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Abstract

In order to understand the early diagenesis processes occurring in continental margin environment, modern sediments
collected in six different sites from the Bay of Biscay have been studied. These sites can be separated into two groups. In
the shallowest stations, where sediments are highly bioturbated, organic carbon levels are higher than 2%. In the deepest
stations, sediments are much less bioturbated, and organic carbon levels are lower. In all sites, the vertical distribution of
redox sensitive species can be explained by the well-established depth sequence of redox reactions, based on the bacterially
mediated oxidation of organic matter. We have considered some alternative reaction pathways to explain the profiles of Fe,
Mn, and N species. These reactions deal with the ammonia oxidation by manganese oxide, the aerobic denitrification and
the oxidation of dissolved iron (II) by nitrate or Mn-oxides. Vertical flux calculations with a simple diffusion model
indicate that these reactions could account for the reduction of all the Mn-oxides and the oxidation of all the upward
diffusing Fe(II). They may also be responsible for a significant part of the total dinitrogen production. The relative
importance of these pathways on early diagenetic processes and benthic fluxes has not been determined and must be
examined with additional experimental works. Our study suggests, however, that the coupling between the benthic cycles of
iron, manganese and nitrogen could strongly influence the carbon cycling at the ocean floor. © 2001 Elsevier Science B.V.
All rights reserved.

Keywords: Geochemistry; Sediment; Early diagenesis; Bay of Biscay; Manganese; Iron; Nitrogen

1. Introduction carbon sustains biogeochemical reactions, which
are important for the oceanic budget of C, N, P,

Modern oceanic sediments comprise the first deci- and S species, and for some metals, such as Mn
metres below the sediment—water interface. This and Fe. Continental margin sediments play an impor-
compartment contains organic carbon recently tant role, because their organic carbon content is
imported from the overlying water column. This much higher than in deep oceanic sediments. The
- mineralization of organic carbon alters the initial
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micro-organisms present in the modern sediments.
The bacterially-mediated oxidation of organic matter
is reflected in a well-established depth sequence of
redox reactions in which oxygen is reduced near the
sediment—water interface, followed by the reduction
of nitrate, manganese- and reactive iron-oxides,
sulfate, and finally carbon dioxide (Froelich et al.,
1979; Postma and Jakobsen, 1996). The production
of reduced compounds during the anaerobic degrada-
tion of organic matter can also play a major role in
the reduction of oxidants (Canfield et al., 1993).
Several multicomponent early diagenetic models
have been developed that explicitly describe the
coupling of the cycles of Mn and Fe to those of
0, C, S, and N (Burdige and Gieskes, 1983;
Boudreau, 1996; Wang and Van Cappellen, 1996).
In the web of possible reactions, recent studies attach
more and more importance to metal oxides, particu-
larly for their role in the benthic cycle of nitrogen
(Luther et al., 1997; Aller et al., 1998; Anschutz et
al., 2000). It has been pointed out by different authors
that the reduction of Mn-oxide by diffusing ammonia
could be an important process of dinitrogen or nitrate
production (e.g. Hulth et al., 1999; Anschutz et al.,
2000). This pathway could interfere with dissimila-
tory Mn-reduction. The aim of the present study was
to test the possibility of adding strong interactions
between iron, manganese and nitrogen in the inter-
pretation of the vertical distribution of redox species
in modern sediment. The study is based on measure-
ments in sediments of the Aquitaine margin in the
Bay of Biscay of vertical profiles of the major chemi-
cal species that enter in early diagenesis. We have
studied six sediment cores collected between 150 and
2800 m depth in order to test the importance of the
different reactions in several environmental condi-
tions, differing by the content of organic matter, the
sedimentation rate, and bioturbation intensity. The
semi-quantitative approach is based on vertical flux
calculations. It has been carried out in order to esti-
mate the potential role of different redox reactions
that are thermodynamically feasible, in which
reduced products (Fe**, Mn”", and NH) interact
with oxidants (O,, NOs, Fe- and Mn-oxides). This
study is a part of the program Oxybent, which aims
at understanding the mechanisms of benthic biogeo-
chemistry and their role in the fossilisation of sedi-
mentary signals.

2. Material and methods
2.1. Sampling location

The studied sediments have been collected in the
southeastern part of the Bay of Biscay (Fig.1) on the
slope of the Aquitaine margin (stations A, B, and D)
and on flat parts of the canyon of Capbreton (stations
C and E) and Cap Ferret (Stn. I). The sediments of the
stations located above 700 m (D, C, and B) are in
contact with North Atlantic Central Waters, whereas
stations E and A are under the influence of the vein of
Mediterranean waters. The temperature of both water
masses ranges between 10.5 and 13°C. The bottom of
station I is overlaid by North Atlantic Deep Waters,
with a temperature of 4°C. In all the stations, the
sediment consists of mud composed of clay, silt, and
less than 30% carbonates. The clay fraction is domin-
ated by illite, smectites, chlorites, and kaolinites
(Latouche et al., 1991).

