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Abstract

In order to understand the relationship between authigenic precipitation of U, Mo, Cd, and the redox properties of the marine
environment, we have studied the vertical distribution of these metals and of the major redox species (oxygen, nitrate,
manganese, reactive iron, sulfate, carbon, and sulfur) in modern sediment. We have sampled four sites at 150 to 2800 m depth in
the Bay of Biscay. At the shallowest station, where sediment is highly bioturbated, organic carbon levels are above 2% and
particulate sulfides are abundant. At the deepest stations, sediment is much less bioturbated, and organic carbon levels are
lower. At all sites, early diagenesis follows a well-established depth sequence of redox reactions, based on the bacterially
mediated oxidation of organic matter. Manganese-oxides and authigenic U and Mo were extracted by an ascorbate solution.
Molybdenum is associated with these oxides in the oxic part of cores. In the anoxic layer of the sediment, Mo precipitates as a
detectable authigenic phase only when sulfide minerals are present, i.e. when sulfate reduction becomes important. In anoxic
sediments, Cd enrichment is a good indicator of sulfide production from sulfate reduction even if the production is weak.
Uranium precipitates at the depth of reactive iron (III) reduction. No relationship was observed between U and S. The U
concentration at the depth of precipitation agrees with values calculated using estimated accumulation rates and a downward
diffusive flux of dissolved U from the bottom seawater into the sediment. However, authigenic U concentrations continue to
increase in the anoxic part of the cores. Therefore, it is difficult to establish a direct relationship between the process of U
accumulation and the flux of C,, to the sediment.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction matter to the seafloor. The distribution of these metals

in marine sediments can be used to determine bottom

The pattern of accumulation of redox-sensitive water redox conditions at the time of deposition. This

metals in marine sediments is thought to reflect information allows us to define areas where the flux of

oceanic productivity represented by a flux of organic organic carbon exported to the sediment was impor-
tant.

Uranium and molybdenum are two interesting
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Francois, 1988). Their valence and solubility vary as a
function of redox potential (Calvert and Pedersen,
1993). Cadmium is also interesting: it exhibits a
nutrient-like distribution in the oxygenated column
but is enriched in sulfidic sediments, where it forms
highly insoluble sulfides (Rosenthal et al., 1995).

In order to improve paleoceanographic interpreta-
tions based on the sedimentary metal distribution, it is
necessary to understand geochemical behaviour dur-
ing early diagenesis. Therefore, we have studied the
distribution and authigenesis of U, Mo, and Cd in
modern sediments. The thickness of the oxic layer
defines the diffusive gradient of dissolved metal
between bottom water and the anoxic part of the
sediment, where metals precipitate. The flux of met-
als, i.e. the amount of authigenic U, Mo, and Cd, is
function of the O, penetration in the sediment (Gobeil
et al., 1987; Thomson et al., 1990; Martinez et al.,
2000). Recent studies have revealed a more complex
behaviour of redox-sensitive trace metals. For exam-
ple, trace metals can interact strongly with metal
oxides in the oxic sediment layer, and with sulfides
in the anoxic layer. The depth where metals precipitate
is not necessarily identical to the depth of O, pene-
tration, because species such as NO3 or Mn-oxides,
present deeper in the sediment, can be oxidants for
trace metals. Therefore, the redox stratification of
sediments is not simply restricted to a surficial oxic
and a deeper anoxic layer. Furthermore, bioturbation
can redistribute chemical species in the sediment, by
transporting trace metals associated with particulate
material across redox gradients.

The vertical degradation sequence of organic mat-
ter proceeds by a sequential consumption of electron
acceptors during oxidation of organic carbon (Cog)
according to the energy yield per unit of reactive
organic matter. Reduction of oxygen near the sedi-
ment/water interface is followed by reduction of
nitrate, manganese- and reactive iron-oxides, sulfate,
and, finally, carbon dioxide (Froelich et al., 1979;
Postma and Jakobsen, 1996). In this study, we present
vertical profiles of total, extractable, and dissolved
trace metals as well as major components of the redox
system. Early diagenesis yields reduced products and
creates chemical gradients and fluxes. The processes
involved in reoxidation of reduced products, partic-
ularly of N, Mn, Fe compounds, is still a matter of
debate (Hulth et al., 1999; Anschutz et al., 2000;

Hyacinthe et al., 2001) and can contribute to the
distribution of trace metals. This study is based on
four sediment cores collected between 150 and 2800
m depth on the Aquitaine margin in the Bay of Biscay
(France). The four sites differ in terms of organic
matter content, sedimentation rate, and bioturbation
intensity. This study is a part of the program Oxybent,
which focuses on the mechanisms of benthic biogeo-
chemistry and their role in the fossilisation of sedi-
mentary signals.

2. Material and methods
2.1. Sampling location

Sediment samples were collected in June 1999
during cruise Oxybent 9. Undisturbed sediment cores
were collected between 150 and 2800 m depth in the
southeastern part of the Bay of Biscay on the slope of
the Aquitaine margin (stations A, B, and D), and close
to the canyon of Cap Ferret (station I; Fig. 1). The
sediments of the stations located above 700 m (D and
B) are in contact with North Atlantic Central Waters,
whereas station A is under the influence of a layer of
Mediterranean waters (Table 1). The temperature of
both water masses range from 10.5 to 13 °C. The
bottom of station I is overlaid by North Atlantic Deep
Waters, with a temperature of 4 °C.

