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Abstract Biogeochemical processes induced by the deposition of gravity layer in marine
sediment were studied in a 295-day experiment. Combining voltammetric microelectrode
measurements and conventional analytical techniques, the concentrations of C, O,, N-
species, Mn and Fe have been determined in porewaters and sediments of experimental
units. Dynamics of the major diagenetic species following the sudden sediment deposition
of few cm-thick layer was explained by alternative diagenetic pathways whose relative
importance in marine sediments is still a matter of debate. Time-series results indicated
that the diffusion of O, from overlying waters to sediments was efficient after the depo-
sition event: anoxic conditions prevailed during the sedimentation. After a few days, a
permanent oxic horizon was formed in the top few millimetres. At the same time, the
oxidation of Mn>* and then Fe?*, which diffused from anoxic sediments, contributed to the
surficial enrichment of fresh Mn(III/IV)- and Fe(Ill)-oxides. Vertical diffusive fluxes and
mass balance calculations indicated that a steady-state model described the dynamic of Mn
despite the transitory nature of the system. This model was not adequate to describe Fe
dynamics because of the multiple sources and phases of Fe**. No significant transfer of Mn
and Fe was observed between the underlying sediment and the new deposit: Mn- and Fe-
oxides buried at the original interface acted as an oxidative barrier to reduced species that
diffused from below. Nitrification processes led to the formation of a NO3;/NO; rich
horizon at the new oxic horizon. Over the experiment period, NO3 concentrations were
also measured in the anoxic sediment suggesting anaerobic nitrate production.
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1 Introduction

Although early diagenesis in marine sediments is often described as a steady-state phe-
nomenon (Berner 1980; Froelich et al. 1979), the geochemical composition of sediments
evolves via transient states because of changes in organic carbon input, oxygen content of
bottom water, sedimentation rate or biological activity (Sundby 2006). Seabed reworking
caused by sediment-resuspension, -transport and -deposition as well as low-frequency
disturbances such as large storms and mass flows has also a tremendous impact on dia-
genetic reactions and the hosted benthic community (Aller 1989; Anschutz et al. 2002;
Deflandre et al. 2002; Saulnier and Mucci 2000).

The microbial-mediated oxidation of organic matter based on the use of the electron
acceptor that yields to the highest amount of free energy in the terminal electron transfer
step is usually considered to explain the depth distribution of metabolites in sediments
(O, > NO3 —Mn-oxides > Fe-oxides > SO?( > COy; Froelich et al. 1979). The contribution
of these various metabolic pathways to carbon degradation varies temporally and spatially
due to changes in acceptor (and donors) abundance. Numerous alternative biochemical
pathways that include oxidant regeneration by oxygen as well as anaerobic mechanisms are
also thermodynamically favourable at pH values encountered in marine sediments. The
contribution of these processes that proceed by both abiotic and biotic pathways to the
overall carbon degradation is largely unknown although they might be quantitatively
important (Megonigal et al. 2004 and references therein). Seabed reworking of marine
sediments, particularly gravity deposits, yields either the remobilization or the immobili-
zation of chemical substances, which have unique responses to the redox gradient devel-
oped in the new material and in the underlying sediment (Anschutz et al. 2002; Deflandre
et al. 2002; Mucci and Edenborn 1992; Mucci et al. 2003). Alternative biochemical
pathways which become perceptible under these non-steady state conditions, could mainly
contribute to the spatial distribution of metabolites over prolonged periods (i.e. months to
years). Investigations of redox-sensitive trace metals on distal turbidites reveal that dis-
ruptions of the ongoing diagenesis persist also over geological periods (Buckley and
Cranston 1988; Colley and Thomson 1985; De Lange 1986; Jarvis et al. 1988) because
paleo-oxidation zones developed over periods of a few thousands to several hundreds of
thousands years have been imprinted in the sedimentary column.