2.2. Material

The sediments have been collected with a multi-
corer during cruise Oxybent-7 in January 1999 with
the ship ‘Cotes de la Manche’. The multi-corer allows
to sample the first decimetres of sediments, the over-
lying bottom waters, and the undisturbed sediment—
water interface, in a 10 cm diameter pexiglas tube.
Free waters have been collected immediately after
core recovery for dissolved O, measurements, using
the Winkler titration method (Strickland and Parsons,
1972). Profiles of pore water O, have been achieved
on board using a cathode-type mini-electrode
(Revsbech and Jgrgensen, 1986; Helder and Bakker,
1985; Revsbech, 1983). The temperature was main-
tained by using an insulating device. This operation
was completed within 15 min after core recovery for
sediments where the oxygen penetration depth was
the lowest, and less than 30 min for other cores.
Subsequently, the core used for O, profiling has
been sliced in thin horizontal sections (0.5 cm for
the top 2 cm, 1 cm below, and 2 cm at the bottom)
within 1.5 h. For every level, a sub-sample was imme-
diately sealed in a pre-weighed vial and frozen under
inert atmosphere (N,) for further analyses of porosity
and solid fraction. Another sub-sample was centri-
fuged under N, at 5000 rpm during 20 min in order



C. Hyacinthe et al. / Marine Geology 177 (2001) 111-128 113

2°30'W

2°00'W 1°30'W 1°00'W

ATLANTIC
OCEAN

Bay of Biscay

T

| |

N $\ .
Zomi
(’fjj >ﬁ} 8 ?/g 44°N

|

Fig. 1. Map of the Southeastern part of the Bay of Biscay showing the station locations of OXYBENT 7 cruise.

to collect pore waters. Two aliquots of water were
filtered (0.2 wm) and frozen at —25°C for nutrient
analyses, and another aliquot was filtered and acidi-
fied with ultrapur HNOj; for dissolved Mn and Fe
analyses. Surface sediment from a second core was
collected for *'°Pb analysis. The complete vertical
profiles of 210py, activity for stations A, B, C, and D
were obtained in cores collected at the same locations
during mission Oxybent-1 (Anschutz et al., 1999).
Surface samples from station E collected during

mission Oxybent-2 were also analysed. We noted
the presence of polychaetes and burrows down to
the bottom of the cores in stations C and D.

2.3. Laboratory analyses

The activities of *'°Pb were determined in freeze-
dried samples by gamma counting. The excess activ-
ities were calculated from ***Ra-supported *'°Pb
deduced from the activities of *'*Pb and *'*Bi.
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Porosity was determined by comparison of the
weights of wet and freeze-dried sediment. The
freeze-dried solid fraction was homogenised and
the water content used to correct the analyses for the
presence of sea salt.

Particulate sulfur (S, and total carbon were
measured on the dry sediment using a Leco C/S
125. Organic carbon (C,,) was measured after
removal of carbonates with 2N HCI from 50 mg of
powdered sample. Inorganic carbon (Ciy) is the
difference between total carbon and C,,. Wet samples
were subjected to two different extraction techniques
for the determination of reactive particulate Fe and
Mn. The most reducible fraction was extracted with
an ascorbate solution buffered at pH 8 (Ferdelman,
1988; Kostka and Luther, 1994; Anschutz et al.,
1998). A second extraction on a separate aliquot
was carried out with 1N HCI to determine acid soluble
Mn and Fe. For both procedures, about 1 g of wet
sample was leached with a 25 ml solution during
24 h while shaking continuously at room temperature.
Iron extracted with ascorbate (Fepagc) comes from
amorphous iron oxides, and it can partly result from
the leaching of FeS (Kostka and Luther, 1994). Iron
extracted with HCI (Feyc)) comes from the fraction
extracted with ascorbate, FeS, some iron phyllosili-
cates and carbonates. Specific tests on particulate-Mn
extraction with ascorbate (Mnagc) or IN HCI (Mny())
have not been done yet. It has been shown, however,
that Mnyc was close to total Mn in modern marine
sediments (Anschutz et al., 2000). It represents the
whole fraction of Mn-oxides and Mn associated
with carbonates. Mnygc is extracted at pH 8, which
suggests that Mn-carbonates are not leached. Our
results presented here also show that the ascorbate
solution extracts less Mn-oxides than HCI. The
extracted fraction must correspond to the most reduc-
ible particles containing Mn(IIL,IV). Mn and Fe were
measured by flame atomic absorption spectrometry.

Interstitial water compounds were analysed using
techniques adapted for small volumes of samples.
Nitrate and nitrite were measured by flow injection
analysis (FIA) according to Anderson (1979).

Ammonia was analysed with the FIA method
described by Hall and Aller (1992). Sulfate was
measured with a nephelometric method, and Fe?"
with the colorimetric method using ferrozine
(Stookey, 1970). Dissolved Mn?" was determined
by atomic absorption spectrometry.

3. Results
3.1. Activity of *'°Pb

The excess activity of 210py, (T, =22.3 years)
decreases exponentially below the interface in the
deep slope stations (I, A, and B) (Fig. 2), whereas
the profiles of *'°Pb are almost vertical in stations C
and D. The *°Pb activities of surface sediments
measured in cores taken during mission Oxybent-7
were close to those measured during previous
Oxybent missions, except for station E. Here, activity
was lower in January 1999 than 1 year before.

3.2. Pore water composition

The penetration depth of dissolved O, ranges
between 6 mm in Stn. D and 45 mm in Stn. I (Fig.
3). The profiles of stations I, and B show a sharp
gradient of O, in the top 5 mm, and a smoother
decrease below to total anoxia. The presence of two
slopes in the O, profiles can be related to many
processes, such as to changes with depth of the reac-
tivity of organic matter (Hulthe et al., 1998; Rabouille
et al., 1998), porosity changes, or non-steady state.

The concentration of nitrate in the bottom waters of
stations I and A is 17 pmol/l (Fig. 4). It is lower for
shallower stations. The top sample of the pore water
profiles is enriched in NO; relative to the bottom
water, which suggests that the sediment was a source
of nitrate for the water column in January 1999. NO3
drops to concentrations close to zero below the oxic
layer. However, nitrate is sporadically present in the
anaerobic part of the sediment. When nitrite is
detected, the profiles show peaks in the samples
containing maximum concentration of nitrate or in

Fig. 2. Vertical profiles of porosity in % (left), organic carbon (Corg) and inorganic carbon (Cinorg) in weight percent of dry sediment corrected
for salt content (middle), and excess *'°Pb in Bq/kg (right). The *'°Pb profiles were obtained from cores collected during the mission Oxybent-1
(October 1997) for stations A, B, C, and D, Oxybent-2 (January 1998) for Stn. E, and Oxybent-7 (January 1999) for Stn. I. The black crosses
represent the excess *'°Pb data of surface sediments collected during Oxybent-7.



