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ABSTRACT: A mathematical computer model describing mineralization processes and transport of
solutes within sediments was developed based on the degradation of organic matter, stoichiometrically
coupled to the consumption of O, in the oxic layers, and to NO;~ and SO4* in the anoxic layers. The
reaction rates obey Michaelis-Menten type kinetics and all transport of solutes is assumed to take place
by diffusion. The model was tested on a northeastern Greenland sediment and gave accurate simula-
tions of the measured concentration profiles. In addition, measured processes of nitrification, coupled
nitrification-denitrification, denitrification of water column NO;~, NH,* mineralization and the fluxes of
NH,* and NO;™ across the sediment-water interface were predicted with great accuracy. Since the
model is based on Michaelis-Menten type kinetics and diffusional transport mechanisms, it is of gen-
eral use and provides an important tool to evaluate the regulation of biogeochemical cycling in sedi-
ments. This is shown in a series of simulations predicting the effect of various concentrations in the
water column of O, and NO;™ on the rates of nitrification and denitrification. The results are in good
agreement with previously published measurements.
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INTRODUCTION

A wide range of mathematical models concerning
biogeochemical processes in sediments have been
developed over the last several decades in which the
transport of solutes takes place by diffusion. Some
models have only included the transport of 1 solute,
typically O, (Revsbech et al. 1986, Dalsgaard & Revs-
bech 1992, Rasmussen & Jorgensen 1992). By pre-
scribing different O, consumption at specified depths
and then by continuous simulations matching calcu-
lated and measured O, profiles, these models have
estimated O, consumption as function of depth. Other
models have been more complex and have more or
less included the interaction of different solutes (Van-
derborght & Billen 1975, Billen 1982, Jahnke et al.
1982, Boudreau et al. 1992). These models are based
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on analytical solutions of the governing differential
equations. Restrictive assumptions such as constant
porosity, diffusivity and molar C:N ratio of organic
matter with sediment depth must be made in order to
make these analytical solutions possible. It is also nec-
essary to prescribe zones of activities such as O, con-
sumption as input parameters in order to find a solu-
tion. Only a limited number of solutes can be involved
in these analytical solutions, and the flexibility of
choosing different relations for reaction rates is very
low. It was a step forward to apply numerical methods
to the solution of the governing equations in multi-
solute sediment systems (Blackburn & Blackburn
1993). These simulations of steady-state solutions
include realistic variations of parameters such as
porosity, diffusivity and the molar C:N ratio of organic
matter. Blackburn et al. (1994) used numerical meth-
ods to simulate successfully 2 concentration profiles
(O, and NOj7), as well as the rates of nitrification and
denitrification in freshwater sediments. A major draw-
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back using this model is that almost an entire day of
calculation time is required before a steady-state solu-
tion is obtained.

In the present study, our purpose was to develop a
model that is capable of predicting concentration pro-
files of O,, NO;", NH,*, and CO, and their sediment-
water exchange rates by simulating the biogeochemi-
cal interactions between, as well as the transport of,
these solutes. The biogeochemical reactions included
in the model are based on the composition and quality
of organic matter and they express the degradation of
organic matter to NH," and CO,. This degradation is
stoichiometrically coupled to the consumption of O, in
the oxic layers and to NO4~ and SO,?" in the anoxic lay-
ers. For the purpose of generality, we have aspired to
express all biogeochemical reaction rates only as func-
tions of the actual simulated concentrations. In this
way, the location and size of the production and con-
sumption zones will automatically be calculated as a
part of the solution, rather than being specified as
input parameters. These reaction rates obey approxi-
mations of Michaelis-Menten kinetics. The transport of
all 6 solutes included in the model (O,, NO5~, NH,*,
CO,, Ny, and H,S) is described by Fick's second law of
diffusion, which makes both dynamic and steady-state
simulations possible. With a well-balanced choice of
numerical procedures, simulations can be done on a
regular personal computer without the need for exces-
sive calculation time. The model is tested on sediment
cores from Young Sound, Greenland (Rysgaard et al.
1996).

