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Ahtract 

A two-layer mass transfer model developed to describe the vertical silica profile in the 
sediments of a muddy zone of the North Sea along the Belgian coast is applied to the de- 
scription of the microbiological processes involved in nitrogen diagenesis in the same sedi- 
ments. Intense aerobic heterotrophic activity and nitrification are postulated in the upper 
1 ayer. Denitrification and sulfate reduction are assumed to be preponderant in the lower 
layer. Vertical profiles of oxygen, sulfate, nitrate, and ammonium are then calculated ac- 
cording to the model and adjusted to experimental profiles. The fluxes of nitrate and am- 
monium across the water-sediment interface and the rates of ammonification, nitrification, 
and denitrification in the two layers are calculated from the results of the models. 

It has been shown (Vanderborght et al. 
1977) that the mass transfer mechanisms in 
the muddy sediments of the coastal region 
of the North Sea can be described by con- 
sidering two distinct layers, with two dif- 
ferent mass transfer coefficients. In the 
purely physicochemical model built up for 
silica, the same expression for the reaction 
rate was used in the two layers. The ap- 
plication of a similar model to other nutri- 
ents like nitrogen, for which microbiologi- 
cal action is of importance, requires that 
we consider not only different mass trans- 
fer mechanisms for the dissolved species, 
but also the fundamental changes in the 
biological processes occurring in the two 
layers. In an organic-rich sediment, the 
most important factor controlling microbio- 
logical activity is probably the availability 
of oxidants. Therefore the behavior of 
these oxidants has to be taken into account 
in any model where microbiological activ- 
ity occurs. On the other hand, as the over- 
lying water is the major source of these 
oxidants, their availability is strongly in- 
fluenced by the mass transfer properties of 
the two layers. 

Kinetic models for Og, Sol,“-, Nom-, NII,+ 
The most important oxidants for biologi- 

cal activity are oxygen and sulfate. Manga- 
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nese oxide, nitrate, and iron hydroxide uti- 
lization, which can account for part of the 
oxidation of the organic matter in the sedi- 
ments, will not be taken explicitly into con- 
sideration in our simplified models. 

The results of Eh measurcmcnts and the 
experimental sulfate profile (Vanderborght 
ct al. 1977: fig. 3) suggest that oxygen is 
available in the upper layer and prevents 
sulfate utilization, while sulfate is exten- 
sivcly used as an oxidant in the lower layer. 
The microbiological decomposition of or- 
ganic matter can thus be represented by 
coupling Eq. 1 with Eq. 2 in the disturbed 
layer and with Eq. 3 in the lower com- 
pacted layer: 

CH20 + 21120 + HC03- + 5H-’ + 4e-; (1) 

4e- + O2 + 4H+ + 2H20; (2) 

4e- + X6042- + WI-’ + %HS- + 2H20. (3) 

AmmoniEication, a result of the heterotro- 
phic utilization of organic matter, will thus 
be under the control of oxygen concentra- 
tion in the upper layer and of sulfate con- 
centration in the lower layer. Because it is 
an obligate aerobic process, nitrification is 
supposed to occur in the upper oxygenated 
layer while denitrification is only possible 
in the lower anaerobic layer. The behavior 
of 02, SOd2-, NH4+, and NOs- in the pore 
water of the sediment can be described by 
the general equation 
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Z/at = D ( d2C/dz2 ) - o ( dC/dx ) + T, 

where C is the concentration of the dis- 
solved substance (mol liter-l), r is the rate 
of production (T > 0) or consumption (r 
< 0) (mol liter-l s-l), and x, D, and o 
stand for depth, mass transfer coefficient, 
and sedimentation rate. Under the assump- 
tion of steady state, Z/at = 0. The expres- 
sion of the rates of reaction will now be 
discussed briefly for each constituent. 