Although there are several studies on the evolution of sediment and porewater chemistry
in recent turbidites (Anschutz et al. 2002; Deflandre et al. 2002; Mucci et al. 2003; Mucci and
Edenborn 1992), there is little information on the first diagenetic steps following sudden
episodic deposition of new material on the seabed. Since field observations of ongoing
gravity deposit are complex, we present in this study the results of a 295-day experiment that
simulated the biogeochemical processes that occur days and weeks that follow the deposition
of a gravity layer. Our experimental set-up was not intended to reproduce the complex
energetic system of surge flow and, consequently, cannot be related directly to natural
environmental conditions. However, our experimental results add new information to non-
steady state diagenetic reactions following a sedimentary perturbation, which is valid in
natural conditions. Experiments were prepared to create a grain-size fining-up sequence by
gravity deposition, as observed in turbidite deposits. By combining conventional analytical
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techniques and voltammetric microelectrodes, we monitored the vertical distribution and the
concentrations of Co,,, dissolved O,, N-species (NO3z, NO, and NH}) with emphasis on Mn
and Fe cycles because of their pivotal role on diagenetic behaviour of many trace elements.
To explain the temporal evolution of sediment and porewater chemistry, we explore the
bacterially mediated oxidation of organic matter as well as alternative biochemical pathways
whose relative importance in marine sediments is still a matter of debate.

2 Methodology
2.1 Experimental Design

The experiment was performed in experimental units, composed by sediment and water,
enclosed in a glass container (Fig. 1). The sediments were taken in June 2001 from the
Capbreton Canyon, in the south-eastern part of the Bay of Biscay, at the site described pre-
viously by Anschutz et al. (2002). Multitube-cores were collected and frozen at —25°C. When
needed, sediment was defrosted. Around 1 kg of fine sediment with a mean grain size of 9 um
was humidified with 0.45 pm filtered seawater to obtain a mean porosity of 0.80. The sediment
slurry was homogenised under oxic conditions. Experimental units were filled by ~ 150 ml of
this fine sediment, leaving above 12 cm for the gravity deposit and overlying seawater (Fig. 1).
The experiment was performed on six experimental units placed in an experimental seawater
tank (salinity = 35.5) continuously oxygenated by bubbling air. The experimental tank was kept
in the dark at ambient temperature (~20°C). The fine sediment and water were left to equil-
ibrate for 15 days to form pre-gravity layers (Pre-GL) before adding the gravity layer (GL).
Preliminary experiments demonstrated that 15 days were sufficient to obtain well-separated
diagenetic zones even if steady-state conditions were reached.

The sediment used to form the GL was composed from fine sand (mean grain size around
150 pm) to mud (mean grain around 9 pum). The sediment was homogenized, and then it was
kept under oxic conditions during 10 days prior introducing into the experimental units.
About 350 ml of homogenised sediment slurry was rapidly introduced to the overlying water
of each experimental unit at day O (after the first measurements). Sediment settled slowly
during 24 h by gravity and formed the GL, with fine sand at the bottom and mud at the top.

The experiment length was 295 days with five sampling times, which were 1, 7, 33,75 and
295 days (noted D1, D7, D33, D75 and D295). For each sampling time, one experimental

Glass container Air bubbling
5 Som, Overlying water
Newly formed ~110ml / ~5cm
interface
Gravity layer (GL)
o\ o °1l° ~ 350ml / ~8-9cm
£ 00 poo
oo oo 53
S o Original

o )

° ° interface Pre-Gravity layer (pre-GL)
35%o ~ 150ml / ~2-3cm
20°C B

Experimental tank Experimental unit

Fig. 1 Experimental system used in the present study. The experimental tank held six experimental units
and ~10 1 of filtrated seawater
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unit was sacrificed and sub-sampled to separate dissolved (XNOj3, NO5, NH}, Mn?*, Fe**)
and solid fractions (Corg, My, Feqse, Mnycy, Feycr). We will detail the analytical methods
in Sect. 2.3. Prior to the sub-sampling, vertical profiles of O, in sediment porewater were
measured using voltammetric microelectrodes. The sixth experimental unit was a reference:
0O,, Mn**, Fe** and H,S were monitored by voltammetric microelectrodes prior to DO (D-1)
and at D2, D5, D6, D7, D8, D9, D15, D30, D75 and D295.