116 C. Hyacinthe et al. / Marine Geology 177 (2001) 111-128

O, (umol/l) O, (umol/1) O, (umol/l)
0 100 200 0 100 200 0 100 200
1 1 1 1 1 1 1
0 0 0
a1 1 1
§
s 2 234 2
53 3
|/ Stn. I 33 Stn. A 3 Stn. B
4 (2800 m) 2 (1000 m) (550 m)
4
5
6
O, (umol/l) O, (umol/l) O, (umol/1)
0 100 200 0 100 200
| ] 1 1 l_o
\g/ 0 OW
E=I 1
& Stn. E Stn. C 1 Stn. D
A, (730 m) 2 (280 m) (150 m)

Fig. 3. Vertical profiles of pore water oxygen in wmol/l. For some stations duplicate analyses were performed.

the sample located just below. The NO; profile of
Stn. I shows a maximum concentration in the oxic
layer at 1 cm. The concentration decreases irregularly
below, with two steps between 3 and 5 and 6 and
9cm. The concentrations of dissolved NHj are
below the detection limit in the bottom water and
remain low in the oxic part of the sediment. They
increase generally in a regular manner just below.
The concentrations are highest at the bottom of the
cores, and in the stations enriched in Cy,.

Dissolved manganese becomes detectable in
samples where the oxygen concentration reaches
values close to zero. Below, the Mn>" concentrations
increase gently with depth in stations I and A, but
remain below 30 wmol/l. In stations C, D, and E, the
Mn?** profile shows a peak of concentration of about
100-150 pmol/l below the oxic layer, and then, it
drops to reach a lower, but constant value. Dissolved
iron appears below dissolved manganese, at a level
that corresponds to the disappearance of nitrate. The
profiles of Fe’" are more scattered than those of
Mn?®*. Sulfate concentration remains constant and
equal to seawater concentration all along the studied
cores, except the deepest sample of Stn. D, which

shows a slight decrease. Dissolved sulfide has not
been analyzed, but the concentrations are probably
close to zero, since we noted no smell of sulfide
during core processing on board.

The profiles of dissolved species in Stn. B show
anomalies between 10 and 15 cm depth (Fig. 4).
This interval contained a dead urchin shell and was
more fluid than above, as shown in the porosity profile
(Fig. 2). The layer contains nitrate and nitrite, whereas
the concentrations of Mn**, Fe*", and NH; drop to
Zero.

3.3. Reactive solid fraction

The concentration of C,, for the surface sediment
decreases from the shallowest station D (2.23%) to the
deepest station I (1.20%) (Fig. 2). C,, content
decreases slowly downcore in stations I, A, and B. It
remains approximately constant in stations C and D.
The profile of Stn. E shows a negative anomaly
between 1 and 3 cm depth.

The stations I, A, and B contain less than 25 pwmol/g
of S, (Fig. 4). The lowest concentrations were
measured at the sediment surface. Stations C and D
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contain more than 30 pwmol/g of sulfur in the top
sample. At depth, the concentration increases up to
95 wmol/g at the bottom of Stn. D. Station E has the
highest concentration of sulfur in the subsurface layer
poor in Coy.

The profiles of Mnasc and Mny( are parallel, with
higher concentrations measured for the acid leaching.
All profiles show a peak at the surface, with maximum
values located at the oxygen penetration depth. In
stations I, A, and B, the concentration decreases
abruptly below the oxic front, reaching values close
to zero. In stations C and D, concentrations decrease
more gradually. Mnysc decreases to values close to
zero, whereas Mnyce remains at concentrations
above 5 wmol/g. Fessc concentrations in the nitrate
containing top layer are close to, or above 50 wmol/
g. Extractable iron decreases towards the bottom of
the cores in stations I, A, B, and C, whereas the
profiles remain relatively linear in Stn. D. The vertical
distribution of Feyc is similar but the absolute
amounts extracted are 100—-200 pwmol/g higher.

4. Discussion
4.1. Sediment transport and mixing

The decrease in excess activity of *'°Pb in the deep
slope stations (I, A, and B), suggests that the sedi-
ments are little or not mixed by mechanical advection
or bioturbation (Fig. 2). The accumulation rates
deduced from the slope of the 2'°Pb profile, the radio-
active decay constant, and the porosity, for stations I,
A, and B are 24, 51, and 77 mg/cmzlyear, respec-
tively. The profiles of *'°Pb are almost vertical in
stations C and D, which suggests that they are highly
bioturbated down to 30 cm. The presence of poly-
chaetes and burrows down to the bottom of the
cores in these stations supports this hypothesis. C,
remains constant for stations C and D, which corro-
borates the hypothesis that the sediment of these
stations is well mixed. The *'°Pb activity of surface
sediments of Stn. E was lower in January 1999 than 1
year before. Station E is located in the talweg of the
Capbreton canyon, which can be exposed to episodic
gravitational input of downsloping sediment. The top
of the Station E core can consist of a *'’Pb-depleted
and recently deposited sediment layer.

4.2. The redox sequence of degradation of organic
matter

We observe that the oxygen concentration
decreases rapidly below the sediment surface. Nitrate
increases in the oxygen containing layer and then
decreases below. The disappearance of oxygen and
nitrate is accompanied by a decline of the Mn-oxide
content and an increase in dissolved manganese,
followed deeper down by an increase in dissolved
iron. Total sulfur content increases with depth. This
distribution follows the well-established depth
sequence of diagenetic reactions governed by the
preferential use of the electron acceptor that yields
the highest amount of free energy for the bacterially
mediated oxidation of organic matter. Oxygen is
reduced near the sediment—water interface, followed
by the reduction of nitrate and manganese oxide, then
reactive iron oxide (Fegc), and sulfate (Froelich et al.,
1979; Postma and Jakobsen, 1996).