Oxyge-A Michaelis-Menten function 
would be the best way of expressing the 
oxygen consumption rate. However, for 
mathematical simplification, this Michaelis- 
Menten kinetics has been approximated by 
zero-order kinetics at an oxygen concentra- 
tion higher than some critical value (around 
1% saturation) and by first-order kinetics 
at lower concentrations. It is also assumed 
that this critical oxygen concentration is 
reached at the boundary between the up- 
per and the lower layer, so that 

roz = -ko, for x < xfi 

= -k’,-,, x (0,) for x > x,&, 

where xn is the thickness of the upper layer. 
Sulfate-As stated above, sulfate reduc- 

tion does not occur in the well aerated part 
of the sediment, but only in the lower layer. 
The kinetics of bacterial sulfate reduction 
have been studied by several workers, and 
the effects of sulfate concentration and of 
organic matter availability on the reaction 
rate have been investigated. Laboratory 
experiments performed on synthetic sub- 
strates or natural organic-rich muds have 
shown that the sulfate reduction rate is in- 
dependent of sulfate concentration above 
some limit, between 1 and 10 mM, and 
proportional to the sulfate concentration 
below this limit (Postgate 1951; IIarrison 
and Thode 1958; Ramm and Bella 1974; 
Martens and Berner 1974; Rees 1973). Ac- 
cordingly, a two-layer model may be con- 
sidered, with no reaction in the upper layer 
and with sulfate reduction following Mi- 
chaelis-Menten kinetics in the lower layer: 

m, = ho, x 
( so42-) 

K, + ( so423 for x < &* 

As no general agreement has been reached 
so far concerning the precise value of the 
limiting concentration, both first-order and 
Michaelis-Menten kinetics have been ap- 
plied over the entire reducing layer. Both 
calculations fit the experimental profile 
quite satisfactorily, and no selection of the 
most probable mechanism can be made 
through comparison with the experimental 
results. For mathematical simplification, 
only first-order kinetics have been used 
here under: 

rso, =o for x <Zn 

= -kso, X ( SOd2-) for x > Zn* 

Nit&e-The modeling of nitrification and 
denitrification in sediments has been ex- 
tensively discussed by Vanderborght and 
Billen (1975). The same model is used 
here; a constant nitrification term is as- 
sumed in the upper layer and a first-order 
denitrification rate is postulated in the 
lower one. Thus 

TNO, = ho, for X <Zn 
= -klN03 X ( NOs-) for x > xlt, 

with 

NH4+ -I- 202 + 2H’ + NOs- + H20 (4) 

in the upper layer. 
Ammonium-As ammonium production 

is an effect of heterotrophic activity, its rate 
is related to the rate of oxygen consumption 
in the upper layer and to the rate of sulfate 
reduction in the lower layer, A consump- 
tion term due to nitrification must also be 
taken into account in the upper layer. On 
the other hand, denitrification in natural 
water and sediments produces essentially 
nitrogen, and no ammonium (Chen et al. 
1972; Wheatland et al. 1959; Chan and 
Campbell 1973). There is thus no addi- 
tional production term in the lower layer: 

f+NII, = -ho, + hn, for X < Zn 

= Lykso, x ( SOJ2-) for x > zn, 

where a is the stoichiometric ratio between 
ammonium production and sulfate utiliza- 
tion in the anaerobic degradation of the 
organic matter. 
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Table 1. Diagenetic equation of oxygen, sulfate, nitrate, and ammonium in the two layers of muddy 
sediment of the North Sea. 

Upper layer (2 < Zn) Lower layer (2 > Zn) 

Oxygen d2 (02) DIX" _ wd(02) _ k = () 
dz 02 

D2d2 (02) d(02) 

dzL - Wdz - kA2(02) = 0 

d2 (SO41 Sulfate Dl-dzL _ $(SOd = o 
dz 

D2d2(SOb) d(SOs) 
dz' - "----&- - kS04(SW = 0 

Nitrate DlQN03) _ ,j(NW 
dz dz + kNO,= 

0 D2d2(N03) - udtNo3) - ki03(N03) = 0 
dz dz 

Ammonium Dl$(NH4) _ d(;4) _ 
dz- Go,+ h4= 0 D2d;;y4) - wd(E4) +akS$04) = 0 

Table 2. Solution of diagenetic equations for two-layer model. 