2.2 Voltammetric Microelectrode Measurements
Concentrations of O, Mn?*, Fe** and H,S in the porewaters and in the overlying waters
were measured by voltammetry. We used voltammetric gold amalgam microelectrodes
made by sealing a 100 um gold wire in glass tube and plating mercury onto the polished
exposed gold surface, as described by Brendel and Luther (1995) and Luther et al. (1998).
Measurements were made with an Au/Hg microelectrode as working electrode, a 0.5 mm
diameter platinum wire as counter electrode, and a saturated Ag/AgCl electrode as ref-
erence electrode. The counter and the references electrodes were introduced at the top of
the experimental unit, a few centimetres from the working electrode. An Analytical
Instrument Systems, Inc. (AIS) model DLK-100 electrochemical analyser was used for all
measurements. Microelectrodes were calibrated for each measurement on the pilot ion
method where Mn>* is the standardized ion (Brendel and Luther 1995). Oxygen was
determined using Linear Sweep Voltammetry (LSV), scanning from —0.1 to —1.7 V at rate
of 200 mV/s without pre-concentration step. Mn>*, Fe** and H,S were performed using
Cathodic Stripping Voltammetry (CSV) in the square-wave mode, scanning from —0.1 to
—1.7 V at rate of 200 mV/s with an equilibration step at —0.1 V for 30 s, scan rate 200 mV/
s. Precision for replicates of all species at the same depth is typically below 5%. Detection
limits at 99% of confidence limit for O,, Mn**, Fe?* and H,S are 3, 5, 20 and < 0.1 pmol/l,
respectively. We used a micromanipulator to obtain millimetre scale depth resolution
intervals with minimum sediment disturbance. Microelectrode profiles were made
throughout the entirety of experimental units. The vertical resolution steps were 0.5 mm at
the newly formed sediment—water interface, 1 mm for the first 10 mm and around the
original interface location, and 2-5 mm elsewhere. All profiles were made in different
locations in the experimental unit to prevent potential error produced by previous electrode
penetration. Analyses were conducted at room temperature (~ 20°C).

In this paper, we present mainly O, and Mn>* results with some Fe** results. Since Fe**
signals were complex due to increasing amounts of soluble organic Fe(IIl) concentration
over the experiment, the determination of Fe®* peak height was difficult without specific
acquisition methods (Taillefert et al. 2000). The concentrations of H,S were below the
detection limit (<0.1 pmol/l), except on D-1.

2.3 Sample Collection and Treatment

The experimental units were sliced in thin horizontal layers (0.5 cm intervals at the SWI
and the original interface and 1 cm below). For each level, a sub-sample was immediately
stored in pre-weighed plastic vials and frozen for further analyses of water content and
solid phase composition. Another sub-sample was centrifuged under N, at 5,000 rpm for
20 min and extracted porewaters were filtered (0.2 um syringe filter SFCA purged with
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N>). One aliquot was frozen at —25°C for nutrient analysis and another was filtered and
acidified to pH 1.6 with trace metal grade HNOj; for dissolved Fe analysis.

Porosity was determined by comparison of the weight of wet and freeze-dried sediment.
Porosity was calculated using a dry sediment density of 2.65 g cm > (Berner 1980). The
freeze-dried solid fraction was homogenised and the water content used to correct the
analyses for the presence of sea-salt. Total C concentrations were measured on dry,
powdered and homogenized material by infrared spectroscopy using a LECO C-S 125
according to Cauwet et al. (1990). The mean analytical error on total C measurements is
+2%. The inorganic C content of the sediment was determined by coulometric titration of
the CO, following a 6 N HCI. The precision of inorganic C analyses is estimated at better
than +3%. Organic C (C,) content was then calculated from the difference between total
and inorganic C, and thus carries a cumulative uncertainty of about +5%.