The O, consumption is attributed to oxic degrada-
tion of organic matter (reaction 1, Table 1) and the
reoxidation of the products from the anaerobic degra-
dation of organic matter (Canfield et al., 1993). The
observed thickness of the oxic layer depends directly
on the C,, content in the surface sediment.

The peak of nitrate and nitrite in the oxic layer is
attributed to the succession of reactions that lead to
the bacterial nitrification of organic N (reaction 1,
Table 1) or ammonia that diffuses from below
(reaction 6, Table 1). The consumption of nitrate
below the oxic layer is due to the bacterial denitrifica-
tion (reaction 2, Table 1). Nitrite is an intermediate
step in the formation in nitrate, and the presence of
two peaks at the top and the bottom of the oxic layer
of Stn. I suggests that nitrate is produced from reac-
tion 1 at the top, and from reaction 6 just below. NO3
profile exhibit curvature throughout the oxic sediment
layer of Stn. I, and hence imply that nitrate and
oxygen respiration is taking place throughout much
of the oxic layer. It is likely that the sediment inves-
tigated was not homogeneous, but instead had suboxic
zones within its upper layer that allowed denitrifica-
tion (Brandes and Devol, 1995).

NH; is produced from anaerobic mineralization of
organic-N (reactions 4 and 5, Table 1). The produc-
tion of dissolved Mn?" and Fe’" in anaerobic sedi-
ments is attributed to the dissimilatory reduction of
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Table 1
List of reactions considered in this work

Reaction number

Depth sequence of bacterially-mediated oxidation of organic matter (Froelich et al., 1979; De Lange, 1986) (O.M. = C;psH2630110N16P)

Oxygen consumption by oxic respiration and nitrate production

1380, + O.M. + I8HCO; — 124CO, + 16NO; + HPO}™ + 140H,0

Nitrate consumption by denitrification

@

94.4NO; + O.M.— 13.6CO, + 92.4HCO; + 55.2N, + 84.8H,0 + HPO}~ 2)

Reduction of Mn-oxides by anaerobic respiration

236MnO, + O.M. + 364C0O, + 104H,0 — 470HCO; + 8N, + 236Mn*" + HPO2~ 3)

Reduction of Fe-oxides and production of ammonia

424Fe(OH); + O.M. + 740C0O, — 846HCO; + 424Fe*" + 16NH; + 320H,0 + HPO;~ 4)

Production of sulfide and ammonia by sulfatoreduction

53803 + O.M. — 39CO, + 67HCO; + 16NH; + 53HS™ + 39H,0 + HPO;~ (5)

Production of nitrate by nitrification
NH; +20,—NO; +2H" + H,0

Oxidation of Mn** with oxygen
2Mn*>* + 0, + 2H,0 — 2MnO, + 4H*
4Mn** + 0, + 6H,0 — 4MnOOH + 8H*

Oxidation of Mn*" with nitrate
5Mn*" + 2NO; + 4H,0 — 5MnO, + N, + 8H"
10Mn** + 2NO; + 14H,0 — 10MnOOH + N, + 18H*

Oxidation of Fe*" with nitrate
5Fe’" + NO5 + 12H,0 — 5Fe(OH); + 1/2N, + 9H*

Oxidation of Fe*" with Mn-oxides
Fe?* + MnOOH + H,0 — Fe(OH); + Mn**
2Fe*" + MnO, + 4H,0 — 2Fe(OH); + Mn>" + 2H"

Reduction of Mn-oxide with ammonia to give dinitrogen
3/2MnO, + NH; + 2H" — 3/2Mn*" + 1/2N, + 3H,0
3MnOOH + NH; + 5H" — 3Mn*" + 1/2N, + 6H,0

Reduction of Mn-oxide with ammonia, production of nitrate
8MnOOH + NH; + 14H + — 8Mn*" + NOj + 13H,0
4MnO, + NHf + 6H" — 4Mn®" + NO3 + 5H,0

(6)

O]

®)

©)]

10)

an

12

manganese and iron oxides by bacteria (reactions 3
and 4, Table 1). The peak of particulate Mn extracted
by ascorbate or HCl can be attributed to detrital Mn-
oxides and authigenic Mn-oxides precipitate from the
oxidation of dissolved Mn*" that diffuses from below
(Sundby, 1977). The difference between Mnygc and
Mnyc must be due to the higher efficiency of HCI to
dissolve the Mn(III,IV) particles in comparison with
the reductive dissolution with ascorbate. In St. I, A,
and B, the concentration decreases abruptly below the
oxic front, reaching values close to zero, which indi-
cate that the Mn-oxides are totally reduced. In stations
C and D, concentrations decrease more gradually,
probably as the consequence of sediment mixing by

bioturbation. Mn,gc decreases to values close to zero,
whereas Mnyc, remains at concentrations above
5 pmol/g, which indicates that some Mn is buried in
the solid fraction as an acid leachable phase. The
carbonate fraction is dissolved by 1N HCI extraction,
but not by ascorbate extraction (pH = 8). Therefore,
the removal of dissolved Mn at depth in St. C, and D
could be related to the precipitation of secondary Mn-
containing carbonates. The precipitation of authigenic
carbonates is favoured by the production of alkalinity
linked to anaerobic mineralization of organic carbon
(Mucci et al., 1999).

