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Introduction

The knowledge of the properties of the water-sediment interface,
as well as the kinetics of the chemical reactions taking place in the
sediments, are essential for the description and understanding of the
mass transfer processes between sea-water and marine deposits.

It must be recognized that the boundary conditions at this inter-
face are often poorly known; in some cases, its exact position is not
even well defined.

One of the most important reasons for this situation is the diffi-
culty of collecting cores without disturbing the water-sediment interface.

With the classical gravity or piston corer, and to a lesser extent
the box corer, the turbulence caused by the instrument itself is able to
resuspend the poorly compacted top sediments.

The removal of the supernatant water of the core may possibly carry

away another fraction of the surface layer of the sediments.
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It is thus necessary to use an adequate coring technique and to
perform a careful treatment of the core in order to avoid any loss of
information.

The properties of the surface layer of the sediments generally
differ very much from those of the deeper layers, and may considerably
affect the mass transport across the water-sediment interface.

The degree of compaction in the surface layer is low, especially
in the case of muds.

The shear stresses produced by the overflowing water induce per-
turbations of this uncompacted layer, and increase the mass transfer
coefficient of dissolved species within the layer.

Also, the high porosity favours the diffusion process in the
interstitial waters.

Furthermore, the biological activity of various benthic organisms
is generally more intense in the surface layer.

This activity affects not only the chemistry of the whole environ-
ment, but produces mechanical transports known as bioturbation.

This paper is an attempt to describe the properties of the upper
sediments of the North Sea along the Belgian coast.

These sediments are essentially constituted by organic rich muds
(up to 5 % of organic C) deposited in shallow waters, at a mean depth
of about 20 meters. The surface currents are high and the storms fre-
quent, inducing important shear stresses on the water-sediment interface
and favouring the existence of a disturbed boundary layer.

At the opposite, the activity of the benthic macro- and meio-fauna
is extremely low in these sediments [De Coninck (1972)]. The existence
of this layer has been demonstrated by careful coring techniques and
chemical analysis performed on very closed vertical spacings. The
analytical results were interpreted by kinetic models describing the
vertical concentration profiles of various dissolved species in the pore-
water.

In a first part, special attention has been given to the influence
of the disturbed layer on the vertical profiles and mass transfer coef-

ficients have been computed through a kinetic model for dissolved silica.
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A comprehensive model for sulfate, nitrate and ammonia will be presented
in a second part.

We will present here as an example the results obtained on two
cores taken in the North Sea at the position 51°19'L5" N , 3°0L'44" E .
These cores are representative of a large muddy zone along the Belgian
and Dutch coast and display the typical pattern of the disturbed upper
layer. It must be pointed out, however, that sandy sediments, which can
also be found in the same region, do not show this pattern.

The results reported here may only be considered as representative

of the behaviour of poorly consolidated sediments in shallow waters.

1.- Experimental

The cores were collected by divers of the Belgian Navy in 6.35 cm
PVC core-liner tubes, The inner part of the tubes was covered with a
thin polyethylene shield which allowed an easy removal of the sediments
from the core barrel. The penetration of the core-liner tube was
restricted to the first 25 em . The tube was then sealed in situ with
two rubber corks and brought aboard the ship in a vertical position. Two
cores were collected at each site. The first one was immediately treated
by discarding the supernatant water and cutting the sediment in short
segments 1 to L cm long. These samples were then immediately centri-
fugated and the Eh , pH and alcalinity were measured on the interstitial
water. The remaining part of the sample was deep frozen for subsequent
chemical analysis.