General cliagenetic equation * 

upper laycy: : 

C = C T-I sinh(@S) .+ w cosh(0E) 
Oq sinh(Oz,)+u cosh(0zn) 

Lower layer : - - - - 

Cpl (~-w)zll+21~1B1~ Si~CPz) 

w{n sinh(Ozn)+w cosh(f3zn)) 

w{q sinh(Bzn)+w COslJ(~zn)I 

e-ec _ Fz 
w 

Diagenetic equation for ammonia? 

!pEex &aye: : 

c = co+ 11 ,-2@z, C,-e2f7 + hZ _ a(so;-lo[ w coshCOS)+fi si~-1Cos) 
cd2 w w cosh(Ozn)+P sinh(Oz,) 

coz _ 1 ] 

Lower layey : - - - - 

c = co + 5 (e-2ezn - 1) + Ifz, - c~(SO~-)~ 
w ,rS + oz,, 

- 1 

w w cosh(Bz,)+P sinh(Ozn) 1 

1 
*<=z-Zn ; 1-I = (a)2+4alD&- ; T-j= (W2+4a2D2)$ ; (+L ; ,=L ; &z! 

2Dl 2Dl 2D2 

-?~=k~I - kNo ; 13=(w2+4kS0 D,,% 
4 3 4 
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Fig. 1. Correlation between ammonium con- .- 
centration and excess bicarbonate concentration 
with respect to seawater concentration as function 
of depth in interstitial water of lower layer of 
muddy sediments of the North Sea. 

It must be emphasized that the expres- 
sions of the rate of microbiological pro- 
cesses represent only an operational sche- 
matization of a much more complex reality. 
Most of the processes considered above are 
in fact the result of the complementary ac- 
tion of several bacterial groups, each uti- 
lizing the metabolic product of the other. 
A very simple and well understood exam- 
ple is the process of nitrification, performed 
by two separate groups of bacteria, the 
first one oxidizing ammonia to nitrite and 
the second oxidizing nitrite to nitrate. The 
anaerobic oxidation of organic matter with 
sulfate as oxidant is also not the result of 
the activity of a single bacterial group. 
Sulfate-reducing bacteria are generally con- 
sidered to be specially adapted to the de- 
gradation of C-3 or C-4 organic compounds 
(Goldhabcr and Kaplan 1974). Recent 
studies have shown that lactate is the main 
source of energy for sulfate reduction in 
mud of freshwater lakes (Cappenberg 
1974) as well as in marine or brackish wa- 
ter environments (Vosjan 1975). This im- 
plies that sulfate-reducing bacteria are 
closely associated with fermenting organ- 
isms producing lactate from more complex 
organic matter. Similar phenomena of sub- 
strate interactions between several groups 

of bacteria must also occur for aerobic or- 
ganic matter oxidation, ammonification, 
etc. The expressions of the microbiological 
reaction rates discussed above are not in- 
tended to be an accurate description of the 
complex metabolic mechanisms along the 
bacterial chain, but rather to account in 
the simplest way for the effect of the whole 
sequence of limiting steps. 

The equations for each species are sum- 
marized in Table 1. They can be put un- 
der the more general form 

Dz(d2C/dz2) -o(dC/dx) -a&+=0 

for the upper layer, with 011= PI = 0 (no 
reaction) , al = 0 and /31# 0 (zero-order 
reaction) or al # 0 and /31= 0 (first-order 
reaction). For the lower layer, where only 
first-order reactions have been considered, 
the general equation is 

D2( d2C/dx2) - o( dC/dx) - a& = 0. 

This system can bc solved analytically with 
the conditions 

C = Co for X = 0; CZ,&- = C, +; 

-Dl( dC,‘dx) 1 x,- = -Dz ( dC,dx )‘, xl,+. 