Reactive Fe- and Mn-oxides were determined on homogenised freeze-dried sediments
using an ascorbate solution as described by Hyacinthe et al. (2001). Mn and Fe were
measured by flame atomic absorption spectrometry (Perkin-Elmer AA 300) using an
external aqueous standard for calibration. The reproducibility of the analyses was better
than +3% and +7% for Mn and Fe, respectively. According to the recent study of Hya-
cinthe et al. (2006), Fe removed by ascorbate (Fe,s.) at near-neutral pH is defined as the
reactive pool of reducible Fe(III). Anschutz et al. (2005) showed that the ascorbate reagent
was able to extract selectively Mn(IIl, IV)-oxides (Mn,,.) in marine sediment.

Total nitrate (XNO3 = NO3 + NO7) and NO; were analysed by the flow injection
described by Anderson (1979). Ammonium (NH}) was analysed by flow-through con-
ductivity method (Hall and Aller 1992). The precision of the N-species analytical proce-
dures was better than 5%. Dissolved Fe concentrations in acidified porewater samples were
determined by the ferrozine procedure (Stookey 1970). The precision was better than 10%.

2.4 Flux Calculations

In the absence of re-suspension and bioturbation, molecular diffusion is the main transport
mechanism of solute species in muddy sediment (Berner 1980). The vertical diffusive flux
of dissolved species is directly proportional to concentration gradient (6C/6Z). In the
sediment, it is calculated using Fick’s first law as:

J = —¢Ds(6C/dZ)
where J is the flux (nmol/cm?/d), ¢ the porosity, and Dj is the bulk sediment diffusion
coefficient corrected by tortuosity, i.e. Dy, = Do/6%, where 6 is tortuosity and Dy is the
molecular diffusion coefficient in water (Berner 1980). The D, values obtained from the

literature (Schulz 2000) were corrected for in-situ temperature at the time of sampling;
tortuosity (0) was assumed to be equal to 1 — ln((pz) (Boudreau 1996).

3 Results and Discussion
3.1 Redox Conditions Prior to the Deposition of the Gravity Deposit (D-1)

The thickness of the Pre-GL was ~7 cm. The vertical distributions of O, Mn>* and Fe?*
in sediment porewaters of individual experimental unit mirror those measured in the sixth
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Fig. 2 (A) Vertical profiles of O,, Mn** and Fe®* (in pmol/l) in the pre-GL of the sixth experimental unit.
Measurements were performed prior to the deposition of the GL. Each point represents duplicate
microelectrode measurements at the given depth in mm. (B) Voltammograms in the square-wave mode. The
individual voltammograms were performed independently in the sediment slurry. Peaks located at —1.56
and —0.62 V correspond to Mn>* and ZH,S, respectively. The more negative peak at -0.62 V is typical of
S(0) in polysulphides (Luther et al. 2001)

reference unit (Fig. 2A). The distributions followed the standard depth sequence of dia-
genetic reactions (De Lange 1986; Froelich et al. 1979; Postma and Jakobsen 1996) with a
thi;l oxic horizon (~7 mm) and an anoxic sediment enriched in reduced species (Mn2+,
Fe™).

Voltammetric measurements were carried out at D-1 in the sediment slurry (Fig. 2B).
Although the slurry was continuously mixed under oxic conditions, voltammograms
exhibited no trace of O,. However, the scans revealed the presence of Mn2+, H,S and traces
of polysulphides (as shown with the doublet near —0.6 V; Luther et al. 2001).

3.2 Redox Conditions Following the Deposition of the Gravity Layer Over the
Experiment

After the introduction of GL, two distinct layers separated by a non-erosive contact
were obtained within each experimental unit. Porosity decreased from 0.9 to 0.75,
from the top to the bottom (Fig. 3). Minimal values (~0.5) measured immediately
above the original interface reflected the presence of coarse grain particles at the base
of the GL.