MATERIAL AND METHODS

Biogeochemical background jfor the model. The
decomposition of organic matter in sediments takes
place under both oxic and anoxic conditions. Assuming
that, on average, the oxidation state of carbon is that of
carbohydrate (CH,0), the bound nitrogen is the amino
form, and the oxidation state of phosphorus is that of
orthophosphoric acid, Richards (1965) formulated the
composition of organic matter as (CH,0)06(NH3) 16
H;PO,. Richards (1965) also suggested that mineraliza-
tion of organic matter in oceanic sediments is stoichio-
metncally coupled to the consumption of O, in oxic
layers and to NO;~ and SO,*” in anoxic layers, and can
be expressed as:

(CHZO}IOG(NH:S)lG H3P04 + 138 02 —>
106 CO, + 16 HNO; + H3PO, + 122 H,0 (1)

(CHzo)IOB(NH3)16 H3PO4 + 84.8 HN03 d
106 COZ +42.2 Nz +16 NH3 + H3PO4 + 148.4 Hzo (2)

(CH,0)106(NH3) 3 H;PO, + 53 SO,° —
106 CO, + 53 S*~ + 16 NH, + H,PO, + 106 H,O0  (3)

According to these reactions, the concentration pro-
files of O,, NH,*, NO;™ and TCO, (CO,, HCO4~, CO4%7)
within the sediments are the result of mineralization
processes. The average C:N:P ratio used in these reac-
tions was the fixed Redfield ratio of 106:16:1 (Flem-
ming 1940). However, sedimenting detritus shows a
preferential depletion of nitrogen and phosphorus dur-
ing the early stages of decomposition, and thus the
C:N:P ratio in the organic matter being mineralized
will not be constant with sediment depth (Blackburn
1980). A variable C:N ratio with depth is therefore
included in our model.

A modification of the reactions given by Egs. (1)
through (3) was made without changing the stoichio-
metric relationship between carbon, nitrogen, oxygen
and sulfate, Oxidation of organic matter by O; is
described by 2 separate reactions: first the oxidation of
organic matter (Org-M) to NH,* (Eq. 4), and second the
oxidation of NH,* to NO;™ by nitrifying bacteria (Eq. 5):

Org-M +0, —45CO, + L NH,* (4)
C:N
NH," +20, —2 5NO; (5)

where V; and V, are the rates at which the solutes on
the right of the equations are produced, and C:N is the
ratio of the organic matter being oxidized.

The oxidation of organic matter with NO5™ is also
divided into 2 reactions to separate the effect of NO5~
produced by nitrification in the sediment and NO5~
supplied from the water column:

2.5

Org-M +2NO; ", —252.5C0O,™ + NH," +N, (6)

2.5 N
——NH,"+N, (7
~ VH 2 (9)

Org-M +2NO; ", —4—-2.5C0O, ™ + c
This separation is important because it enables the
model to distinguish between coupled nitrification-
denitrification and denitrification based on water col-
umn NO,". This is highly relevant in studies where
rates of denitrification have to be related to external
loading of nitrogen and/or to internal sources of nitro-
gen.

Finally, the oxidation of organic matter by SO,*" is
described as:

Y= 32CO0, + 2
C:N

Org-M + SO NH," +H.,S ()

and the reoxidation of H,S {or more accurately the
reoxidation of reducing equivalents from sulfate re-
duction) is described as:

H,S+20, —% SO, + 2H" (9)
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The reactions given in Egs. (4) through (9} represent
the fundamental processes in the model. The rate at
which H,S is produced, Vs, is defined as an input
parameter. The additional rates, V,, V,, V, V,, and
Vs, are all expressed as a function of the concentra-
tion of the precursors only. As described below,
approximations of Michaelis-Menten Kkinetics are
used for this purpose.