2.2. Material

Cores were collected with a multicorer, which
allows the sampling of sediment/water interface
sampled with minimum disturbance. Grain size was
measured using a laser diffractometer (Malvern Mas-
tersizer). Overlying water was collected immediately
after core recovery for dissolved O, measurements,
using the Winkler titration method (Strickland and
Parsons, 1972). Profiles of pore water O, were meas-
ured on board using a cathode-type mini-electrode
(Revsbech, 1983; Helder and Backer, 1985; Revsbech
and Jergensen, 1986). The temperature was maintained
constant with an insulating device. This operation was
completed within 15 min after core recovery for sedi-
ments where the oxygen penetration depth was lowest,
and within 30 min for other cores. Subsequently, the
core used for O, profiling was sliced in thin horizontal
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Fig. 1. Map of the southeastern part of the Bay of Biscay showing the location of Oxybent 9 cruise stations.

sections (0.5 cm for the top 2 cm, 1 cm below, and 2 cm
at the bottom) within 1.5 h. A subsample of each slice
was immediately sealed in a preweighed vial and
frozen under inert atmosphere (N,) for later determi-
nation of porosity. Another subsample was centrifuged
under N, at 5000 rpm for 20 min to extract pore water.
Two aliquots of water were filtered (0.2 um, syringe
filter SFCA purged with N,) and frozen at — 25 °C for
nutrient analysis, and a third aliquot was filtered and
acidified to pH 1.6 with ultrapure HNOj; for dissolved
Mn and Fe analysis. Eliminating oxygen contamination
completely during pore water extraction is difficult.
Despite the precautions taken, we cannot exclude the
possibility that traces of oxygen may have affected the
pore water concentrations of redox-sensitive elements
during slicing of cores and the filtration.

Surface sediments from a second core were col-
lected for *'°Pb and ***Th analysis. The complete
vertical profiles of 2'°Pb and 2**Th activities for
stations A, B, and D were obtained in cores collected
at the same locations during mission Oxybent 1
(Anschutz et al., 1999). We noted the presence of
polychaetes and burrows down to 40 cm at station D.
At all the stations, the sediment consisted of mud
composed of clay, silt, and less than 30% carbonates.

2.3. Laboratory analyses

The maximum sedimentation rates and the thick-
ness of the mixed layer of the sediment were estimated
from vertical profiles of excess *'°Pb and excess >*Th
(*'°Pb,,, 2*Th,). The activities of radiogenic iso-
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Table 1
Some properties of the studied stations (Oxybent 9)
Station I Station A Station B Station D
Geographic ~ 44°4900N  44°10'00N  43°50'00N  43°42'00N
position
2°3300W  2°2200W  2°03'00W  1°3400W
Depth (m) 2800 1000 550 150
Temperature 4 12 12 12.5
O
0O, bottom 253 200 215 235
water
(umol/l)
%Corg 1.39 1.51 1.83 2.32
interface
%Cinorg 2.75 3.37 2.12 1.59
interface

topes, >'°Pb (half-life=22.4 years) and ***Th (half-
life=24.1 days), were determined in freeze-dried
samples of about 5 g each, sealed in a counting vial,
by a high-resolution and low-background gamma
spectrometer with a semiplanar detector for at least
12 h (Jouanneau et al., 1988). Supported 2'°Pb was
determined by three independent methods, which gave
the same result within the counting errors. It was
estimated first from the average of 2'°Pb activities in
deeper sections of the cores (except for station D).
Second, **°Ra-supported 2'°Pb activities were esti-
mated from direct measurements of **°Ra activities
by gamma counting, and third, **°Ra activities were
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obtained from *'*Bi and ?'*Pb. *°Ra activities did not
vary greatly within the cores. The mean values of
22°Ra-supported were 24.3, 25.9, 32.45, and 48.3 Bq/
kg for the stations D, B, A, and I, respectively. These
data were significantly lower than the total 2'°Pb
activities, where 2'°Pb,, were reported (Fig. 2), sug-
gesting a minimal error in the profiles of *'°Pb,.
Supported >**Th activities were determined from aver-
age activities in deep layers of the sediment cores, and
by recounting some surface samples after more than 1
year. Porosity was determined from weight loss upon
freeze-drying. The freeze-dried solid fraction was
homogenised for solid-phase analysis. The water con-
tent was used to correct these analyses for the presence
of sea salt.

2.3.1. Solid phase analyses

Total element concentrations were determined
from 30 mg freeze-dried samples that had been
completely digested in a mixture of 2 ml HF, 250 pl
HNOj3; 70%, and 750 pl HCl 30% according to the
procedure described by Loring and Rantala (1992).
The final solution consisted of 1% HNO; solution
with a water/sediment ratio of 500. Sediment was also
extracted with an ascorbate solution, in order to
extract the most reactive part of Fe (II) phases and
all Mn (III, IV)-oxides and oxyhydroxides, and the
co-precipitated or adsorbed trace metals associated
with these metal oxides. The ascorbate solution also
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Fig. 2. Vertical profiles of log 2!°Pb, and log ***Th,, in Bq/kg. The >'°Pb,, profiles of stations A, B, and D (open dots, O) were obtained from
cores collected during the mission Oxybent 1 (October 1997). The black dots (@) represent the log 2'°Pb, of surface sediments collected during
Oxybent-9 (June 1999). The crosses (+) represent the log ***Thy profiles of surface sediments collected during Oxybent 9.
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dissolves partially Fe monosulfides (Kostka and
Luther, 1994; Anschutz et al., 1998; Hyacinthe et
al., 2001). About 1 g of wet sediment was leached
during 24 h with 25 ml of an ascorbate reagent
consisting of 50 g of NaHCOs;, 50 g sodium citrate,
and 20 g ascorbic acid in 1 1 H,O with a final pH of 8.
Aliquots of centrifuged solution were then diluted to
obtain 0.2 M HCI for Fe and Mn analysis and 1%
HNOj for trace metal analysis.

Iron and manganese were analysed using flame
atomic absorption spectrometry. The precision esti-
mated from replicates was + 3% for Mn and =+ 7%
for Fe. Accuracy was better than 10%. Trace metals
were determined using Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS, ELAN 5000; Perkin-
Elmer). The applied analytical methods were contin-
uously quality checked by the analysis of international
certified reference materials (MESS-2 and SL-1):
accuracy was within 14% for Mo, 7% for U, 8% for
Cd, and precision was generally better than 10% for
concentrations 10 times higher than detection limits.