The second core was immediately deep frozen. Segmentation was
performed in the laboratory where the fractions were centrifugated. The
chemical analysis included the determination of ammonia, nitrate, nitrite,
silica and sulfate. It became apparent by comparison of the results of
the chemical analysis performed on the interstitial water of the two
cores that the 3 upper centimeters of the first core were lost when
discarding the supernatant water. Only the second procedure did not

disturb the structure of the water-sediment interface.
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2.- Results

The vertical profile of porosity is given in figure 1. The porosity
decreases rapidly from 100 % to about 65 % in the first U4 cm and

remains practically constant at a greater depth.
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fig. 1.
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The existence of a sharp transition at a depth of 3.5 cm between
a brown colored oxidized layer and a black reduced layer indicates that,
in spite of the high amount of organic matter present, oxidizing condi-
tions prevail in the upper part of the sediments. On the other hand, redox
potentials as low as ~ 150 mV were measured in the lower part. This
situation is in contrast with the Eh profiles of cores taken in a small
lagoon near the Belgian coast [Vanderborght and Billen (1975)] where
similar sediments are deposited but are not submitted to high shear
stresses as in the open sea. In this case, reducing conditions are en-

countered at less than a few millimeters from the water-sediment interface.

2.3.~ Dissolved silica

Figure 2 shows the vertical profile of dissolved silica obtained
on the core., A sharp gradient discontinuity is observed at a depth of
about 4 cm , with a very low gradient of concentration in the upper part
of the sediment. This profile differs from those usually described
[Anikouchine (1967), Hurd (1973), Fanning (1974)], where high gradients

of dissolved silica are observed at the interface.

2.L4,~ Sulfate

The classically described anaercbic reduction of sulfate can be
observed in the deeper part of the North Sea sediments (fig. 3), where
sulfate is completely depleted at a 25 cm denth. As may be expected,

the reduction of sulfate does not occur in the upper oxidizing layer.

Nitrate profiles in the North Sea cores display a maximum value in
the upper layer at a depth of about 2 em (fig. L4). It is interesting
to compare these results with those obtained for muddy and sandy deposits
taken from a lagoon near the Belgisn coast. It has been shown [Vander-
borght and Billen (1975)] that in the muddy organic rich sediments, the

nitrate concentration is always lower in the interstitial water than in
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overlying water, and decreases rapidly with depth. In sandy sediments,
which are poor in organic matter, profiles commonly show a maximum in
nitrate concentration at a depth of a few centimeters. It has also been
demonstrated by these authors that this maximum can be related to the
activity of autotrophic nitrifying bacteria in the bulk of the sediments,
which itself strongly depends on the local redox potential value. This
nitrification may also occur in the disturbed layer of muddy sediments

because of the oxidizing conditions prevailing there.
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2.6.~- Ammonia

The increase of the ammonia concentration in pore water due to
decomposition of organic material is also observed in the North Sea
cores (fig. 5). However, in contrast with the usual profiles obtained
in deep-sea cores, a sharp discontinuity of the concentration gradient

occurs at a depth of about L em .

(mM/2)
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fig. 5.
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3.- Kinetic model for dissolved silica

To analyse more quantitatively the importance of the upper layer of
the sediments in the exchange with surface waters, we have tried to
describe the vertical concentration profile of the dissolved silica in
pore water by considering the various physical and chemical processes
taking place in the sediments. The general approach of the proposed
kinetic model has been extensively described by Berner (1971), (1974)
for homogeneous sediments. However, simple models for homogeneous depo-
sits are not able to describe the existence of discontinuities in the
concentration gradient, as observed in the profiles of the North Sea
cores. These profiles strongly suggest that one distinguishes a thin
disturbed layer near the water-sediment interface from a rather consoli-
dated underlying sediment.
The continuous decrease of porosity and of mechanical perturbations
with depth imply that the mass transfer coefficient be a continuous
function of depth. However, a simplification of the mathematical treat-
ment has been made by considering a two-layer sediment system, where
each layer is characterized by a constant mass transfer coefficient.
Furthermore only a steady-state model will be considered here, implying
that all the parameters appearing in the kinetic equation are time inde-
pendant. This hypothesis has been mathematically justified for a similar
case [Vanderborght and Billen (1975)1].
In the kinetic equation describing the vertical concentration pro-
file of silica, we will consider the contribution of the following pro-
cesses
- diffusion in the pore water of the dissolved substance under its con-
centration gradient;

- advection related to the deposition of fresh sediments:

- chemical reactions affecting the concentration by production or
consumption of silica.

