) DIC (μM)
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The model results for the return to norm-oxic con-
ditions are the same for anoxic and norm-oxic conditions
as in the previous example. The intermediate two cases
where the overlying water is fully oxic but there are first
no and then “pioneering” benthic organisms clearly il-
lustrate the importance of the benthic community. These
conditions generate intermediate profiles at depth for
DIC andNH4

+, and cause a deepening of the depth of zero
concentration for Fe2+. The oxic conditions, with no
bioirrigation, left the Mn2+ profile little changed from
anoxic conditions, whereas the moderate bioirrigation
2 4 0 100 200 0 200 400
+ (μM) Fe2+ (μM) Mn2+ (μM)

erent components. The top set of plots is for going from oxic (solid) to
bottom set of plots is for going from anoxic (long dash), to oxic no
sh), to original oxic conditions (solid).
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rate produced a profile intermediate between the norm-
oxic and anoxic conditions.

Results for dissolved sulfide depth profiles are shown
in Fig. 5. Under norm-oxic conditions with a fully de-
veloped benthic community, there is little change in
dissolved sulfide concentration with depth and it always
is at a low (few μM) concentration. Under anoxic condi-
tions there is a rapid build up of dissolved sulfide below
about 4 cm and it becomes close to constant below
roughly 15 cm to close to 2.5 mM. The dissolved sulfide
profiles for oxic conditions with no and moderate bio-
irrigation are intermediate between the previous two
sulfide depth profiles. It is interesting that for oxic con-
ditions, even with no bioirrigation, there is a substantial
change in the dissolved sulfide depth profile compared to
that found for anoxic conditions.

Among the most important parameters calculated in
the model is the benthic DO flux (BOD). Results are
given for the differing conditions in Table 8 as total,
Fickian (diffusive) and irrigation DO fluxes. Total DO
fluxes have also been plotted in Fig. 6 for the changing
conditions as a time independent cycle. Under hypoxic
conditions DO flux is only about 20% that found under
norm-oxic conditions. However, under oxic no bioirri-
gation conditions, the DO flux is about 60% that under
norm-oxic conditions and 3 times that under hypoxic
conditions. These results clearly show the great sensi-
tivity of benthic DO fluxes to both bottom water DO
content and benthic faunal response to changing con-
ditions (see also Archer and Devol, 1992). At full bio-
irrigation norm-oxic conditions, the BOD approaches
the flux of DIC indicating most reduced electron accep-
tors are being oxidized instead of buried.

4.4. Time-dependent changes in sediment biogeochem-
istry with differing conditions

The objective of this simulation was to describe the
onset of hypoxia, anoxia, and finally recovery of the
sedimentary system in the Mississippi plume area. The
simulation provides the same sequence of events shown
in Fig. 4 using the steady state-conditions starting with
well oxygenated bottom water and a mature benthic
community (Condition 1) and the initial hypoxic model
inputs from the Site 2B calibration (Condition 2). Bot-
tom water O2 concentrations were then reduced to 2 μM
between weeks 10 and 30, (Condition 3). The recovery
was simulated from week 30 to the end of the year the
using the initial bottom O2 concentration (200 μM).

As indicated by our sensitivity analysis, recovery
from hypoxia/anoxia is strongly dependent on sediment
irrigation by infauna. But little information is available
concerning porewater O2 concentrations and recruitment
decisions of infauna (Marinelli andWoodin, 2002; Rowe
et al., 2002) and relationship between infauna concentra-
tions and irrigation (Marinelli, 1994; Martin and Banta,
1992). The pioneering studies by Marinelli and Woodin
(2002) show that the behaviors of new recruits seem to
follow changes in surficial oxygen concentrations and
the steepness of oxygen gradients in the upper fewmm of
sediments. The organisms sense the lower oxygen con-
centrations associated with steeper O2 gradients.
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We developed an algorithm for the irrigation coef-
ficient that was varied based on the O2 concentration at
1 mm. Irrigation coefficients in this simulation were a
function of the 1 mm O2 concentration using a linear
relationship that approximated the coefficients in steady
state simulations (Table 8) (α0=2.0+0.5[O2]) where α0
is the irrigation coefficient and [O2] is the oxygen con-
centration at 1 mm.

Diaz and Rosenburg (1995) in their review of benthic
infauna response to hypoxia show a number of case
studies in which infauna respiration appeared not to be
significantly affected until O2 concentrations reached
below 2 mL L−1. This would seem to explain why our
calibration of Site 3 required a relatively high irrigation
coefficient and supports the relatively rapid increase in
α0 with O2 at 1 mm.