Organic carbon concentration (C,,; Fig. 3) was 2 wt% at the new SWI and
decreased to 1.0 wt% in the coarse grain horizon of the GL. The original interface was
slightly enriched in C,,, with content reaching ~2 wt%. This enrichment persisted over
the 295-days of experiment (Fig. 3). In the Capbreton Canyon, the hosted organic matter
is mostly refractory due to its terrestrial origin (Grémare et al. 2005). The dominant
particle transport in this area is probably by gravity, mass or tubidity flow (Mulder et al.
2001) suggesting that the C, has already been degraded in its original depositional
settings. This is supported by the slow ecosystem recovery in the Capbreton Canyon
(Anschutz et al. 2002), compared to the rapid formation of biogenic structures after the
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Fig. 3 Time-series profiles of sediment and porewater chemistry measured over the 295-day experiment.
The dashed lines mark the approximate depth of the original interface. The dissolved Mn?* measured by
voltammetric measurements has been added for the appropriate days. The depth is given in centimetre
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surge flow event observed in Saguenay fjord (Michaud et al. 2003). The refractory
quality of the residual organic matter might limit microbial respiration. A simple mass
balance calculations, based on the measured porosity, and C,,, content (Fig. 3), indi-
cated that only 0.2 wt% of C,, within the GL was consumed over the experiment.

3.3 The Temporal Evolution of Dissolved Oxygen

Thirty-five minutes following the deposition, voltammetric techniques did not detect dis-
solved O, at the original interface. The time required to remove all O, present initially at
the original interface was estimated assuming that the O, consumption rate corresponded
to the sediment O,-demand prior to the introduction of the GL. Using the concentration
gradient measured between 0 and 1 mm at D-1 (Fig. 2A) and assuming O, transport by
molecular diffusion, we calculated an O,-demand of 5.5 mmol/m?/d for the pre-GL. We
concluded that about 50 min were required to completely remove the stock of O, present
within the original oxic horizon. This time is slightly longer than the time observed in our
simulation (<35 min) suggesting another source of O, consumption. The high-reduced
chemical species pool brought within the sediment slurry above the original interface
probably rapidly consumed O,. This finding supports the suggestion that anoxic conditions
rapidly settled following mass flow deposits.

Anoxic conditions prevailed within the slurry (Fig. 2B), and O, was totally absent
during the gravity settling. After a few hours, an oxic layer formed at the new sediment—
water interface. Oxygen diffused from the oxygenated overlying water to the first milli-
metre of sediment (D2, Fig. 4). The shape of the O, profile measured at D2 indicated that
O, was directly consumed in the overlying water. Oxygen is the first oxidant to be used by
microbial oxidation of organic matter. In addition, here, O, was consumed to oxidize
reduced compounds, such as NH}, Mn®*, Fe** and H,S, that escaped from the new
material. Using the concentration gradients between 0 and 1 mm depth at D2 (Fig. 4), we
estimated a downward O, flux of 6.0 mmol/m?/d. The oxic layer extended to 5 mm depth
on the fifth day (D5) and then, it persisted at this depth. The sediment O,-demand ranged
between 8.93 and 5.67 mmol/m*/d (mean values 7.23 + 1.15 mmol Oy/m?/d, n = 10) over
the experiment.

3.4 The Temporal Evolution of Manganese

The temporal evolution of dissolved Mn concentrations measured by voltammetric mi-
croelectrodes is reported in Fig. 5. Troubles with electrode calibration prevented Mn**
concentration measurements at D295. Traces of dissolved Mn were already detected within
the slurry (Fig. 2B). During the experiment, Mn?* concentrations fluctuated between 0 and
300 pmol/l.