The net rate of dissolved silica production results from a competi-
tion between dissolution of highly reactive opal and reprecipitation pro-
cesses. These are not well understood, but it is generally admitted that,

in the presence of clay minerals, reprecipitation of dissolved silica due




to reactions with solids in the scdimentary column must be considered. It
can be shown [Hurd (1973), Berner (1974), Fanning and Pilson (197L4),
Wollast (1974)] that the net rate of reaction may be simply described by

the kinetic relation :
re, = kg, ([8i1 - [sil)

where kg, 1is an apparent kinetic constant, [S8i] is the concentration
of dissolved silica and [Si]°° is either an equilibrium concentration of
dissolved silica or a steady statc value of this concentration which is
reached at high depth.

The equation describing the behaviour of dissolved silica in the
upper and lower layers can be written :

20 o
(1) D a[sil _ " afsil +k

1 d22 dz

o; ([Si1, - [5i1) = O

where D, vrepresents the global mass transfer coefficient in the consi-
dered layer.
The following boundary conditions are imposed to solve the system :
- at z =0, the concentration is equal to the concentration [51], in
the overlying sea-water;
- at large z-values, the concentration tends towards a finite value:
- at the interface between the upper and lower layer (z =z ) , there
is no discontinuity in the concentration profile, on the other hand,
the fluxes across this interface are conservative :

arsi]

arsi] arsil] st 2= d .
dz

(2) . dz |2 n

=—~D1

n I1 == D,

The solution to equation (1) is, for the upper layer :

chfa,(z, - 2)] - B shla4(z, - z)] 7 ?

- = - - - - . 1
(3) [81]1 [Sljw ([Sljoo [Sl]o) { ch(a1zn) + B sh(a,'zn) } e
for the lower layer :
2y (8- -ay)(z- z,)
ras; & . _ A _ 4 e 202 n
() [sil, = [sil_ - ([sil_ - [sily) [ch(a1zn) T8 sh(a1zn)] e
2 Ke.
with a, = (22— + —éi)i

2
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The depth 2z, is estimated from the porosity profiles. A value of
3.5 cm , which also corresponds to the color transition in the cores, was
used througnout the calculations. Many estimations have been made on the

deposition rate w for the southern part of the North Sea and a mean
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value of 3 em per 100 years seems to be the best approximation
[(MacCave (1971)]. Deposition rates one or two orders of magnitude higher
can be locally observed. The mass transfer for the lower part may be con-
sidered as only due to molecular diffusion. At the mean temperature of the
system 11 °C and taking into consideration the porosity and an estima-
tion of the tortuosity of this layer, the diffusion coefficient for the
lower layer approximately equals 10-6 en.g ! [Anikouchine (1967),
Wollast, Garrels (1971), Hurd (1973), Berner (197L4), Fanning (1974)]. The
asymptotic value of the dissolved silica concentration [8il_ can be de-

duced from the experimental profiles (fig. 2) : a value of LOO pmoles.

22 24  ppm SiOy

T
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2-1 has been selected. The only unknown parameters are D, and kg, .

A set of curves has been drawn for various values of kg, and D,
(fig. 6 and 7). The distribution of dissolved silica in the lower part
of the sediments is very sensitive to the values of L3 which allows
one to select the value

x = -7 -1
ke, = 5 x 10 s .

The best fit for the surface layer is then obtained for

D, = 104 2!

Our value for kg, is in agreement with the value calculated from the
laboratory experiments of Grill and Richards (1964) on diatoms, and
Hurd (1972) on radiotarians. The rate constant deduced from these experi-
ments are respectively equal to 2 x 10_7 and T x 10-7 5_1 . It should
be noticed that the sedimentation rate w can be neglected as long as
it is less than 10 cm/year and has not to be known with a great pre-
cision. The value of the mass transfer coefficient D, for the upper
layer is 100 times greater than the apparent diffusion coefficient in
the compacted layer. This large increase is partially due to the change
of porosity and tortuosity (approximately a factor of 2), but mainly to
the advective processes induced by the movement of overlying water.