Particulate organic carbon (C,,), total carbon, and
sulfur (S,) were measured on freeze-dried samples by
infrared spectroscopy using a LECO C-S 125. Partic-
ulate organic carbon was measured after removal of
carbonates with 2 M HCI from 50 mg of powdered
sample. Inorganic carbon is the difference between
total carbon and particulate organic carbon. Inorganic
carbon was also measured by calcimetry giving iden-
tical results. The precision of these analyses was =+ 3
pmol/g.

2.3.2. Pore water analyses

Dissolved nitrate (XNO3; =NO3 +NO5) and NH;
were analysed by Flow Injection Analysis (FIA),
according to the procedures described by Anderson
(1979) and Hall and Aller (1992). The precision was
+ 0.5 pmol/l for ¥NO3 and + 5% for NHj. Dis-
solved Mn (acidified pore water samples) was directly
measured by flame atomic absorption spectrometry.
Dissolved Fe was analysed with the ferrozine proce-
dure described by Stookey (1970). The precision was
+ 10%. Sulfate was measured with a nephelometric
method.

Dissolved trace metals were analysed in acidified
pore water by ICP-MS after dilution (1:20) in 1%
HNO; solution. The applied analytical methods were
continuously quality checked by the analysis of an

international certified reference material (SLRS-4).
Multipoint calibrations were applied for all the ele-
ments studied. Working standards were prepared daily
by diluting ready-to-use Analab standards. Matrix
effects due to the salinity have been reduced by
dilution (20-fold; dissolved charge <1.8%0), and
were checked by measuring representative samples
using the standard addition method. Results obtained
by external calibration and standard addition were
compatible ( ~ 2%). Isobaric interferences have been
checked for Mo and U by measuring different isotopes
(®*Mo, *’Mo, *®Mo, and ***U) and can be excluded.
Pore water Cd (isotopes ''*Cd and ''*Cd) has been
analysed, but the concentrations in all samples were
below the detection limit of the ICP-MS (concentra-
tions <300 pmol/l).

3. Results and discussion

3.1. Activity of 24Th . and *'°Pb.,, and the flux of
particles

The excess activity of **Th in the four cores
decreased rapidly below the water/sediment interface
(Fig. 2). The activity of **Th,, was below the detec-
tion limit at 1 cm depth at the station I, and below 2 cm
depth at the stations B and A. At station D, 234Th, was
detected even at 4 cm depth. The presence of 2**Th, in
the surficial sediments suggests that we have collected
fresh deposit sediments and that the water/sediment
interfaces were conserved during sampling. Because
the half-life of 2**Th,, is short in relation to the rate of
burial due to simple sedimentation, its occurrence
below the sediment interface suggests that bioturbation
occurred in the studied sediments. At station D, the
occurrence of activity of >**Th,, below the oxic layer
(5 mm) and down to 4 cm suggests an important
biological mixing. The absolute values of ***Thy, in
the surface sediment were different in October 1997
(Oxybent 1 cruise) and in June 1999 (Oxybent 9 cruise;
Fig. 2). This indicates the **Thy, flux and/or the
mixing intensity of the sediment changed with time.

The excess activity of *'°Pb decreased exponen-
tially below the interface at the deep slope stations (I,
A, and B; Fig. 2). The 210py_. activities of surface
sediments measured in cores from Oxybent 9 were
close to those measured during previous Oxybent
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cruises, which suggests that the flux was constant. In
the absence of bioturbation, the depth distribution of
219pp, o permits the dating of the sediment over a
recent time period. However, in the studied sediments,
where particle mixing by the macrofauna occurs, the
profile of 2!°Pb,, is subject to disturbance by burrow-
ing organisms, and may only yield a maximum value
for the accumulation rate (Silverberg et al., 1986;
Thomson et al., 2000). The exponential decrease of
activity of >'°Pb, at the deep slope stations (I, A, and
B) suggests that the maximum accumulation rate was
constant over time (Fig. 2). The maximum sedimen-
tation rates deduced from the slopes of the 210py
profiles, and the radioactive decay constant, are 0.033,
0.068, and 0.15 cm/year for stations I, A, and B,
respectively. The maximum accumulation rates
deduced from these sedimentation rates, the porosity,
and the density of particles for stations B, A, and I, are
79.5, 36, and 17 mg/cm?*/year, respectively.

The 210PbXS profile was almost vertical at station D,
and exhibited only a small decrease from 320 to 168
Bg/kg at 40 cm depth (Fig. 2). A sediment core
collected at the same location was radioradiographied
using a Scopix system (Migeon et al., 1999), which
consists of an X-ray imaging system combined with
image analysis software. The image of the station D
exhibited unlaminated sediment, with no evidence of
slumping structures, and a lot of burrows and galleries
down to the bottom of the sediment section, which
suggests strong biological activity far below the oxic
layer. The presence of polychaetes and numerous
active burrows observed during sampling, down to
several decimetres depth at this station, supports also
this hypothesis. The maximum sedimentation rate
calculated from the 2'°Pb,, profile is about 2 cm/year.
This value is probably far from the real sedimentation
rate, because the shape of the 2'°Pb,, profile is
obviously influenced by biological mixing of par-
ticles. Such a shape of 2'°Pb,, profile has been already
observed by Aller et al. (1998) in hemipelagic sedi-
ments of the Panama Basin ( ~ 3900 m): despite an
O, penetration of 7 mm, the 21OPbxs profile was
almost vertical down to 20 cm. This profile was
interpreted as high sediment rate with high bioturba-
tion (Aller et al., 1998). It is likely that the accumu-
lation rate at the station D is higher than that of the
others, because this station is the shallowest, located
near the continent, and the most enriched in Coy.
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Fig. 3. Vertical profiles of pore water oxygen in umol/l for stations
D, B, A, and 1.

The surface sediment C,,, concentration (Fig. 3)
decreased from the shallowest station D (2.32%) to
the deepest station I (1.39%). At stations I, A, and B,
the C,, content decreased slowly down core. It
remained approximately constant at station D. The
Corg content of surficial sediments are positively
related to the calculated maximum accumulation rates
as suggested by Calvert (1987). Consequently, we can
estimate that the C, flux at the sediment/water
interface decreases as D>B>A>I.