The distribution of of Fe,gc is consistent with the
assumption that the ascorbate reagent extracts only
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the amorphous oxides (Kostka and Luther, 1994). The
concentration is highest near the oxic layer and
decreases below. Amorphous oxide phases may be
used as terminal electron acceptors in bacterial oxida-
tion of organic carbon or they may react with reduced
sulfur to form FeS. The first hypothesis is supported
by the occurrence of a peak of dissolved Fe(Il) at the
depth where Fe,gc decreases. Iron from FeS can be
extracted with the ascorbate solution. This may
explain the presence of Fe,sc in the anoxic part of
the cores, especially in St. E, D, and C, where total
solid S is abundant. Feyc profiles are approximately
parallel to the Fe,sc profiles, which suggests that the
decrease in Feyc profiles observed below the oxic
layer corresponds to the reduction of the most reactive
fraction of solid Fe(III) (the Fe,gc fraction). The addi-
tional part can consist of a less reactive fraction
toward sulfide (Canfield et al., 1992) or toward bacter-
ial reduction (Postma and Jakobsen, 1996).

The presence of particulate sulfur in continental
margin sediments can be mostly attributed to authi-
genic iron-sulfide minerals that precipitate during the
degradation of organic matter by sulfate-reduction
(reaction 5, Table 1) (Berner, 1971; Jgrgensen,
1982). The first compound that generally forms is
amorphous FeS. It is subsequently converted to
more crystalline pyrite (Berner, 1970; Schoonen and
Barnes, 1991). The diluted presence of FeS in the
deep sediments of St. I, A, and B was confirmed by
the presence of small black dots at the surface of the
deeper sediment slices. In stations E, C, and D, the
presence of FeS was confirmed, first because these
sediments were black or dark grey below 5cm
depth, and second, because of the characteristic
odour of H,S that emanated from the vial during the
IN HCI leaching. FeS is not stable in the presence of
oxygen. Therefore, the particulate sulfur which was
measured in the oxic part of St. E, C, and D can arise
from the advective upward transport by bioturbation
of refractory pyrite produced deeper in the sediment.

4.3. Specific features of stations B and E

The solid fraction of Stn. E has the same distribu-
tion as stations C and D in the bottom of the core. At
the top, however, the sediment reveals specific
features, which can be explained by the recent deposi-
tion of a sediment layer by a gravity flow, as

suggested from the *'°Pb data. The top 2cm are
enriched in Sy, and depleted in C,,. This is typical
of aged sediments. The 3—5 cm layer presents a peak
of extractable Mn and Fe, which can be interpreted
as the earlier sediment—water interface. These sub-
surface peaks of oxidized particles should disappear
in a few years (e.g. Mucci and Edenborn, 1992). It
suggests that the top layer has been deposited
recently.

Stn. B core contains a layer between 12 and 14 cm,
far below the oxygen penetration depth we measured,
which is depleted in reduced compounds and enriched
in nitrate and nitrite. This suggests that this layer
contained trace amount of oxygen, which could be
related to bioirrigation.

4.4. Other reactions

There is no doubt that the sequence of reactions
related to the oxidation of organic matter, and the
re-oxidation of reduced species produced in the anae-
robic zone that diffuse in the oxic layer are the major
processes that explain the measured profiles. Recent
works suggest, however, that the web of reactions that
leads to the reduction of oxidizing compounds or the
oxidation of dissolved reduced species is more
complex. For example, manganese dioxide may be
reduced directly by ammonia (Luther et al., 1997;
Aller et al., 1998; Hulth et al., 1999). Nitrate may
also be reduced to dinitrogen by Mn”*" and Fe’*
(Sgrensen et al., 1987; Postma, 1990; Aller, 1994,
Schulz et al., 1994; Murray et al., 1995; Luther et
al., 1997,1998). Manganese oxides and oxyhydrox-
ides are also oxidants for Fe>" (Myers and Nealson,
1988; Postma, 1985) and S(-1I) (Burdige and Nealson,
1987; Aller and Rude, 1988; Yao and Millero, 1996;
Canfield et al., 1993), and iron oxides and oxy-
hydroxides are oxidants for sulfide (Rickard, 1974;
Pyzik and Sommer, 1981). The profiles we have
obtained for the sediments of the Bay of Biscay
allow us to check the occurrence of these secondary
redox reactions, particularly those in which Mn, Fe,
and N compounds are involved. The potential impor-
tance of these reactions will be evaluated using a
model of vertical fluxes of the reactive species.

4.4.1. Oxidation of Mn**
Dissolved Mn*" is present in the anoxic part of
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the cores. The concentrations drop below the detec-
tion limit at the bottom of the oxygen-bearing layer.
It suggests that O, is the primary oxidant of Mn*",
which diffuses upwards, according to reaction (7)
(Table 1). This oxidation pathway is thermodynami-
cally favourable (Stumm and Morgan, 1996). The
kinetics is extremely slow in synthetic waters (Diem
and Stumm, 1984) but becomes orders of magnitude
faster in natural waters containing Mn-bacteria or
surface catalysts (Van der Weijden, 1975; Sung and
Morgan, 1981). Recent studies based on high resolu-
tion microelectrode measurements (Luther et al.,
1997) showed that in the Gulf of St. Lawrence sedi-
ments the Mn** profile did not overlap the profile of
0,. The layer depleted in O, and Mn*" was up to
14 mm thick. Luther et al. (1997) suggested that
nitrate was the primary oxidant for Mn**. This is
possible when the product is dinitrogen, according
to reaction 8 (Table 1). Our profiles have a good
vertical resolution for O,, but only a 5 mm resolution
at the top of cores for Mn?*". At this resolution, both
profiles overlap. One must notice that the horizon in
which O, or Mn”" exist can exhibit topography within
the three dimensions sediment matrix (Luther et al.,
1998). Therefore a given strata corresponding to a
sediment slice of 0.5 or 1 cm can mix pore water
compounds that actually do not co-exist. Just below
the O, front, we also observe that Mn?* is present
together with nitrate. In Stn. I, the overlapping occurs
within five slices which suggests that both species
actually co-exist, and can cumulate in pore waters
without reacting mutually. Therefore, O, is a better
candidate in these sediments for the primary oxidation
of diffusing Mn**.