The model allows to calculate the flux across the boundary between
layer 1 and layer 2, across the water-sediment interface and the net dis-
solution rate of silica (fig. 8). The contribution of the upper layer re-
presents 75 % of the total flux of silica out of the sediments. As a
consequence, the fluxes may be underestimated by a factor of L4 if this

layer is discarded during sampling or handling of the core.

4.- Kinetic model of nitrogen diagenesis

Phe preceeding discussion, and the purely physico-chemical model
build up for silica, has shown that the mass transfer mechanisms in the
muddy sediments of the coastal region of the North Sea could be described

by considering two distinct layers with two different mass transfer
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coefficients. The application of the same model to other nutrients like
nitrogen, for which microbiological action is of importance, requires not
only to consider different mass transfer mechanisms for the dissolved
species, but also fundamental changes of the biological processes occuring
in the two layers. In an organic rich sediment, the most important factor
controlling microbiological activity is probably the availability of
oxidants. As far as the overlying water is a major source of these oxidants
their availability will be strongly influenced by the mass transfer pro-
perties of the tvo layers. The most important oxidants for biological
activity are oxygen and sulfate.

Manganese oxide, nitrate and iron hydroxide utilization, although
it can account for a part of the oxidation of the organic matter in sedi-
ments, will not be taken explicitely into account in the present simpli-
fied model.

The results of Eh measurements and the experimental sulfate profile
(fig. 3) suggest that oxygen is available in the upper lsayer and prevents
sulfate utilization, while sulfate is extensively used as an oxidant in
the lower layer. The microbiological decomposition of organic matter can
thus be represented by coupling equation (a) with equation (b) in the

disturbed layer and with equation (c) in the lower compacted layer :

(a) CH,0 + 2H,0 + HCOz + SH™ + Le”
(v) he” + 0, + LH' > 2H,0
- 1 -, 9 4 1 -
(e) Le +'é'SO4+*2—H +'2—HS + 2H,0 .

Ammonification, a result of the heterotrophic utilization of organic
matter will thus be under the control of oxygen concentration in the
upper layer and of sulfate concentration in the lower layer. For the same
reason, nitrification is supposed to occur in the upper oxygenated layer
while denitrification is only possible in the lower layer.

The behaviour of 0, , S0, , NHZ and NO, in the pore water of

the sediment can be described by the following general equation :

9C _ 2 C _ 3C
(5) yelle D 5 "W + r
2z

Bl
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where C 1is the concentration of the dissolved substance (mole.2~1)
and r the rate of production (r > 0) or consumption (r < 0)
(mole.2_1.s_1) s Z, D and w as above. Under the assumption of
steady state

3C _
= =0 .

The expression of the rates of reaction will now be discussed

briefly for each constituent.

k.1.- Oxygen

A Michaelis-Menten function would be the best way of expressing
the oxygen consumption rate. However, for reasons of mathematical sim-
plification, this Michaelis-Menten kinetics has been approximated by a
zero order kinetics at oxygen concentration higher than some critical
value (around 1 # saturation) and a first order kinetics at lower
concentration. It is also assumed that this critical oxygen concentration
is reached at the boundary between the upper and the lower layer, so
that

- k02 for z <z,
ry =

- kég [02] for z >z, .