3.2. The distribution of the major species reacting
during early diagenesis

3.2.1. Description of the concentration vs. depth
profiles

The penetration depth of dissolved O, ranged
between 5 mm at station D and 50 mm at station |
(Fig. 4). The profiles of stations I and A showed a
sharp O, gradient in the top 5 mm, and below, a
smoother decrease until total anoxia. The concentra-
tions of nitrate in the bottom waters of stations A and I
were 15 and 20 umol/l, respectively. Nitrate concen-
tration was lowest at the shallowest station (Figs. 5—
8). The top sample of the pore water profiles was
enriched in NOj relative to the bottom water, sug-
gesting that the sediment was a source of nitrate for
the water column in June 1999. Nitrate dropped to
concentrations close to zero below the oxic layer.
However, NO3 was sporadically present in the anae-
robic part of the sediment. The NOj3 profile of station
I (Fig. 8) shows a maximum concentration in the oxic
layer at 1 cm depth. Below which, the concentration
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Fig. 4. Vertical profiles of C,, in weight % of the whole rock for
stations D, B, A, and L.

decreased irregularly. Dissolved NH; concentrations
were below the detection limit in the bottom water and
remained low in the oxic part of the sediment (Figs.
5-8). They increased generally in a regular manner
just below. The concentrations were highest at the
bottom of the cores and at the station enriched in Coyg.

Dissolved manganese, Mn (II), became detectable
in samples where the oxygen concentration reached
values close to zero (Figs. 5—8). Below this, the Mn
(IT) concentrations increased gently with depth at
station I. At stations A, B, and D, the Mn (II) profiles
showed a peak below the oxic layer (13, 25, and 43
umol/l, respectively). Below the peak, the concentra-
tion decreased towards lower but constant values.
Dissolved iron, Fe (II), appeared deeper than dis-
solved manganese, at a depth corresponding to the
disappearance of NO3 (Figs. 5—8). The profiles of Fe
(II) were more noisy than those of Mn (II). Sulfate
concentration remained close to seawater concentra-
tion in the two deepest stations. The SO ~ profiles
exhibited a slight decrease with depth at station D and
to a lesser extend at station B (Figs. 5—8). Dissolved
sulfide has not been analysed, but the concentrations

were probably quite low, for we noted no smell of
sulfide during core processing.

The profiles of Mn,,. and Mn,,, are parallel. Total
Mn in the anaerobic part of the cores was between 4
and 10 pmol/g (Figs. 5—8). Solid Mn was higher in
the oxic layer than in anoxic part of sediments (Figs.
5-8). The difference in particulate Mn corresponded
to the Mn extracted by the ascorbate solution, indicat-
ing that it was present as Mn-oxides. The top of
station D also showed high Mn-oxides concentrations,
but the enriched layer extended even a few cm below
the oxic front (Fig. 5). The shape of the Fe,q. profile,
corresponding to poorly crystallized Fe (III) species,
was similar to the profile of Mn,. for stations I, A,
and B (Figs. 6-8). Ascorbate-extractable Fe reached
low constant values at the depth where dissolved Fe*
first appeared in the pore water. The Fe,. profile of
station D was relatively linear in the whole core.

3.2.2. Early diagenetic processes

The distribution of major redox species showed the
same pattern in the four studied cores. Oxygen con-
centration decreased rapidly below the sediment sur-
face. Nitrate increased in the oxygen containing layer
and then decreased below. The disappearance of oxy-
gen and nitrate was accompanied by a decline of the
Mn-oxide content and an increase in dissolved Mn,
followed deeper down by an increase in dissolved Fe.
Dissolved sulfate decreased with depth in the cores B
and D. 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 (Fe,,.), and sulfate (Froelich et al.,
1979; Postma and Jakobsen, 1996).

The O, consumption is attributed to oxic degrada-
tion of organic matter and the reoxidation of the
reduced products from the anaerobic degradation of
organic matter (Canfield et al., 1993). The observed
thickness of the oxic layer depends directly on the
Corg flux transport to the sediment surface. The peak
of nitrate in the oxic layer is attributed to the succes-
sion of reactions that lead to the bacterial nitrification
of organic N or ammonia diffusing from below. The
consumption of nitrate below the oxic layer is due to
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bacterial denitrification. Ammonia is produced from
anaerobic mineralization of organic N. The addition of
dissolved Mn”>" and Fe’ " in anaerobic sediments is
attributed to dissimilatory reduction of Mn- and Fe-
oxides by bacteria. The peak of particulate Mn
extracted by ascorbate can be attributed to detrital
Mn-oxides and authigenic Mn-oxides precipitated
from the oxidation of dissolved Mn” " that diffuses
from below (Sundby, 1977). In the sediment of
stations I, A, and B, the concentration of Mn,.
decreases abruptly below the oxic front, reaching
values close to zero, which indicates that the Mn-
oxides are totally reduced. At station D, concentra-
tions decrease more gradually, probably as the con-
sequence of sediment mixing by bioturbation.

The concentration of Fe, is highest near the oxic
layer and decreases below. Amorphous oxide phases
may be used as terminal electron acceptors in bacterial
oxidation 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
(II) at the depth where Fe,,. decreases. However, Fe
from FeS can be extracted with the ascorbate solution.
This may explain the presence of Fe,q. in the anoxic
part of the cores. This fraction can also consist of a
less reactive fraction toward bacterial reduction of Fe-
oxides (Postma and Jakobsen, 1996).