Manganese concentrations increased with depth within the GL. The pool of Mn?>* in
porewaters is replenished by the progressive reductive dissolution of Mn-oxides brought
within GL. Dissolved Mn diffused both upward to the new sediment—water interface, and
downward to the base of the GL and to the Pre-GL. Oxygen is an efficient oxidant for
Mn?*. The oxidation kinetics of Mn** by O, is slow in artificial water (Diem and Stumm
1984; Stumm and Morgan 1996). It becomes orders of magnitude faster in the presence of
Mn-bacteria and surface catalysts (Sung and Morgan 1981). In addition, disturbances and
oscillatory conditions stimulate microbial reaction rates in natural sediments (Aller and
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Fig. 4 Time-series profiles of dissolved O, (in % of saturation) measured using LSV microelectrodes. Each
point represents duplicate microelectrode measurements at the given depth (mm)

Aller 1998). The continuous diffusion of O, rapidly promoted the precipitation of fresh
authigenic Mn(III, IV)-oxides at the new established oxic horizon, as observed in Fig. 3
(Mng,.). The depth at which dissolved Mn was detected first, however, moved down to
15 mm from D15 to D75 (Fig. 5). A detailed examination revealed that the Mn** profiles
did not overlap the profile of O,, except for the first days of the experiment. This suggests
either that O, was not the only candidate for the oxidation of Mn>* in sediment, or that
adsorption (no oxidation) was the process of Mn?* removal. lodate (I03) is capable to
oxidize Mn?* (Anschutz et al. 2000). However, iodide (I7), which is the reduced form of
iodate, was not detected by the voltammetric technique (detection limit <0.2 pmol/l). The
continuous precipitation of Fe(Ill)- and Mn(Ill, IV)-oxides favoured Mn** adsorption
(Burdige et al. 1992; Stiers and Schwertmann 1985; van der Zee et al. 2001) and could
limit the diffusion of Mn®* to the newly established oxic horizon.

During the first days of the experiment (D2 to D15), Mn>* concentrations decreased
towards the original interface, suggesting a sink of Mn in the anoxic Pre-GL. In anoxic
conditions, sorption of Mn”** onto CaCOj surfaces is the most important processes that
control the mobility of Mn** (Middelburg et al. 1987; Mucci 2004). The rapid O,
depletion, and the subsequent reduction of Fe—-Mn-oxides that followed the gravity settling
might produce sufficient alkalinity to favour the precipitation of carbonate. As porewaters
become supersaturated with respect to calcite and rhodochrosite, Mn®* is most likely
precipitated as a mixed carbonate phase. The affinity of Mn** for Fe-monosulphides has
been recognized (Arakaki and Morse 1993), and AVS brought within the sediment slurry
might act as an efficient sink for dissolved Mn as well.

Beginning the first day, high Mn®* concentrations were measured at the original
interface. The concomitant presence of high Mn?* concentrations and Mn(III/IV)-oxides
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Fig. 5 Time-series profiles of dissolved Mn?* (in pmol/l) measured using CSV microelectrodes. Each point
represents duplicate microelectrode measurements at the given depth (mm). Details on the upward flux
calculations are given in Table 1

(D1; Fig. 3) that were relict from the original oxic horizon, clearly indicates that Mn-oxides
were reduced during the experiment. Mn,-profiles (Fig. 3) are in agreement with the
reductive dissolution of Mn-oxides at the original interface. The inventory of Mn,s. within
each experimental unit was around 372 + 40 pmol, with ~70% contained within the GL.
These amounts remained constant throughout the experiment, indicating that the Pre-GL
was not a significant source of Mn to the GL. Within the GL, the progressive surficial
enrichment corresponded to a Mn,. accumulation of 17.0, 42.3, 64.6 and 72.6 pmol at D7,
D33, D75 and D295, respectively. Using voltammetric profiles (Fig. 5), upward diffusive
fluxes of dissolved Mn were estimated. Table 1 shows the details of flux calculations. The
time integration of these fluxes permitted to estimate the accumulated Mn,. by diffusion.
These calculations are consistent with the Mn,. inventory, confirming that a steady-state
model permits to describe the recycling of Mn-oxide compounds in turbidites (Anschutz
et al. 2002).