Mathematical formulation of the model. Assuming
that all spatial transport of solutes in the sediment
takes place by 1-dimensional diffusion, the transport
process is described by Fick's second law of diffusion
(Berner 1980). Adding a term that represents produc-
tion leads to

3 p O b, Binjic P
ot dx? 8x ¢

éx ¢ Ox (10
where Cis the concentration in the pore water, tis the
time, x is the depth, D, is the sediment diffusion coeffi-
cient, ¢ is the porosity, and P is the rate of production
(or consumption if P Is negative) per unit volume of
sediment. This formulation includes heterogeneous
substrates where D; and ¢ vary with depth. Eq. (10)
can be rewritten as follows:
8C &J
- %,

— = p 11
¢ St Ox ()
where J is the diffusive flux given by Fick's first law of

diffusion:

J = —chSS—C (12)
ox
The sediment diffusion coefficient, D,, is expressed as
a function of porosity according to Ullman & Aller
(1982). For sediment layers with ¢ < 0.7 they recom-
mend:
Dys=D¢o (13}

where D = the molecular diffusion coefficient in sea-
water. Combining Eqgs. (11), (12) & (13) gives the fol-
lowing general equation for the diffusional transport of
an arbitrary solute:

8¢ _p2® [QZS—C}+P

AT A (14)

This governing equation will be solved by applying a
numerical technique. It is important to note that this
rewriting of Eq. (10) is not a ssimplification of the equa-
tion, but a more compact differential formulation that
gives some advantages in the numerical solution of the
equation. The numerical procedure becomes more
simple and results in a considerable reduction in simu-
lation time. Eq. (14) is used to describe the transport of
all components included in the model (O, NO;7,
NO;,,, NH,*, CO,, Ny, and H,S).

N 03 O; min 02

Fig. 1 Total activity of denitrification (V4) as a function of
(A) NOj3 concentration and {B) O, concentration

The transport of NOj™ is divided into 2 fractions; one
that diffuses down into the sediment from the overly-
ing water (NOj3™,), and one that is produced by nitrifi-
cation within the sediment (NO;7,). Using this distinc-
tion, the model can simulate actual measured rates of
denitrification based on NOj; from the overlying water
and denitrification coupled to nitrification within the
sediment. The total denitrification activity (V) must be
calculated as 1 rate, and then divided into the 2 com-
ponents V3 and V, (Eqgs. 6 & 7). It is assumed that Vjis
regulated by the total NO;™ concentration (NO3; 7, +
NOj™,,), as well as by the O, concentration as shown in
Fig. 1, where Vjmax, NO3 sy, and O; i, are known
input parameters describing the line segments shown.
Denitrification activity is stimulated by NO5 until a
maximum rate (V4n.x) is obtained, following an ap-
proximation of Michaelis-Menten kinetics (Fig. 1A). In
contrast, the rate of denitrification is inhibited by the
presence of O, (Fig. 1B), and for O, concentrations
greater than O, n,, the denitrification activity is zero.
The magnitude of Vj is determined by calculating 2
values, one as a function of the NO;  concentration
(Fig. 1A), and one as a function of the O, concentration
(Fig. 1B), and then choosing the smaller of the 2 values.
This can be expressed efficiently by using the func-
tions MIN and MAX, which are standard functions in
most programming languages. The calculation is car-
ried out in 2 steps:

[ V. max - |2 max
Vd = MIN —diO3 :Vdma,\' - d OZ:Vdmax:|
L 3 max oZm.in
(15a)
Vy = MAX([V,, 0] (15b)

The function MIN (Eq. 15a) states that a value is
calculated for each of the 3 arguments, and the small-
est value given for Vj is used in further calculations.
The first and third arguments in the function MIN
represent the 2 line segments in Fig. 1A, and the sec-
ond argument represents the descending line seg-
ment in Fig. 1B. The function MAX (Eq. 15b) is used
to avoid the negative values of V; that can be calcu-
lated from Eq. (15a) for O, concentrations greater
than Oj ,n- The 2 components, V; and V,, are then
calculated by:
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NO; 7,

Vi = — —Vy (16)
NO; , + NO;

V, = NOw___y, (17)
NOg‘n + NO37W

The rate of nitrification, V5, is related to the NH,* and
O, concentrations, but with a functional relationship as
shown in Fig. 1A for both concentrations:

Vv, ax +
2mX_NH,",
NH4 max OZmdx

7
"Z‘. max

‘/2 = MINI: OZIVZmale (18)
The rate of sulfide oxidation, Vj, is expressed similarly
as a function of the H,S and O, concentrations:

V6 max
}’IQS, on Vﬁ max (19)

2%max 2 max 8,

6 max

-
Vs — M{N‘L

The rate of oxygen consumption by decomposing or-
ganic matter, Vi, is only related to the G, concentration
with the functional relationship as shown in Fig. 1A:

\/] max

vV = MIN’: 'Ovilmax:l (20)

2 max
Using the reaction schemes given in Egs. (4) through
(9), the production term in Eq. (14) for each of the 7
components considered can be expressed as a function
of V; through Vg:

OQI P = —V1—2V2‘2V6 {21)
NH,*: P = —---1—V1-V2+ 2 Vs +

C:N C:N

2.5 2

—— Vi +- -V

CN ‘T CN (22)
NO;: P =-2V, (23)
NOs; ' P = V-2V, (24)
Nj: P=V;+V (25)
COy,: P=V +25V;+25V,+2V; (26)
H,S: P=V,-Vy (27)

The transport equation (Eq. 14) used for each of the 7
components, combined with the reaction rates (Egs. 15
through 20) and the production terms (Eqs. 21 through
27), constitute the mathematical formulation of the
model.

Since an analytical solution of the transport equation
is not possible, a solution must be found by using a
numerical technique. In our implementation, we have
derived a numerical solution of Eq. (14) by using an
explicit control volume approach described by Patan-
kar (1980). This approach is based on the spatial sepa-
ration of both the diffusive boundary layer in the water
and the underlying sediment core into control volumes
(thin horizontal layers). The approach leads to the fol-
lowing general discretization equation:

cri-c
[‘p' — — o=
At
D | 5 ch,-C7 x chr-=Cp,
e | 92 e Al
) E(ij +AX ) E(AXH +Ax,) |

(28)

where index j refers to the number of the control
volume, Ax; is the size of control volume number j, and
At is the time step between time level n and n+1.
All concentrations are known at time level n. Due
to the explicit element in the numerical solution, a
well-defined upper limit for time step exists and us-
ing larger time steps will result in numerical instability
in the procedure. This criterion can be expressed as
2

X

Zq)b

At < (29)
and it must be fulfilled for all control volumes and their
related values of ¢D.

The transient element in the discretized transport
equation (Eq. 28) is a central part in this dynamic
model, and involves the following procedure in every
time step. As a starting point, all concentrations for all
control volumes are known at time level n. Based on
the known concentrations, new values of Vi, V,, V3, V,,
and Vj are calculated (Egs. 15 through 20) for all con-
trol volumes. Then a production term is calculated
(Egs. 21 through 27) for each control volume and for
each of the 7 components included. With these produc-
tion terms and the known concentrations at time level
n, new concentrations are calculated (Eq. 28) at time
level n+1 for all control volumes and solutes included.
Measured concentrations for the different solutes are
used as upper and lower boundary conditions in
Eq. (28).

An adequate separation of both the diffusive bound-
ary layer and the underlying sediment into control vol-
umes must be specified as input to the model. It is
important that the number of control volumes is large
enough to ensure that the discretized transport equa-
tion (Eq. 28) is a good approximation of the differential
transport equation (Eq. 14). A recommended test that
addresses this issue is described below. In addition,
diffusivities for the different solutes in seawater must
be given as input, together with values for porosity and
the C:N ratio as a function of depth. Furthermore, the
rate Vi at which H,S is produced must be specified as
well as values for the parameters (Vymax NO3 max
Oy may, etc.} that describe the variation of the process
rates Vi, V,, V,, V,, and V4. Finally, an adequate time
step must be chosen, and known concentrations must
be specified as boundary conditions for the uppermost
control volume above the diffusive boundary layer and
for the lowest control volume in the sediment.
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In this study we only deal with steady-state solutions,
which are obtained by prescribing boundary condi-
tions that are constant in time and then running the
model until a stationary solution is achieved. This is
defined as the point in time at which the fluxes in and
out of the sediment equal the internal production of all
components.