At each of the four stations, the lowest solid sulfur
concentrations were measured in the sediment surface
layer. Stations A and I contained less than 20 umol/g
of Si,¢ and the values remained relatively constant
with depth. Station B showed an enrichment of S at
5 cm depth, which did not exceed 30 pmol/g. The
concentrations in the core of station D increased with
depth and reached values higher than 100 pmol/g
(Figs. 5-8). The presence of particulate sulfur in
continental margin sediments can be mostly attributed
to authigenic iron sulfide minerals that precipitate
during the degradation of organic matter by sulfate
reduction (Berner, 1980; Jorgensen, 1982). The
diluted presence of FeS in the deep sediments of
stations I, A, and B was confirmed by the presence
of small black dots at the surface of the deeper
sediment slices. At station D, the presence of FeS
was confirmed by the black or dark grey colour below
5 cm depth, and by the characteristic odour of H,S
that emanated when a solution of 1 N HCI was poured
on sediment subsamples.

The explanations for the distribution of the major
redox species confirm these proposed for cores col-
lected 6 months earlier at comparable stations (Hya-
cinthe et al., 2001). Some additional reaction path-
ways have been considered to explain the profiles of
Fe, Mn, and N species. These reactions deal with the
Mn-oxide reduction by NHj, aerobic denitrification
and oxidation of dissolved Fe (II) by NO5; or Mn-
oxides (Hyacinthe et al., 2001).

3.3. Trace metals: Mo, U, and Cd

Uranium, cadmium, and molybdenum are sensitive
to redox changes. These metals are known to be
soluble in oxygenated conditions and to precipitate
immediately where post-oxic conditions are encoun-
tered (Thomson et al., 2001). Under anoxic or suboxic
conditions, Mo (VI) is reduced to Mo (IV) (e.g.
Bertine, 1972; Malcolm, 1985; Calvert and Pedersen,
1993; Martinez, 1997), and U (VI) to U (IV) (Cochran
et al., 1986; Klinkhammer and Palmer, 1991; Calvert
and Pedersen, 1993; Thomson et al., 2001). Molyb-
denum (IV) and U (IV) form poorly soluble precip-
itates. Cadmium does not change oxidation state, but
in the presence of H,S, it is usually removed from
solution as insoluble CdS (Pedersen et al., 1989;
Calvert and Pedersen, 1993). The redox layers in the
studied sediments have been defined using major
redox species and can be used to refine our under-
standing of the authigenesis of trace metals.

3.3.1. Molybdenum

The total content of particulate Mo (Mo, in the
surficial samples is 1 pg/g at stations D and B, 0.65
ng/g at station A, and 1.59 pg/g at station I (Figs. 5—
8), which is relatively similar to the detrital back-
ground values assessed to 1.1 pg/g (Manheim and
Landergren, 1978). For the three deepest cores, we
observed a subsurface enrichment. The Mo, values
reached 3.36 pg/g at 3.75 cm at station I, and 1.03 pg/
g at 2.75 cm at station A. At station B, a maximum of
1.28 pg/g was located in the first centimetre below the
interface. Particulate Mo parallels the distribution of
ascorbate extractable Mn. Molybdenum in the oxic
layer appears therefore to be linked to Mn-oxides.
Molybdate (MoO3 ™), the soluble form of Mo in oxic
seawater, is adsorbed by Mn-oxides and preferentially
by MnO, (Shimmield and Price, 1986; Calvert and
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Pedersen, 1993). Shimmield and Price (1986) and
Martinez (1997) have shown that the Mo/Mn ratio
in hemipelagic oxic sediments is close to 0.002, which
may reflect co-precipitation or adsorption equilibrium
of Mo on MnQO,. We obtain the same ratio in the oxic
sediments at stations B, A, and I. Therefore, the Mo
enrichment at the surface is most probably linked to
Mn-oxide enrichment. Below the Mn-redox boundary,
Mo,,; values remained constant and were similar
(0.4-0.5 pg/g) at the stations B, A, and I, which
can be considered as the crustal level value in the
three cores. Molybdenum extracted by ascorbate
(Mo,,.) remained parallel with the Mn,,. profile and
corresponded to the total Mo minus the estimated
crustal values (0.4 pg/g) (Figs. 6-8).

The bottom water concentrations of Mo was
between 112 and 144 nmol/l at stations I, A, and B,
which was close to, but higher than the average sea
water value estimated at 103 nmol/l (Martin and
Whitfield, 1983). The concentrations of dissolved
Mo increased within the first centimetres of the cores
and remained approximately vertical below, with
concentrations between 160 and 190 nmol/l. The
Mo,,. content decreased and became close to zero
below the oxic front. Molybdenum was probably
released into pore water during the reduction of Mn-
oxides (Malcolm, 1985). This agrees with the higher
pore water Mo concentration in the anoxic part of the
sediment (Figs. 5—8). If we consider that sedimentary
authigenic Mo is defined as Mo enrichment over its
detrital background value, there is no detectable authi-
genesis of Mo in the first decimetres of the anoxic part
of the stations I, A, and B. There is thus no relation-
ship between Mo accumulation in the oxic layer and
Mo accumulation at depth. Consequently, the sedi-
mentary record of Mo does not allow environmental
differences to be distinguished among the three sta-
tions I, A, and B, even though the C,,, flux varies by a
factor of ~ 2.5, and the O, penetration depth varies
from 20 to 50 mm.

Station D exhibited no significant maximum of
particulate total Mo at the sediment surface below
which the Mo content increased gradually, reaching
1.83 pg/g at 36 cm. The thin oxic layer of the station
exhibited a weak maximum of Mo, at the surface,
which corresponded to the peak of Mn,,.. Below 7 cm
depth, the concentration of Mo, increased. This
increase was parallel to the profile of S in this core.