The general solution of the system is re- 
ported in Table 2. As the ammonium pro- 
file is dependent on sulfate concentration 
in the lower layer, the diagenetic equations 
for ammonium have been solved separately. 
Eleven parameters ( zn, o, D1, Dz, ko,, k’o,, 
k kNo k’N03, kNH,, a) have to be fixed 
f ZcalcuYation of the concentration profiles 
from these theoretical solutions. Of these, 
four ( xlz, o, DI, Dz) have been determined 
in the silica model (Vanderborght et al. 
1977). A further parameter, a, can be eas- 
ily estimated. The results of determining 
alkalinity and ammonium in the pore water 
of the lower layer ( Fig. 1) show that 1 
mole of ammonium is produced for each 
11 molts of organic carbon oxidized. This 
value is in close agreement with the or- 
ganic carbon: nitrogen ratios cited by Em- 
ery ( 1960) (11.2 for sediments between O- 
and 35-cm depth). It is also known that 
this ratio shows a large range of variation 
in the first centimeters of the sediments 
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D, = 16’ cm* WC 

cm k 
4 

= 2.5 to 7.dpmpl cfi3e 

k’ 
0, 

= 1.5xio-~ se<’ 

Table 3. Rates of microbiological activities de- 
duced from model. 

Reaction Depth Rate 

(cm) (lo- firm1 cm3s-') 

Sulfate reduction 0 - 3.5 0 
3.5 - - 0.7 - 0 

Ammonification 0 - 3.5 2 
3.5 - Qa 0.12 - 0 

Nitrification 0 - 3.5 1.5 
3.5 - m 0 

Denitrification 0 - 3.5 
3.5 - m l- 0 

Fig. 2. Solution of diagenetic equation of oxy- 
gen for a set of k0, .values. the sediment. Considering the stoichiome- 

try of reactions 1 and 3, the value of a is 
because of the rapid degradation of amino then 2/11 e 0.18. Furthermore, a relation 
acids soon after burial (Berner 1971). must exist between three other parameters, 
C : N ratios of 8 and 11 have thus been ke,, kNoa, and k,n, since the oxygen con- 
chosen for the upper and lower layer of sumption is indeed the result of both aero- 

Fig. 3. Solution of diagenetic equation of sulfate for a set of kso, values (first-order kinetics). 
Broken curve is solution of model for Michaelis-Menten kinetics with i?s~ = 2.0 X lo-1 pmol cm4 s-l 
and K,,, = 2.0 pmol cm”. Vertical bars are experimental concentrations. 
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D1= 16~ cm* se& 

D, = 16’ cm* se& 

k NO3 ,idy zd pm01 cm%@ 

k’ NO,= 5~10~~ Seg’ 

Fig. 4. Solution of diagenetic equation of nitrate for a set of ho, values. Vertical bars are experi- 
mental concentrations. 
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10p0 *TO 3000 4000 5000 -_- --l--- I L- - 
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i 

Fig. 5. Solution of diagenetic equation of am- 
monium for a set of &I, values. Vertical bars are 
experimental concentrations. A-Lower layer; B- 
upper layer. 

I I r(cm) 
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m moles/m*day 

Fig. 6. Schematic rcprescntation of nitrogen transformations within the two layers of sediment and 
its fluxes across boundary between the two layers and sediment-water interface. 

bit heterotrophic activity and nitrification. The remaining parameters must now be 
If we consider a AC : AN ratio equal to 8 chosen to fit simultaneously the three ex- 
for this upper layer, the stoichiometry of perimental profiles ( SOd2-, NOs-, NF-Id+). 
the coupled reactions 1 and 2, and of the As far as oxygen is concerned, no experi- 
reaction 4, the val.ue of ke, can be expressed mental profile is available. However, some 
bY constraints can be formulated: oxygen con- 

ko, = SkNR4 -t- 2kNo3. (5) centration at the water-sediment interface 
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Table 4. Rates of microbiological activities derived from direct measurements published. 

Reaction Rate from Origin and type of sediment Reference 
in situ 
meas 
( 10-~iZ%-3S-1) 

Sulfate 0.01 - 0.8 Black Sea, surface silt sediment Sorokin 1962 

reduction 0 Black Sea, 10 cm depth sediment Sorokin 1962 

0.06 Six-Barbara Basin (USA), upper 10 cm Kaplan et al. 1963 

0.001 - 0.09 Bay of Kiel (F'RG) , 0 to 30 cxn Rygv & Nielsen 

0.64 - 1.6 Limfjord (DK), surface sediment J@gensen & Fenchel 
(model system) 1974 

5.1 - 11.7 Aarhus Bay (DK), surface sediment J$x&x$sen & Fenchel 

0.07 - 2.7 Long Island Sound sediment Goldhaber et a1.197? 