Dissolved Mn** is produced by the reductive
dissolution of Mn-oxides in the anaerobic part of the
sediment. That is why the maximum concentrations
are observed at the depth where extracted Mn-oxides
contents decrease sharply at stations B, C, D, and E.
At St. I and A, however, the maximum concentrations
are observed at the bottom of the cores. Despite the
drastic decline of particulate Mn at the oxic front,
specifically in Stn. I, we observe no peak of dissolved
Mn?*. This suggests that most of Mn-oxides are
reduced very close to the depth where oxygen dis-
appears, or even at a level where oxygen is still
present, and that produced Mn*" is immediately re-
oxidized with O,.

4.4.2. Oxidation of Fe**

Dissolved Fe?" is detected generally deeper than
1 cm below the oxic front. It is possible that some
undetected trace amount of dissolved O, could act
as primary oxidant for Fe?". However, Fe*" appears
generally at the depth where nitrate becomes unde-
tectable. This indicates that nitrate could be the
primary oxydant for Fe*" according to the reaction
9 (Table 1). In cores D and B, however, nitrate
appears in the sediment strata located between 5 and
6 cm depth. This interval also contains dissolved
Fe?". Mn-oxide can also efficiently oxidize Fe*" in
marine sediments (Myers and Nealson, 1988; Postma,
1985), or in Mn- and Fe-rich anoxic basins (e.g.
Anschutz and Blanc, 1995) (reaction 10, Table 1).
In the bioturbated cores C and D, dissolved Fe’" is
still present in the intervals which contain Mnygc
concentrations far above the background level
measured at the bottom of the cores. The co-existence
of dissolved Fe(Il) with Mnugc or nitrate in the
analysed samples does perhaps not exist in the sedi-
ment, because the sampling procedure averages the
three dimensions topography of redox fronts or pos-
sible microniches. Therefore, both nitrate or Mn-
oxides can be the effective barrier for upward
diffusing Fe’".

4.4.3. Oxidation of ammonia

Ammonia profiles show smooth gradients from the
bottom to the oxic layer. The classical explanation for
this is that ammonia is produced from the anaerobic
mineralization of organic N at depth. In the oxic layer,
nitrifying bacteria oxidize ammonia with oxygen to
nitrite and nitrate, and nitrate is subsequently reduced
anaerobically to dinitrogen by denitrifying bacteria.
However, recent publications show that ammonia
may also be oxidized directly by manganese oxide,
either to dinitrogen in the presence of oxygen (Luther
et al.,, 1997), or to nitrate in anaerobic sediments
(Aller et al., 1998; Hulth et al., 1999; Anschutz et
al., 2000) (reactions 11 and 12, Table 1). Reaction
12 may explain the presence of nitrate in the
anaerobic part of bioturbated sediments (e.g. Stn.
D), where Mn-oxides are advected in layers enriched
in ammonia. At the bottom of the oxic layer where
ammonia is oxidized, Mn-oxides represent a quantity
of oxidizing agent, which is many orders of mag-
nitude higher than the amount of dissolved oxygen.
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Table 2

Vertical fluxes of reactive species in wmol/cm?*/year (negative and positive values correspond to downward and upward fluxes, respectively)
Station 0,* NO3 NH; Mn?* Fe?* Feasc” Mnge”

I —109 22;—-15 1.3 0.2;/ 0.6 -2 -15

A —44 22;—-13 1.1 0.2;/ 0.3 -1.7 -0.5

B —166 4.6; —1.9 1.9 2.6; —0.3 22 -1

E —144 2.1; =34 35 45 —1,7 1.5

C -98 2.2; =20 43 5.6; —1.1 39

D —217 4.0, —2.9 11.5 6.2; —1,1 1.5

* Flux of O, across the sediment—water interface.

® The downward flux of reactive particles has been calculated from the accumulation rate deduced from *'°Pb data and the averaged

concentration of Feasc and Mny in the enriched top layer.

For example, at about 4 cm depth in Stn. I, there is
approximately 50 wmol of Mn-oxide per cm?,
whereas oxygen represents only a few nanomoles.
Therefore, chemical reduction of Mn-oxide through
reactions 11 or 12 may dominate and compete with
both nitrification (reaction 6) and the dissimilatory

reduction of Mn-oxides (reaction 3).

4.4.4. Flux calculations

The Mn-oxide reduction by ammonia can only be
quantitatively important if the upward flux of ammo-
nia is higher than the downward flux of Mn-oxide,
taking the reaction stoichiometry into account. The
same reasoning can be applied for the oxidation of
Mn?* with oxygen. We can estimate the downward
particle flux of undisturbed sediments from the *'°Pb
data. The fluxes of species dissolved in pore waters
can be calculated, assuming transport by molecular
diffusion, from the concentration gradients according
to Fick’s first law:

J = —¢D,ACIdX (1)

where J is the flux, ¢ is the porosity, dC/dX is the
concentration gradient, and Dy is the bulk sediment
diffusion coefficient corrected for tortuosity, i.e.
Dy = Dy/6* where 6 is the tortuosity and D, is the
diffusion coefficient in water (Berner, 1980). D,
values were obtained from Li and Gregory (1974)
and the value of @ is assumed to equal to
1- 1n(d>2) (Boudreau, 1996). An estimation of the
diffusive flux of O, across the sediment—water inter-
face and within the sediment was calculated from a
curve-fitting approach as described by Rasmussen and

Jgrgensen (1992). Briefly, parabola were visually
fitted with parts of the oxygen profile. The coefficients
of each parabola were calculated (i.e. C(z) = az’ +
bz + ¢). The flux J was calculated from the linear
coefficient (b) according to:

J = —b$D; 2

The details of this method are explained by
Rasmussen and Jgrgensen (1992), or De Wit et al.
(1995) DeWit et al. (1995). A straight line was
preferred if linear regression gave better description
than quadratic regression in some parts of the oxygen
profiles, and a constant downward flux of oxygen was
calculated according to Ficks first law [Eq. (1)]. The
results of all the flux calculations are presented in
Table 2 and visualized in Fig. 5 for Stn. I. We find

Depth (cm)

104

15

Fig. 5. Vertical fluxes of reactive species in modern sediments of
station I. Fluxes were calculated with a molecular diffusion model
for species dissolved in pore waters, and deduced from the calcu-
lated accumulation rate for particulate Mnyc and Feagc.
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that the downward flux of particulate Mn is 1.5 wmol/
cm?/yr at Stn. I. The opposite flux of ammonia is
1.3 wmol/cm?*/yr. The stoichiometry of reactions 11
or 12 (Table 1) shows that one NHZr can reduce
from 1.5 to 8 Mn-oxides, depending of the reaction.
This means that all the Mn(III,IV) oxides may theo-
retically be reduced by ammonia in St. I. This path-
ways can compete with, or even short-circuit the
dissimilatory reduction of Mn-oxides (reaction 3,
Table 1), allowing more organic matter to be miner-
alized through anaerobic processes (reactions 4 and 5,
Table 1). In fact, a great part of the ammonia flux
remains available for nitrification (reaction 6, Table
1) after the complete reduction of Mn-oxides. The
downward flux of Mn-oxides at the redox front must
correspond to the rate of Mn®* production, i.e.
1.5 wmol/cm?¥yr. The downward flux of O, at the
bottom of the oxic layer is 17 pmol/cm?/yr, which is
large enough to oxidize the produced Mn*" (reaction
7) and also the remaining ammonia (reaction 6). This
can explain the absence of a peak at the redox front in
the profile of dissolved Mn?*, Therefore, a sustained
suite of reactions can occur at the bottom of the oxic
layer, where Mn-oxides are reduced by ammonia in
Mn?**, which is directly re-oxidized with oxygen. This
corresponds, in fact, to a catalytic oxidation of
ammonia by oxygen, with Mn-oxides as intermediate
reagent, as described by Luther et al. (1997). We
arrive at the same conclusions from the flux calcula-
tions for stations A and B. The particles of the other
stations are mixed by bioturbation or disrupted by
sedimentological events. Therefore, it is not possible
to obtain the downward flux of Mn-oxides in order to
compare it with the ammonia flux.

The upward flux of the Mn*" that diffuses from the
bottom of the core is 0.2 wmol/cm*/yr in Stn. I (Fig.
5). The quantity of particulate Mn extracted with HCI,
which is incorporated in a 1 cm? section of the oxic
layer is about 120 pmol. Therefore, 600 years are
needed to form the peak of Mnyc from the diffusing
Mn**. However, the 4.5 cm thick oxic layer corre-
sponds approximately to 100 years of deposition,
according to the mass accumulation rate estimated
with the 2'°Pb data. Thus, the peak of particulate Mn
results from the accumulation of detrital Mn over a
long period of time and its continuous reworking at
the redox front.

The flux of O, across the sediment—water interface

(Table 2) corresponds to the calculated diffusive flux.
It has been observed that the oxygen flux calculated
from the pore water profile is lower than that
measured during sediment incubation with benthic
chambers (Rowe and McNichol, 1991). Discrepancy
between calculated and measured values suggests that
oxic respiration by macrobenthos present in the super-
natant water column, which is not reflected in a one-
dimension oxygen profile, occurred in incubated
cores. Gundersen and Jgrgensen (1990) also found
that in marine sediments with shallow oxygen pene-
tration, diffusive fluxes can be underestimated by a
factor of up to 2.5 when the roughness, i.e. the surface
area of the sediment—water interface was not taken
into account. We presume, however, that the calcula-
tion based on pore water profiles gives values that
predominantly comprise the fraction due to micro-
organisms and oxidation reactions that are dependent
on the diffusive oxygen flow. This opinion is
supported by recent observations that have shown
that total oxygen uptake in the deep sea measured
by benthic chambers equals or exceeds the calculated
diffusive flux, with the actual difference being posi-
tively correlated with macrofaunal densities (Archer
and Devol, 1992; Glud et al., 1994).

The fluxes of O, we measured are not directly
dependent of the depth of the station or the oxygen
penetration depth into the sediment. For example, in
Stn. I located at 2800 m depth, the flux is 109 pwmol/
cm?/year, which is of the same order of magnitude as
that in Stn. C, located at 280 m depth. Oxygen uptake
within the sediment is governed by the benthic micro-
bial respiration (reaction 1, Table 1) and by oxidation
of reduced species diffusing from the anoxic part of
the sediment. In the sulfide-rich sediments of stations
C, D, and E, a non-quantified, proportion of O, must
be used for the oxidation iron sulfides, which can be
transported into the oxic zone by bioturbation. This
proportion can be important in coastal sediments
(Canfield et al., 1993), that is why we have not
quantified oxic respiration in these cores. We have
also shown that ammonia is oxidized by oxygen, but
a part of the oxidation reaction occurs with the
reduction of Mn(III, IV) oxides and the re-oxidation
of Mn** with oxygen as intermediate processes. In
the studied cores Mn?* appears to be directly oxidized
by oxygen. Our data suggest that Fe’" can be
oxidized by nitrate. Therefore, the flux of Fe?* does
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Table 3
Rates of oxygen consumption deduced from pore water gradients
and calculated rates of nitrate production (in wmol/cm?*/yr)

Station I Station A Station B
0,° 27 23 5.1
0o’ 106.3 41.7 160.9
NO; production® 13.6 5.9 20.6
3. Flux NO; ¢ 3.7 3.5 6.5

* Rate of oxygen consumption for the oxidation of upward
diffusing ammonia and dissolved manganese.