Anoxic molybdenum authigenesis occurs only at the
station D where reduced S is present in high concen-
trations. The master variable regulating Mo precipita-
tion thus could be the production of sulfides. A
threshold value of 0.1 uM dissolved sulfide seems to
be prerequisite for the formation of the onset of
authigenic Mo—S co-precipitation (Zheng et al.,
2000). This suggests that the rate of H,S or FeS
production is sufficiently high at station D to precip-
itate Mo as sulfide minerals, with or without Fe.
Sulfide content was low or not detectable in the other
cores, which may explain the lack of Mo authigenesis
in the anoxic part of sediments. Several studies have
shown that Mo may form a separate insoluble sulfide
phase, possibly MoS;3 or MoS,, when FeS is converted
to pyrite (Shimmield and Pedersen, 1990; Calvert and
Pedersen, 1993). Molybdenum enrichment did not
appear abruptly below the redox front. Molybdenum
concentrations increased progressively with depth,
probably due to the transport of Mo-bearing particles,
such as Mn-oxides, deep in the sediment by bioturba-
tion. Molybdenum can be released into pore water due
to Mn-oxide reduction and directly be trapped with
reduced sulfur forming Mo—Fe—S by co-precipitation
or directly MoS, or MoS;. This process can smooth
the Mo signal in the entire mixed layer, as observed.
At station D, dissolved Mo concentrations de-
creased slightly in the thin oxic layer, from 189
nmol/l, which was the bottom water value, to 146
nmol/l. Then, the concentration remained approxi-
mately constant down to 7 cm depth. Below, Mo
concentrations were higher and more variable. The
depth of 7 cm corresponded to several changes in
sediment chemistry. Mo, increased below this depth.
Ammonia also increased abruptly, whereas dissolved
Fe?* dropped to low concentrations. At this depth,
Mn,,. also decreased (Fig. 5). All these observations
can be combined together in the following scenario:
Mn-oxides extracted with the ascorbate solution are
present in the anoxic sediment down to 7 cm because
of the sediment mixing by bioturbation, which is
important at station D. Dissolved sulfide cannot reach
high concentrations in this layer, because Mn-oxides
are efficient oxidizing species for reduced sulfur (Aller
and Rude, 1988). Therefore, within this upper part of
the anoxic sediment, Mo cannot precipitate as Mo—S
species and the distribution of particulate and soluble
Mo must be controlled by Mn-oxides. Below 7 cm,
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dissolved sulfide from sulfate reduction probably
appears and triggers dissolved Fe concentrations to
low values due to iron sulfide precipitation. Authigenic
Mo probably co-precipitates with FeS at this depth.
Therefore, at station D, the depth of authigenic Mo
precipitation seems to be controlled by bioturbation.
The concentration of dissolved Mo increased in the
deeper part of the sediment core of station D. There-
fore, the gradual increase of solid Mo below 7 cm can
be due to the availability of dissolved Mo for precip-
itation throughout the length of the core. The occur-
rence of irregularities and the high concentration of
Mo in the pore water has been observed in several
other studies (Shaw et al., 1990; Zheng et al., 2000)
and remain a matter of debate. Zheng et al. (2000)
suggested that several factors could contribute to this
pore water Mo: (1) the relaxation of Mo from previous
more reducing conditions, (2) the presence of micro-
zones of Mo precipitation due to the sulfate reduction
and oxidation of sulfide in these areas, or (3) sampling
artefacts. In our study, it is possible that during the
release of Mo by Mn-oxides advected by bioturbation
below the oxic layer, some parts of the Mo remain as
MoO?* before precipitation with S. Nevertheless, we
cannot exclude the hypothesis of oxidation and redis-
solution of reduced particulate Mo during the sampling
of pore waters. We have calculated that a redissolution
of 1:1000 of the particulate Mo can explain the
concentration of dissolved Mo we measured.

3.3.2. Uranium

The concentrations of total U (Uy,) ranged between
1.5 and 2 pg/g in the core tops (Figs. 5—8). These
values are below the mean value of 2.7 pug/g in hemi-
pelagic sediments (Colley and Thomson, 1985; Thom-
son et al., 1990). We noted an increase of the
concentrations to 2 or 3 pg/g at the bottom of the four
cores. The concentration at the bottom of the deepest
core [ was equal to that measured at the bottom of the
shallowest core D (2.85 npg/g). The profiles of U
extracted by the ascorbate solution (U,.) showed lower
concentrations and were less noisy than U,. At sta-
tions I, A, and B, the concentration of U,y remained
constant between 0.1 and 0.2 pg/g in the top part of the
cores. This layer was thicker than the oxic layer and
corresponded to the area enriched in Fe,s. U,s con-
centrations increased to 0.4—0.5 ug/g just below the
Fe,q-enriched area. Below, the U, content remained

relatively constant, except for some samples at the
bottom of the cores, which reached 1 pg/g. The U,
content of the sediment from station D was above 0.2
ng/g at the top and increased gradually to 0.53 ng/g at
the bottom of the core.

The subsurface enrichment of U, in the four cores
suggests authigenic U precipitation in the anoxic zone
of the sediment. The carbonate complex UO0,(CO5)3 ~
is the soluble stable U (VI) species in oxic marine
sediments (Langmuir, 1978). Under reducing condi-
tions, U (VI) is reduced to much less soluble U (IV) or
U (V), which may then precipitate as UO,, U504, or
U30g, or be adsorbed on the surface of existing
minerals (Langmuir, 1978; Kniewald and Branica,
1988; Anderson et al., 1989). The redox potential at
which the U (VI) to U (IV) transition occurs is close to
that of the reduction of Fe (II) to Fe (1) at the pH and
alkalinity of seawater. Langmuir (1978) suggested that
HS created during sulfate reduction could be a reduc-
ing agent for U (VI). Dissimilatory bacterial reduction
of U in the presence of Fe (III) and sulfate was also
suggested (Lovley et al., 1991; Fredrickson et al.,
2000). However, all cores (D, B, A, and 1) showed U
authigenesis although the content of authigenic S was
low or undetectable at stations I, A, and B, whereas it
was high at station D. We also noted that the U
content at the bottom of the cores was similar,
between 2.2 and 2.9 pg/g. Consequently, in these
sediments, the concentration of authigenic U appeared
to be independent of sulfide authigenesis.