The model provided output for each week over the
span of a year. We examined the changes in 8 simulation
Fig. 7. Porewater DIC, sulfide, manganese, and iron concentrations in depth
starting with the initial conditions from oxic mature benthic community (C
hypoxic site (34 μM) (Condition 2), at weeks 10 through 30 the O2 concentr
(Condition 3). At week 30 bottom water O2 concentrations were increased to
time-series. Changes in coefficient of irrigation are described in the text and
output concentration variables that include solid and
porewater constituents. Consistent with the sensitivity
analysis, DIC concentration was most effected by the
altered bottom water O2 conditions and the porewater
[Mn2+] and sulfide were affected to a lesser degree. The
SOM, FeS, ferric iron, and manganese oxide minerals
were unchanged (not shown). Dissolved Fe2+ changed
by about 10 μM early in the simulation, but remained
constant thereafter (Fig. 7).

When changes in concentration did occur, the model
indicated that the maximum change happened within the
first 5 cm. The exception to this was the sulfide con-
centrations that increased with depth throughout the
simulation. While the effect of bottom water O2 on DIC
covered much of the 0–20 cm profile, changes in the
porewater Fe2+ and Mn2+ profiles were restricted to 0–
10 cm part of the profile during the transition from
hypoxia to anoxia. During the recovery phase there was a
profile and over time. The simulations use the conditions from Fig. 6;
ondition 1) but O2 concentrations were reduced to those found at our
ations were again reduced to the conditions for the anoxic site (2 μM)
200 μM and the recovery conditions 4 through 6 were simulated in the
Table 1.
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distinct shoaling of Fe2+ and Mn2+ concentration peaks
towards the surface that intensified with increasing irri-
gation. This transition was accompanied by a pulse of
electron donors from the sediment surface in the form of
DIC and NH4

+ (Fig. 8). The pulse was not symmetrical
but instead could be characterized as a near square wave
on the front end of the peak and then a relaxation to a
steady state after several weeks. The square wave begin-
ning of the pulse is due to the absence of a lag period for
infaunal invasion of the sediments and population
growth. The pulse of electron donors is probably realistic
and represents the clearing of the reservoir of reduced
metabolites built up during the anoxia.

Although there has been significant advances in
quantifying irrigation (Meile et al., 2001) and the re-
sponse of individual infaunal to hypoxia (Marinelli and
Woodin, 2002; Diaz and Rosenburg, 1995), there is little
information available about the rate of infaunal popula-
tion growth or loss in response to either the onset of
hypoxia and anoxia or the recovery of the benthos from
these events. Influences of seasonal changes in temper-
ature and particulate organic carbon input on a poten-
tially changing population of benthos are also largely not
quantified. In this regard, the observations of Rowe
(personal communication, 2005) are relevant. Having
worked extensively in this area, he has found that large
fauna capable of major irrigation activity are largely
absent year round, but that small bioturbators, such as
nematode worms and polychaetes, are present year
round regardless of the concentration of bottom water
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Fig. 8. Conditions for the time-series are as in Fig. 7, but results sh
oxygen. Thus the system may stay close to our ‘pio-
neering” condition at its maximum and quickly recover
from low oxygen conditions. Clearly more complete
chemical and biological studies on a seasonal basis are
necessary to resolve these issues. However, the model
presented in this paper provides a basis for designing and
interpreting the results of such studies.

5. Conclusions

The diagenetic model presented in this paper was
capable of being calibrated for steady state conditions at
two stations; one hypoxic and the other close to anoxic,
in the “dead zone” of the seasonally hypoxic–anoxic
region of the Louisiana shelf west of the Mississippi
River. However, the fit to model results was not as good
below about 8 cm depth, probably due to the non-steady
state conditions in the overlying water DO content.
Sensitivity tests indicated that the model was substan-
tially more sensitive to changes in the values of input
parameters under hypoxic conditions than under norm-
oxic or anoxic conditions. Simulations were carried out
in which overlying water DO concentrations and bio-
irrigation rates were varied. These simulations demon-
strated the importance of both of these factors in
influencing the concentration and distribution of dis-
solved porewater components and interfacial flux rates.
Although, during periods in which overlying DO is
decreasing, these two parameters become linked as hyp-
oxic conditions evolve, they are not directly linked if
30 40 50 60
eeks

Norm Oxic

ow flux of O2, DIC, NO3
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oxic conditions rapidly return as a result of mixing of the
water column. Under these new oxic conditions, the rate
of reestablishment of the benthic faunal community that
is responsible for bioirrigation becomes important. The
model points to the need for a better understanding of this
process and its relationship to sediment biogeochemistry.
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