® Rate of oxygen consumption through the mineralization of
organic matter.

¢ Production of nitrate through oxidation of diffusing ammonia
and oxidation with oxygen of organic N, assuming that the
mineralized organic matter has a C/N ratio of 6.6.

4 Sum of diffusive fluxes of nitrate away from the oxic layer.

perhaps not enter directly into the budget of oxygen
consumption. The part of oxygen used for oxic
respiration in stations I, A, and B corresponds, there-
fore, to the diffusive flux of oxygen minus the upward
fluxes of ammonia and dissolved Mn, corrected for the
stoichiometry of the reactions. The nitrification of one
NH; corresponds to the uptake of two O,, and the
total oxidation of one Mn*" in Mn(IV) oxide corre-
sponds to the consumption of 0.5 O,. Table 3 shows
the calculated rates of O, respiration and O, used for
other processes. The oxic respiration corresponds to
more than 93% of the total O, flux in stations I, A, and
B. The oxidation of organic matter with O, produces
NOj; according to reaction 1 (Table 1). This explains
the positive peaks at the top of the oxic layer of the
sediment cores. The production of NO; by this path-
way can be estimated assuming that the organic
matter that is mineralized at the sediment—water inter-
face has a C/N ratio of 6.6, which corresponds to the
average composition of marine planktonic organisms
(Redfield et al., 1963). This hypothesis is realistic,
because fresh marine detritus corresponds to the
most labile fraction of organic matter. The respiration
of one O, corresponds to the production of 16/138
NO; . Additional nitrate is also produced from the
oxidation of ammonia that diffuses toward the oxic
front at a rate that corresponds roughly to the calcu-
lated upward flux of ammonia. The rates of nitrifica-
tion presented in Table 3 are much larger for the oxic
mineralization of organic N than for nitrification of
ammonia.

The total produced nitrate either diffuses out of
the sediment to the water column, or may be
reduced at depth by Fe' (reaction 9) or through
denitrification (reaction 2). Therefore, the nitrate
production in the oxic layer should be balanced by
the nitrate fluxes out of this layer. The upward
nitrate flux was calculated assuming a linear concen-
tration gradient between the middle of the first
sampling interval (0-5mm) and the sediment
surface. The calculated rate of nitrate production
largely exceeds the sum of fluxes of nitrate away
from the oxic layer by a factor of 2—4 (Table 3).
This can be due to an overestimation of N content
of organic matter that is mineralized. However, the
C/N ratio of settling organic matter rarely exceeds
the Redfield ratio by a factor larger than 2 (Ruttenberg
and Goiii, 1997). Our calculations suggest, therefore,
that the denitrification process occurs in anoxic micro-
environments located in the oxic layer (Brandes and
Devol, 1995), or it is carried out by aerobic bacteria
(e.g. Frette et al., 1997; Lloyd et al., 1987; Robertson
et al., 1989). The latter would eliminate the need to
transport all nitrate from the aerobic to the anaerobic
zone of the sediment.

5. Conclusions

We have defined the diagenetic processes that
occur in modern sediments of the Bay of Biscay
from vertical profiles of redox species and excess
1Pb data. The shallowest stations D and C contain
more than 2% C,,. These stations are deeply bio-
turbated. The deeper stations I, A, and B contain
less C,, and are much less bioturbated. St. E located
in the Capbreton canyon has known a recent sedi-
mentological event corresponding to a turbidity
current deposition of a 3 cm thick sediment layer
previously transformed by early diagenetic processes.
Despite these environmental differences it was pos-
sible to recognize the classical vertical sequence of
redox reaction linked to the bacterially-mediated
oxidation of organic matter in all the stations.

We have calculated the vertical fluxes of redox
species from the composition gradients in pore waters
and the *'°Pb data. From the flux data and the shape of
the profiles we point out that several secondary redox
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reactions could influence indirectly the pathway of
organic matter mineralization.

We have calculated that all of the Mn-oxides can be
reduced by ammonia in stations I, A, and B. If that
chemical reaction occurs, it can directly compete
with, or even short-circuit, the dissimilatory reduction
of Mn-oxides. The reduction of Mn-oxides to Mn**
by ammonia can occur in the presence of small
amounts of oxygen, at the bottom of the oxic layer.
This process can prevent the build-up of a peak of
dissolved Mn**, since Mn*" is directly reoxidized
by oxygen. Therefore, the detrital Mn that cumulates
during sedimentation is continuously recycled at the
oxic front. In undisturbed sediments like at Stn. I, this
promotes the formation of a surface layer, which
becomes very enriched in particulate Mn. In disturbed
sediments, some Mn-oxide particles are carried down
in the anoxic part. Their reduction produces a peak of
dissolved Mn*" below the oxic front. At depth, Mn**
can be partly trapped as an authigenic carbonate
phase. Our data and flux calculations suggest that
the primary oxidant for dissolved Fe?" is nitrate. If
this process takes place, it leaves less nitrate for
anaerobic bacterial denitrification. The theoretical
production of nitrate in the oxic layer has been esti-
mated in undisturbed sediments from the flux of
oxygen at the sediment—water interface. The calcu-
lated value is far above the flux of nitrate away from
the oxic layer, which suggests that nitrate consump-
tion occurs in anaerobic microniches or in the
presence of oxygen.

We showed that the chemical profiles in modern
sediments of the Bay of Biscay can be explained by
the classical sequence of redox reactions that occur
during early diagenesis. However, we must keep
in mind that some alternative reactions, which are
thermodynamically favourable, can also explain
some profiles.
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