4,2.- Sulfate

As stated above, sulfate reduction does not occur in the well
aerated part of the sediment, but only in the lower layer. In his
kinetic model of sulfate distribution in sediments, Berner (196L),
(1974), postulated that the rate of bacterial sulfate reduction was
first order with respect to the concentration of a particular fraction
of organic material used by sulfate reducing bacteria. In the case of
these organic rich sediments, however, the organic content (measured
both as total organic carbon and as aminoacids) was found to be degraded
only to a small extent (15 to 20 %) at a depth of 25 cm whereas sul-
fate is completely depleted. This suggests that the rate of organic de-

composition is limited by the availability of oxidants rather than by
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the concentration of organic matter. Sulfate reduction rate will then be

first order with respect to sulfate concentration :

for Z < 2

0
r -
SO g
4 - kso4 [s0,1 for zZ > z

4,3.- Nitrate

The modelling of nitrification and denitrification in sediments has
been extensively discussed in a previous paper [Vanderborght and Billen
(1975)]. The same model will be used here : a constant nitrification term

will be assumed in the upper layer :

(a) NHz+ 20,4+ 2H" > NO3 + H,0 .

A first order denitrification rate will be postulated in the lower one :

+ kNO3 for z <z
TNog

- kk03 [NOSJ for z >z .

L.4,~ Ammonium

As ammonium production is related to heterotrophic activity, its
rate is proportional to the rate of oxygen consumption in the upper layer
and to the rate of sulfate reduction in the lower layer. A consumption
term due to nitrification must further be taken into account in the upper
layer. Several works show that denitrification in natural water and sedi-
ments produces essentially nitrogen and no ammonium [Chen et al. (1972),
Wheatland et al. (1959), Chan and Campbell (1973)]. There is thus no
additional production term in the lower layer :

NHy4 n

r =

g - kNO3 + k for z < 2
NH,

'+ak804 for 2> Z, .

The equations of table 1 can then be solved analytically; the

solutions are summarized.
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Table 1
Upper layer (z < z,) Lower layer (z > z,)
42[0,]  d[0p] 42[0,] _  dl0p]
Oxygen D4 - w - kg, = 0 Dy - w - k' [0,] =0
d22 dz 2 422 dz 0o
27 2
d< S0 dl S de|L S0 di. S0
Sulfate Dy [S0,1 _, a[804] _ p, 908041, dL8041 kso, [5041 = 0
dz2 dz d22 dz
2 2
) d“[Nnoz] d[N0z] d<[N0z] d[[NO3z ] ,
Nitrate 04 =3 - W kNO3 = 0 Dy —;-5--—- - w2 - kN03 [Noz] =0
Z z
2 2
: d“[NHq] d[NH4] d°[NH,] d[NH, ]
Ammonium D4 =3 - W S - kNO3 + kyp, = 0 D, -;_5.__ W ———"+a kso, [so,] =0
z z

Solution of the differential equations of table 1

Oxygen Upper layer
k

0, 2
(0,14 = 2D, z- + Az + [0,],
Lower layer
Ko, %
- (—92—2—) (z - zn)
(0,1, =B e
3 2
e S L D2y oo
D 2 n‘k! 2-0
e 1 0,
D, &
2
o) + z,
05
k
0, 2
B =3 D, z, + Az, + [0,
§g}§g§e Upper layer
PPEL SO . P
w w ch {2D1 (z-12,)} - B sh {2D1 (z - 2z,)}

201
[S0,1, = [S0,1, e




Lower layer

w 5% (z-zn)
207 2n
[s0,1, = [50,1, e ' 2=
w ch (—EL'Z ) + B sh Ciﬂ‘ z.)
2D, n 2D, °n
with
_ (.2 3
B = (0 + 4k D)
Yy =w-8
Nitrate Upper layer
(NOg 1, = - 2D, z~ + Az + [NO,],
Lower layer
Nos %
- (—5'2-3—)) (z = z,)
[NO3]2 =B e
with
Kno. 2z° D
3 - 2 \3
= ( Y*} - [NO.]
Dy "2 7" Ky, 0
A=
D, 4
2
o) +z,
NO3
k
NOz 2
B = 2D, z, + Az + [NO,],

Ammonium Upper layer

W

(vg,1, = [NE,], - o [S0,], [em ’