3.5 The Temporal Evolution of Iron
The time-series profiles of reactive Fe(IlI)-oxides (Fe,,., Fig. 3) were characterized by the
development of a surficial peak at the new SWI. Released Fe from anoxic sediments was

progressively oxidized and precipitated at the top of the GL. The first day, Fe** was
detected directly in the overlying water, indicating that Fe escaped from the new material

@ Springer



Aquat Geochem (2007) 13:157-172 167

Table 1 Parameters used to assess the cumulative Mn excess at the new sediment—water interface

Days Interval depth Mn?* gradients (umol/ Mn?* upward fluxes (mmol/ Cumulative Mn content

(mm) cm) m?/d) (umol)
2 2.5-10.0 56.16 0.19 2.74
5 7.0-10.0 127.23 0.79 16.60
6 7.0-10.0 136.25 0.47 33.23
7 7.0-10.0 75.96 0.26 44.05
8 10.0-20.0 23.20 0.08 45.18
9 15.0-25.0 17.56 0.13 47.20
15 15.0-25.0 22.04 0.07 48.94
30 15.0-25.0 17.24 0.36 50.84
75 15.0-25.0 53.18 0.16 71.51

The first Fick’s law has been applied using a diffusive coefficient Do(Mn>* at 20°C) = 5.44 x 10~ cm?/s

(11.7 umol/l in the overlying water; Fig. 3). However, Fe** concentrations remained low
(<50 pmol/l) within the whole experimental unit. The preferential use of Mn-oxides as
electron acceptors by microbial respiration could have hindered the microbial reduction of
Fe-oxides. Oxygen was probably the main oxidant for escaped Fe**. The downward flux of
0, (i.e. 6.0 mmol/m*/d) was large enough to oxidize the upward flux of Fe>* (0.13 mmol/
m?/d; Table 2). After a few days, dissolved Fe?* was detected first below the surficial
Mn(III/IV)-oxides rich horizon (Fig. 3). Oxidation of Fe?* occurs under both aerobic and
anaerobic conditions. It can be microbially mediated and non-enzymatic. At circumneutral
pH, non-enzymatic anaerobic oxidation reactions are rapid (Straub et al. 2001). Manganese
(III/TV)-oxide is an efficient oxidant for Fe?* (Hyacinthe et al. 2001; Myers and Nealson
1988; Postma 1985). The Mn rich horizon acted as an oxidative barrier that limited the
diffusive loss of Fe from sediment. This anaerobic oxidation pathway formed a pool of
fresh Fe(Ill)-oxides usable by dissimilatory Fe(IlI)-reducing bacteria. Trace amounts of
NO3 could also act as oxidant for Fe?*. The reduction of NOs3 to N, by Fe?* is thermo-
dynamically favourable at all pH encountered in marine sediments (Luther et al. 1997).
The upward fluxes of Fe®* varied from 0.28 and 0.63 mmol/m%d over the experiment.
According to the stoichiometry of the reaction (one NOj can oxidize five Fe?"), the

Table 2 Vertical fluxes of dissolved species in mmol/m?/d (negative and positive values correspond to
downward and upward fluxes, respectively) calculated from dissolved gradients

Days 03 Mn>*® Fe?*¢ NO5¢ NH;®
—6.00 0.19 0.13 - 7.1 x 1072
7 —8.50 0.26 0.44 - 0.8 x 1072
33 —6.90 0.04 0.28 —52x1072 13 x 1072
75 —5.90 0.16 0.63 —0.2x 1072 37x 1072
295 —7.00 - - —0.2x 1072 23 %1072

2 Do(0, at 20°C) = 1.91 x 107> cm?/s

® Dy(Mn** at 20°C) = 5.44 x 107¢ cm?/s
¢ Do(Fe** at 20°C) = 5.91 x 107® cm?s

4 Dy(NO3 at 20°C) = 1.62 x 107¢ cm?/s
© Do(NHZ at 20°C) = 1.66 x 10 cm?/s
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downward fluxes of NO3 (i.e. 0.052-0.002 mmol/m?/d) were unable to oxidize all Fe** in
the experimental units. Note that soluble organic Fe(IlI) have been progressively detected
over the experiment by voltammetric analyses (data not shown). The exact mechanisms by
which soluble Fe(II) forms and persists is still a matter of debate, but its occurrence in
marine sediments might accelerate the microbial-mediated oxidation of organic matter as
well as other biochemical pathways involving Fe.