The dissolved U content in the bottom water was
close to 14 nmol/l, which is the global seawater value
(Cochran et al., 1986; Klinkhammer and Palmer,
1991). In all cores, we noted a decrease of dissolved
U from the bottom water to the depth where U,
exceeded 0.2 pg/g. The minimal concentration of
dissolved U measured at this depth is far from zero.
At station I, where the oxic layer is the most
extended, the dissolved U profile showed a very
smooth decrease from 0 to 6 cm, which can be
interpreted as a diffusion profile of U from the sea-
water to the depth where U is removed. The minimum
concentration of dissolved U at 6 cm is 4.7 nmol/l,
and not 0, which indicates that the removal of
dissolved U is not total. We observed the same pattern
in the sediment of the other stations, where the
smooth gradient of dissolved U is restricted to a
thinner layer. These profiles can be used to estimate
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the flux of U by molecular diffusion from the water
column to the minimum value assuming steady state
conditions. The diffusive flux can be calculated from
the concentration gradients according to Fick’s first
law:

J=—¢ xDsxAC/AZ

where J is the flux (negative J values correspond to
downward fluxes, and positive J values to upward
fluxes), ¢ is the porosity, AC/AZ is the concentration
gradient, and Ds is the bulk sediment diffusion
coefficient corrected for tortuosity, i.e. Ds=D,/67,
where 0 is the tortuosity and Dg is the molecular
diffusion coefficient in water (Berner, 1980). Dy value
was calculated from the tabulated value for the uranyl
ion from Li and Gregory (1974) corrected for the
temperature of the bottom water at the moment of
sampling; the value of 07 is assumed to be equal to
1 — In(¢*) (Boudreau, 1996). We have used the con-
centration gradient between the bottom water sample
(14, 13, and 15 nmol/l for B, A, and I, respectively)
and the minimal value located below the oxic front.
We obtain downward fluxes of — 71, — 110, and
— 170 pmol/cm?/year for stations I, A, and B, respec-
tively. The theoretical enrichment of U in the solid
fraction due to diffusion can be estimated from the
ratio of the diffusive flux and accumulation rate of the
particles. The calculated enrichment of U corresponds
to a minimal value, because the accumulation rate
obtained by the *'°Pb, activity corresponds to a
maximal value. We obtain 1.00, 0.73, and 0.51 pg/g
for the stations I, A, and B, respectively. These
calculated values are higher than enrichment of Uy,
measured at the top of the anoxic layer, but they
correspond to the enrichment of authigenic U at the
bottom of the cores. Therefore, the content of fossil-
ised authigenic U is consistent with the flux of U
from seawater down into the sediment estimated by a
diffusion model at steady state, as proposed by Barnes
and Cochran (1988), Anderson et al. (1989), and
Thomson et al. (2001). However, the mechanism of
particulate U enrichment is more complex than direct
reductive precipitation at the oxic/anoxic boundary.
Dissolved U becomes important in the anoxic part
of the sediment for all stations, where it is supposed to
become insoluble. This anoxic enrichment exceeds
the U concentration in the overlying water, at station

D, for example, the dissolved U content reached 40
nmol/l near the bottom of the core. The presence of
high dissolved U concentration in anoxic sediments
has also been reported in many other studies (e.g.
Kolodny and Kaplan, 1973; Anderson et al., 1989).
The authors interpret this concentrations as caused by
weak re-oxygenation of the sediment during handling
and the partial conversion of U (IV) to U (VI). We
cannot exclude this hypothesis as explanation of our
profiles, because solid U-phase in reducing environ-
ment is readily oxidised and mobilised into solution
by air contamination during the water extraction
(Anderson, 1984; Thomson et al., 1990). In our
samples, the oxidation of less than 1% of authigenic
U could explain the pore water value. Moreover, an in
situ increase of dissolved U in the anoxic zone should
trigger a diffusive upward flux of U toward the redox
boundary, which should produce a solid phase max-
imum. Such a maximum is not observed. It is also
possible that the pore water U measured in the anoxic
sediment comes from an authigenic colloidal fraction
that crossed the 0.2-um pore size filter used to define
the “dissolved fraction”.

At each of the four stations, authigenic U was not
constant in the anoxic sediment and increased with
depth as observed in other studies (Thomson et al.,
1990, 2000; Barnes and Cochran, 1993). No steady-
state conditions could explain the increase. As for Mo,
bioturbation could also explain the distribution of U.
In this case, U is scavenged in the oxic zone from a
particulate phase derived from the anoxic layer.
Kolodny and Kaplan (1973) reported that U (VI)
can be scavenged by particulate organic carbon in
the oxic layer, and Anderson (1982) has identify U
(VI)—organic matter association (adsorption or com-
plexation) in sediment trap. These carrier phases could
be preserved and could retain complexed U (VI),
which could be released in more reducing conditions.
Barnes and Cochran (1993) suggested that U could be
scavenged by Fe-oxides. However, we have not
detected significant ascorbate extractable U in the
oxic part of the cores.

3.3.3. Cadmium

The Cd extracted by ascorbate and dissolved Cd
concentrations were below detection limit for all
studied stations. The total particulate cadmium con-
centrations ranged from 0.1 to 0.3 pg/g at the top of
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the cores. These values were close to the crustal
values estimated at 0.1 ng/g (Taylor and McLennan,
1985). All profiles of total Cd exhibited a decrease
just below the sediment/water interface. The biogeo-
chemistry of Cd is dominated by the cycle of organic
matter (Boyle et al., 1976). Klinkhammer et al. (1982)
and Gendron et al. (1986) have suggested that the
decrease of particulate Cd near the water/sediment
interface was the consequence of the oxic degradation
of fresh organic matter, in which Cd is incorporated.
This process could explain the upper part of our
profiles and suggests that the top of the sediment
column was a source of dissolved Cd for the bottom
waters and the underlying anoxic sediment.

Particulate Cd increased abruptly below the oxic
front at stations I and A. The sediment of station B did
not show a significant enrichment of Cd below the
oxic/anoxic interface, probably because the concen-
trations in the oxic part remained high, but the
concentration of particulate Cd measured in the
anoxic sediment of station B and A was the same
(0.1 pg/g). At station D, Cd increased gradually with
depth, and reached 0.52 pg/g at the bottom of the core.