All the presented simulations concern sediment
cores with a depth of 10 cm. In the upper cm of the sed-
iment, where the variation in the diffusive profiles is
largest, a uniform size of control volumes (0.03 cm) is
used. Below this zone, where the profiles are more
smooth, the control volume size is gradually increased
by a factor of 1.1 (Ax, = 1.1Ax;_;). The total number of
control volumes is maintained at 66 by this scaling pro-
cedure. All simulations are carried out with a time step
of 36 s, which equals 95% of the critical time step.
These resolutions in time and depth give a rather short
simulation time of approximately 4 s d~! using a Pen-
tium/90 MHz personal computer. In order to guarantee
that the presented simulations are accurate solutions of
the governing mathematical equations, additional sim-
ulations were carried out with a finer resolution in both
time and space. Reducing the size of the control vol-
umes by a factor of 2 and the time step by a factor of 4
gave the same results within 1%. All results presented
below represent 27 d of simulation in order to achieve
steady-state conditions.

RESULTS AND DISCUSSION
Measured profiles and activities

The model was tested on data originating from an
investigation during the summer thaw in the Young
Sound fjord in northeast Greenland (Rysgaard et al.
1996). Measurements were made of O, NH;*, NOj;
and TCO, (CO, + HCO; + CO3%7) concentration pro-
files, as well as of porosity and the C:N ratio within the
sediment. In addition, the rates of NH,* production,
nitrification, coupled nitrification-denitrification, deni-
trification based on water column NO;", and sulfate
reduction were measured. Finally, the net exchange
rates of O,, NH,*, NO3;™ and TCO, across the sediment-
water interface were measured as described in detail
by Rysgaard et al. (1996).

Model simulations

As model input, we used the curved line fitted
through the measured porosity data and a linear fit of
the measured sulfate reduction rate within the upper
10 cm of the sediment (Fig. 2). Porosity was almost con-
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Fig. 2. (A) Porosity within the sediment. The line fitted

through the measured data points was used as model input.

(B) Rates of sulfate reduction with depth. The fitted line rep-

resents the sulfate reduction rate input for the model. (C) Mea-

sured total C:N ratio (e) and the C:N ratio (--) within the

biodegradable fraction of the organic matter with sediment
depth. (Error bars represent 2 SE)

stant (0.73) in the upper 3 cm of the sediment and then
decreased below 3 cm to 0.58 at a depth of 8 cm.
Values for diffusivities in seawater at 0°C for all the
solutes considered (O,, NH,;*, NOj™, N, TCO, and H,S;
Table 1), were taken from Li & Gregory (1974) and
Broecker & Peng (1974).

The first series of simulations was based on the mea-
sured total C:N ratio (biodegradable + non-biodegrad-
able fraction of organic matter), which was almost con-
stant with sediment depth (Fig. 2). Various simulations
were carried out with different input parameters for
the reaction rates V,, V,, V4, and V4. This process was
repeated until the best agreement between the simu-
lated and measured concentration profiles was ob-
tained. However, with the constant total C:N ratio of
approximately 10, which represents both biodegrad-
able and refractory material, it was not possible to sim-
ulate the measured NH," profile, especially in the
upper 3 to 4 cm of the sediment. These simulations
resulted in too little NH,* being produced and an

Table 1. Molecular diffusion coefficients (D) in sea water at
0°C of reactants. These diffusion coefficients were trans-
formed into sediment diffusion coefficients (D) as described

in the text
Reactant D (cm?s71)
O, 11.7x10°
CO, 9.4 x10°°
N, 9.5x10°®
H,S 8.7x107°
NH,* 9.8x 107
NO;~ 9.8x 107
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Fig. 3. Measured (e) and simulated (—) concentration profiles of O,, NH,;*, NO;™ and TCO, within the sediment, using a variable

C:N ratio (5 to 40) and the parameters in Table 2 as input parameters for the model

underestimation of NH,* concentrations in this zone. A
new series of simulations was then carried out involv-
ing only the C:N ratio of the biodegradable fraction of
the organic matter. The mean C:N ratio in the upper
sediment was calculated to equal 5 from the measured
concentration gradient of CO, at the sediment-water
interface and the measured net NH,* production.
Blackburn (1980) also found that the biodegradable
C:N ratio of the organic matter in the upper sediment
was lower than the average C:N of the detritus at the
same depth, and that the C:N ratio in the organic mat-
ter being mineralized increased with depth. Using this
same pattern, a C:N ratio of 5 in the upper 3 cm of the
sediment and a larger value of 40 below 6 cm (shown
in Fig. 2 as a dashed line), gave the best agreement

between all the measured and calculated concentra-
tion profiles. These profiles are shown in Fig. 3, and
the final values by which the reaction rates are defined
are listed in Table 2.