Pxar0nification 2 - 19 Raw f activated sludge (15'C) Jaworski et al. 1963 
(upper layer) 

mnification 11.5 Anaerobically digesting sludge (3O'C) Dep. Sci. Ind. Res.1962 
(lower layer) 

Nitrification 11 Sluice Dock Ostend, Belgium, 0 to Billen 1975 
5 cm, sandy sediment 

2.5 - 5.5 North Sea, Belgium, 0 to 5 cm, Billen 1975 
sandy sediment 

0.001 - 0.01 Rybinsk reservoir (USSR), 0 to 10 Kuznetsov 1968 
cm, sandy sediment 

Denitrification 0.9 - 15.8 North Sea, Belgium, muddy sediment Billen unpublished 

is supposed to be 100% saturation, i.e. 340 
PM. It must be higher than about 1% 
saturation (3.4 PM) all over the upper 
layer and less than this value in the lower 
layer, for the upper layer has been as- 
sumed to be aerobic and the lower layer 
anaerobic. 

Figures 2-5 show the solutions of the 
equations of Table 1 for selected values of 
the parameters. We can see that the theo- 
retical curves are very sensitive to small 
variations of the parameters; the range of 
allowed values is thus very narrow. The 
best fit is obtained for the following values: 

k 02 = 5.0 X 1O-6 pm01 cm-8 s-l 
PO, = 1.5 x 1o-3 s-l 
k 

so4 
= 2.5 X 1O-8 s-l (first-order) 

k’s, = 2.0 x 1O-7 pmol cm-3 s-l and Kfil 
= 2.0 pm01 cm-3 (Michaelis-Men- 
ten kinetics ) 

k NO, = 1.5 X lo-” pm01 cm-3 s-l 
k NIT4 = 2.0 X 1O-6 pm01 cm-3 s-l 

The value of ko, is too low by a factor of 
3.5 to satisfy relation 5. This is probably 
because other oxidants can be used in the 
upper layer [ MnOa, NOa-, Fe( OH) 3] and 
have not been taken into account by the 
model. If these oxidants are used succes- 
sively, as in the Scheldt Estuary (Billen 
and Smitz 1975), a multilayer model would 
be necessary to describe the phenomena. 
IIowever, experimental results are not yet 
sufficient to allow such a model to be 
elaborated. 

Discussion 

The six values of the kinetic constants 
used in the model have been determined 
only by fitting the theoretical profiles of 
dissolved species in pore water to the ex- 
perimental ones. Comparison with direct 
measurements of microbiological activity 
in sediments must now be made to see if 
these values are realistic. Direct mcasure- 
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ments of microbiological activities in sedi- 
ments published in the literature are usu- 
ally expressed in terms of rate of production 
or consumption by unit volume of sedi- 
ment. For purposes of comparison, the val- 
ues of our kinetic constants have been 
converted in terms of activity by unit vol- 
ume ( Table 3). The results of direct mea- 
surements of microbiological activity pub- 
lished in the literature are reported in Table 
4. Although few measurements are avail- 
able for some reactions, the values postu- 
lated from the model appear in a11 casts 
quite realistic. The values of the various 
mass transfer fluxes were calculated from 
the equations and the results arc repre- 
sented in Fig. 6. As in the case of silica 
(Vanderborght et al. 1977), the contribu- 
tion of the upper Iayer is much more im- 
portant than that of the underlying sedi- 
ment. It is probable that the thickness and 
the influence of the disturbed layer is more 
important in coastal regions than in the 
deep ocean, because the existence of this 
layer is related to appreciable shear stresses 
or intense biological activity. However, 
many estimates of fluxes from the port 
waters of the sediments are probably un- 
derestimates because of the difficulty of 
recovering this layer during coring. Also, 
this layer may play an important role in 
early diagenetic processes, especially for 
organic matter; it: can be assumed that most 
decomposition of organic matter takes place 
in this well aerated layer. 
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