The enrichment of Cd was likely due to the
precipitation of highly insoluble CdS, which can
occur in the presence of very low H,S concentrations,
as observed by Lapp and Balzer (1993). This suggests
that sulfate reduction occurred in all the studied cores.
This is obvious for station D, where solid phase S
increased with depth at the same time as dissolved
SO3 = decreased. The Cd profile followed the S
profile at this station. In other cores, the concentration
of solid phase of S was low. At station B, solid phase
S increases below 4 cm, but at stations A and I, there
was no obvious accumulation of sulfur. However,
NH, was present in the pore water at all stations,
increasing with depth. Ammonia is the product of the
anaerobic degradation of organic nitrogen. At stations
A and I, the ammonia concentration was lower than at
stations B and D, but reached 40 pmol/l at 12 cm
depth. Ammonia production probably reflected
organic matter degradation by sulfate reduction,
which may have produced enough sulfide to trap
Cd. Cadmium appears to be a sensitive indicator of
SO?; ~ reduction.

The depth at which particulate Cd increased was
just below the Mn-oxide containing layer. The contrast
between the vertical distribution of Mn and Cd was

clearly demonstrated at stations I and A. Gobeil et al.
(1997) showed that the depth interval between the
particulate Mn-oxide maximum and the Cd maximum
corresponded to the minimum and the maximum depth
of O, penetration, respectively, during redox front
oscillation. At stations A and I, this depth interval
was approximately 1.5 cm. This may represent the
seasonal oscillation of the depth of the oxic layer
caused by the intermittent flux of labile organic matter.

3.4. The sedimentary signal of Mo, Cd, and U

The fundamental interest of paleoceanographic
studies is to reconstruct the temporal evolution of
oceanographic parameters, such as the bottom water
oxygen concentration or primary productivity by way
of exported production. Sediment depth in the sedi-
ment is considered to be a measure of time since
deposition. Molybdenum, Cd, and U are used as
markers of surficial redox conditions. Their use is
based on the hypothesis that the flux of a species from
the bottom water to the anoxic sediment and the rate
of fixation below the oxic/anoxic boundary increases
when the flux of exported organic mater increases
itself, i.e. when the oxic/anoxic boundary rises. The-
oretically, the sharper the gradient, the greater the
accumulation of the authigenic phase. This is not true
for all environments. Stations I, A, and B are different
in terms of organic carbon flux and O, penetration
depth, and yet we observe only minor differences
between the distribution of the three trace metals in
the anoxic layer of the cores.

Molybdenum is enriched in the most reducing
sedimentary environment when solid S is enriched
(station D). Only in this situation can the linkage of
authigenic formation with sulfide be exploited for
paleo-reconstructions. No such enrichment is observed
in the cores of stations I, A, and B. Thus, the sedimen-
tary record of Mo does not distinguish between the
three stations. Where the bottom water is well oxy-
genated, Mo is therefore not a discriminating indicator
of exported production. Cadmium enrichment indi-
cates that sulfate reduction occurs, and permits even a
better resolution than Mo or S.

Contrary to Mo and Cd, the precipitation of U (IV)
appears to be independent of the sulfide authigenesis.
The authigenesis of U can be described by a diffusive
flux model and authigenic U appears to have a sea
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water source. The profiles of stations I, A, and B show
that the flux of U is controlled by the thickness of the
oxic layer. Uranium begins to be fixed in the presence
of reducing environment, below the oxic/anoxic boun-
dary. However, the definite depth of U precipitation is
not equal to three times the depth of O, penetration as
suggested by Crusius and Thomson (1999), but it
corresponds to a broad layer of enrichment that occurs
gradually below the Fe,s. reduction. Therefore, it is
difficult to use authigenic U retroactively to estimate
the depth of the oxic/anoxic boundary in sediments.
Moreover, this phenomenon tends to create a vertical
gap between the recorded signal and the sediment/
water interface. Therefore, this effect can bias dating
scales of paleoclimatic trace metals records. Station D
shows that the relation between authigenic metal
concentration and the depth of precipitation is even
more complex when this depth is located within the
layer mixed by bioturbation.

4. Conclusions

We have described the geochemical distribution of
Mo, U, and Cd in modern sediments of the Bay of
Biscay in relation to the distribution of major redox
species (dissolved O,, NO5, NH;, Mn, and Fe, and
particulate S, Co, Mn- and Fe-oxides). The sedi-
ments at the shallowest station are enriched in organic
carbon and sulfide minerals and are highly biotur-
bated. The sediments at the three deeper stations are
much less bioturbated and organic carbon levels are
lower. In all sites, early diagenesis follows the depth
sequence of redox reactions established by Froelich et
al. (1979).

The vertical distribution of the trace metals is often
related to the presence of major phases. Authigenic
Mo and U were successfully extracted with an ascor-
bate solution. Molybdenum is associated with Mn-
oxides in the oxic layer of cores. In the anoxic layer,
Mo is precipitated as a detectable authigenic phase
only when sulfide minerals are abundant, i.e. when
sulfate reduction is important. Molybdenum and sul-
fur give the same information.

Particulate Cd is depleted just below the sediment/
water interface due to oxic degradation of organic
matter and subsequent release of Cd to the pore water.
In the anoxic sediments, in the four studied cores, Cd

enrichment seems to be a good indicator of sulfide
production.

No relationship was observed between U and S.
Uranium begins to precipitate at the depth where re-
duction of reactive iron (III) occurs. The U concentra-
tion at this depth is lower than the minimum values
calculated from estimated accumulation rates and a
downward diffusive flux of dissolved U from the bot-
tom seawater. However, authigenic U concentrations
continue to increase in the anoxic part of the cores. The
downward flux of dissolved U to form authigenic
enrichment appears to be controlled by the redox
conditions at the water/sediment interface (downward
flux of O, from bottom water and both quality and
quantity of exported organic matter) but U immobili-
zation requires probably a multistep reduction with
slow kinetics at one or more of the electron reactions.
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