Lower layer

[NH,1, = [NK,],

h
5
w

267
- a [50,], [e !

w ch{g—g:(z-zn)} - B sh{-é%:(z—zn)}

W W
w ch(2D1 z,) + 8 sh(2D1 z,)
-, W,
D D
1 1 h
— +——
e (1 -e ) o 2
é%z(z—zn)
w e a 1]
w W
—— + —————
) ch(2D1 zn) R sh(2D1 z,)
w w
=D n D n
e ' (1-e' ) +2,

-1
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with
h= Ky, = Kyo,

B , Y as above

30

Eleven parameters (z, , w, D, , D, , koz s kaz 5 kso4 5

Kyo. » %Yo, » Kyy, » o) have to be fixed for the calculation of the
3 3 4

concentration profiles from these theoretical solutions. Of these, four

(zn » W, D, , D,) have been determined by the aid of the silica

model discussed above. A further parameter, o , can be easily estimated.

The results of the determination of alcalinity and ammonium in the pore

water of the lower layer (fig. 9) show that one mole of ammonium is

produced for each 11 moles
LHeoz] - [Heoz ],
(mM)
- Considering the stoechiometry

of organic carbon oxidized.

of reaction (a) and (c), the
value of o 1is then

2
11 - 0018 .

Furthermore, a relation must
exist between three other
parameters, ko2 5 kN03 and.
kNH4 : the oxygen consumption

is indeed the result of both

p é é aerobic heterotrophic activity
[NHE T (mM) and nitrification. Considering

fig. 9. a %% ratio equal to 8 for
this upper layer, the stoechio-
metry of reactions (a) and (b), and of reaction (d), the value of ko,

can be expressed by

(6) k., =8k + 2k

02 NHy4 N03 ‘

The remaining parameters must now be chosen in order to fit simultaneously
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the three experimental profiles $0;”, NO3 , NH; . As far as oxygen is
concerned, no experimental profile is available. However, some constraints
can be formulated : oxygen concentration at the water-sediment interface
is supposed to be 100 % saturation, Z.e. 340 uM ., Oxygen concentration
must be higher than about 1 % saturation (3.4 uM) all over the upper
layer and lower than this value in the lower layer, for the upper layer

has been assumed aerobic and the lower layer anaerobic.

100 200 300 (uM/R)

02 Model

-4
D1 =1O
-6
D2=1o
ko, = 2.5 to 7 1076

. -3
k' =14,510
z| (cm) 02

fig. 10.

Figures 10, 11, 12 and 13 show the solution of the equations of
table 1 for selected values of the parameters. It can be seen that the
theoretical curves are very sensitive to small variations of the para-
meters. The permitted range of values for the parameters is thus very

narrow. The best fit is obtained for the following values
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knog = 107° , 2.107°

-6
k! = 5.
Nos 10

fig. 12.

a=0.18 .

All these values appear realistic when compared with direct measurements
of microbiological activities in sediments published in the literature
[Sorckin (1962), Billen (1975)].

It should be noticed that the value of ko, is too low by a
factor of 3.5 to satisfy relation (6). This is probably due to the fact
that other oxidants can be used in the upper layer, [MnO, , NO3 ,
Fe(OH)S], and have not been taken into account by the model. If these
oxidants are used successively as in the Scheldt estuary [Billen and
Smitz (1975)], a multilayer model would be necessary to desecribe the
phenomensa. However, experimental results are not yet sufficient to allow

sucli a model to be elaborated.
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The value of the different mass transfers were calculated from the
equations of table 1 and the results are represented in fig. 14. As in
the case of silica, the contribution of the upper layer is much more im-—
portant than the one of the underlying sediment. 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 estimations of fluxes from the pore waters of
the sediments are probably underestimated because of the difficulty to
recover this layer during the coring. Also, this layer may play an impor-

tant role in the early diagenetic processes and especially for organic
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matter. It may be assumed that most of the decomposition of the organic

matter takes place in this well aerated layer.
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