In general, the model gave a good estimation of all
the measured profiles within this sediment. Due to
both diffusion and consumption of O,, the O, concen-
tration decreased from 370 pM in the overlying water
to O at approximately 0.9 cm depth. Mineralization of
organic material in both the oxic and anoxic zones of
the sediment resulted in the simulated profiles of NH,*
and TCO,. Within the oxic zone where both NH,* and
O, occurred, NO;~ was produced by nitrification and
the model accurately predicted the size and location of
the NO;™ concentration peak.

Table 2. Optimal input parameters for reaction rates. (Parameters related to Vy are illustrated in Fig. 1.) Org-M: organic matter

Reaction rate Reaction Maximum rate Concentration at which maximum or
(nmol cm™3 57 minimum rate occurs (nmol cm™)

Vi Org-M oxidation by O, Vi max = 0.00350 O3 ey = 30.0
v, NH,* oxidation by O, V5 mex = 0.001500 NH;* a0 = 30.0 O; e = 30.0
Vy (V3 Vi) Org-M oxidation by NOj~ Vi max = 0.00058 NO; .. =125 Oy pn =125
Vi Reoxidation of H,S by O, Vi max = 0.01300 HySha= 5.0 Os e = 30.0
Vs Approximated as linear a=81x10"°%nmolcm™ s7!  b=15x10" nmolcm™ s}

production (P) with depth (x}

incm. P= ax + b. See text

for explanation
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Calculated profiles of O,, NH,*, NO;7, M O, nmol O, and CO, cm-3 ¢
NO;" and N, in the upper 2 cm of the sed- 0 100 200 300 0 200 400 600 800 1000
iment are illustrated in Fig. 4A, together -0,5 — —
with the rates of O, consumption, TCO, NO

production, net NH;" production, NO; ",
production (nitrification) and N, production

1w TCO2 production

(denitrification of both NO;, + NO;3°,,) in
Fig. 4B. Oxygen consumption is divided
into 2 zones: an almost constant O, con-
sumption in the upper oxic zone, and a
more rapid O, consumption in the lower
end of the oxic zone. The maximum O, con-
sumption in the lower oxic layer is the result
of O, consumption by nitrification and
reoxidation of reduction equivalents from
sulfate reduction. Rasmussen & Jorgensen
(1992) also observed a similar constant O,
consumption in the upper oxic zone and a

Depth (cm)

\ / O2 consumption |
I
1
!
|\

L

/ v
uoionpold . HN

Nitrification

maximum O, consumption near the oxic-
anoxic interface following a spring phyto-
plankton bloom. They presumed that this
enhanced consumption was due to a high
flux of reduced products (NH,*, Fe?*, H,S)
diffusing upward to the oxic zone.

The simulated results showed that TCO,
production was highest and almost con-
stant in the upper end of the oxic zone of
the sediment and that this production decreased with
depth. This pattern was presumably caused by a high
degradation of fresh organic matter in the surface sedi-
ment following sedimentation of a phytoplankton
bloom in the fjord (Rysgaard et al. 1996).

Studies of organic nitrogen mineralization in coastal
sediments using '*N-labeled NH,* have shown that the
net NH," mineralization is only a fraction of the total
mineralization (Blackburn 1980) because a proportion
of the released NH,* is reassimilated into bacterial bio-
mass. Since we have not included assimilation into our
model, the calculated NH,* production should be con-
sidered as net NH,* production. The simulated results
show that the highest net NH,* production occurred
close to the sediment surface and then decreased with
sediment depth, in agreement with the production pat-
tern for TCO, and with previous measurements from
coastal areas (Blackburn 1979, Blackburn 1980, Black-
burn & Henriksen 1983). Approximately 70% of the
net NH,* production occurred in the oxic zone of the
sediment.

The nitrification activity increased from the surface
of the sediment to a maximum rate in the lower part of
the oxic zone, where both O, and NH,* were present in
optimal concentrations. A similar distribution of nitrifi-
cation activity has recently been measured in both
freshwater and marine sediments using NO;™ micro-
sensors (Jensen et al. 1993, 1994, Lorentzen et al.

— T T T
0 40 80 120
nmol N ¢cm-3 d-1

Fig. 4. (A} Simulated concentration profiles of O,, NH,* NO;,, NO; 7, and
N, and (B) simulated vertical activities of O, consumption, TCO, produc-
tion, net NH,* production, nitrification and denitrification in the Young

Sound sediment

unpubl.). Nitrate produced within the sediment oxic
zone diffuses both upwards to the overlying water and
downwards to the anoxic zone. In the anoxic zone,
both NO; from nitrification (NO3;7,) and NO5™ from the
overlying water (NOj™,,) were reduced to N, by denitri-
fying bacteria. The maximal activity of denitrification
was simulated just below the oxic zone and then
decreased to zero at a depth of 2.5 cm. The simulation
of the vertical distribution of denitrification activity is
in good agreement with direct measurements of deni-
trification using microsensor techniques (Christensen
et al. 1989, Dalsgaard & Revsbech 1992, Jensen et al.
1993). In order to get the best agreement between sim-
ulated and measured profiles, denitrification was
allowed to occur up to an O, concentration of 12 pM.
However, it is possible that the simulated overlap in
nitrification and denitrification activity is not occurring
in situ but primarily reflects variations in the measured
O, penetration depth in the different sediment cores
investigated. This may be because simulated results
are compared with mean values of the measured con-
centrations.

The integrated values of the activities shown in
Fig. 4B are presented in Table 3 together with the mea-
sured rates. A good agreement is found between the
simulated and the measured activities of nitrification,
denitrification, net NH," production and the etfluxes of
NH," and NO;".
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Predictions with the model

Various simulations can be performed with the
model because of its general construction, and numer-
ous changes in input parameters are possible. For
example, we simulated the effect of varying the O,
concentration in the water column on denitrification
(Fig. 5). The model predicts that denitrification of NO;~
from nitrification (D,) increases with higher O, concen-
trations in the water column while denitrification of
NO;~ from the overlying water (D,,) decreases. This
pattern is in good agreement with experimental data
obtained from sediment cores using '*N-labeled NO;~
as a tracer (Rysgaard et al. 1994). In addition, the effect
of increasing the NO;~ concentration in the overlying

Table 3. Comparison between simulated and measured fluxes
and activities within the sediment. The 'model output’ column
represents the simulation based on parameters from Table 2
and the variable C:N ratio in Fig. 2. The ‘'measured’ column
represents mean rates of 10 intact sediment cores (2 x SE in

parentheses)
Process Model output Measured
(C:N variable) (umol m™2 h™’)
(umol m~2 h)
O, uptake 143 173¢
CO, production 149 149°
Net NH,* production 30 29 (10)
Nitrification 21 22 (4)
D, 9 7 (3)
D, 1 2 (2)
Total denitrification 10 9 (4)
NH,* efflux 9 7 (9)
NO; efflux 10 5 (4)
“Calculated from the slope in the diffusive boundary layer
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Fig. 6. Simulated rates of denitrification based on water phase

NO;™ (D,,) and coupled nitrification-denitrification (D,) as a

function ot the NO;™ concentration 1n the overlying water. In
situ data points represent in situ simulated activities

water on denitrification was simulated (Fig. 6). The
model predicts that D, is proportional to water column
NO;", as has been demonstrated by Christensen &
Serensen (1988), Risgaard-Petersen et al. (1994) and
Rysgaard et al. (1995). Furthermore, D, is unaftfected
by increases in water column NOjy, which is in agree-
ment with results from Nielsen (1992), Pelegri et al.
(1994) and Rysgaard et al. (1995).

In conclusion, the model performed excellent simu-
lations of the experimentally obtained profiles (O,
NH,*, NO;", TCO,) and the activities of O, consump-
tion, net NH,* production, nitrification, denitrification
and the fluxes of NH,* and NO;™ across the sediment-
water interface. The model also successfully predicted
the effect of changes in the O, and NO; concen-
trations in the overlying water on denitrification rates.
The model is general in its application and can easily
be changed or extended, which makes it an effective
tool in studies of biogeochemical cycling in sedi-
ments. Finally, the model can easily be adapted to sed-
iments of different composition or at other geographi-
cal localities.
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