The stocks of surficial Fe(Il)-oxides were equal to 1.0, 0.8, 1.3, 1.6 and 2.5 mmol at
D1, D7, D33, D75 and D295, respectively. At the end of the experiment, this stock
represented an accumulation superior to 20% of the reactive Fe-oxides inventory. In
marine sediments, reduced Fe precipitates as a variety of Fe-minerals. The time integration
of upward Fe?* fluxes (Table 2) permits an estimate of the amount of Fe that diffused to the
top of the GL. The estimations are equal to 0.3, 7.5, 29 and 195 umol of Fe. These results
are inferior to the inventory of surficial accumulated Fe,s.. A great part of the surficial
accumulated Fe(Ill)-oxides (>70%) probably originated from the oxidation (without
mobilization in porewater) of reduced Fe(II)-bearing phases (i.e. mostly as FeS and FeS,)
that were initially present at the top of the GL. We conclude that a steady-state model
based only on the oxidation of dissolved reduced Fe(II) cannot describe the cycling of Fe-
oxides probably because of multiple Fe sources.

At the original interface, Fe,,. remained mostly immobile (Fig. 3). A mass balance
calculation confirmed that the Fe,,. content remained almost constant (~40% of the Fe,q.
inventory) within the Pre-GL. Reduced Fe released from the microbial reduction of
reactive Fe(Ill)-oxide reacts with authigenic Mn(Ill/IV)-oxides or NO3. These anaerobic
oxidation pathways might replenish the Fe(III)-oxides pool at the original interface as long
as oxidants are present.

3.6 The Temporal Evolution of Nitrogen Species

At D1, NO3 and NO, were below the detection limit throughout the whole experimental
unit (Fig. 3, Table 3). NH} was detected in both the sediment and the overlying water.
Initial anaerobic conditions within the slurry prevented the NO5/NOj3 production by
microbial nitrification because nitrification occurs under strictly aerobic conditions (or
microaerobic zones). At the original interface, the microbial consumption of XNOj
(NO3 + NOg3) by respiratory denitrification was probably simultaneous to the deposition.
Nitrate reduction can also be supported by electron donors other than organic matter such
as Fe?* and Mn?* (Sgrensen and Jgrgensen 1987; Postma 1990; Aller 1994; Luther et al.
1997, 1998). Reduction of NO3 by sulphides species (H,S, S° HS™) are also thermody-
namically favourable (Jgrgensen and Nelson 2004). These mechanisms proceed via a
complex web of reactions controlled by both biotic and abiotic processes.

The time-series profiles of XNO3z were characterized by a progressive enrichment lo-
cated at both the new SWI and the original interfaces. At the new SWI, the downward
fluxes of O, were large enough to oxidize the upward fluxes of NH} to produce NO3
(Table 2). Nitrification should be coupled to simultaneous denitrification. Direct oxidation
of NH} by either NO3 (Mulder et al. 1995) or NO; (van de Graaf et al. 1995) to N, occurs
under anaerobic conditions. The simultaneous presence of NH; and NO; under oxygen-
depleted conditions is a prerequisite for Anammox (ANoxic AMMonium OXidation). This
reaction competes with the oxidation of NH} to NO3 at the oxic horizon. Unfortunately,
the relative contribution of these reactions could not be established in our experiment.
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Nitrate concentrations increased with time in the anoxic part of the Pre-GL as well as in
the GL (Fig. 3). Concentrations reached values close to 4 pmol/l at the previous interface.
In the absence of any evidence of water infiltration, the occurrence of XNO5 within the
overall experimental units suggests an anoxic XNO; production as observed in the post-
flood deposit in the Saguenay Fjord (Deflandre et al. 2002) and in the Capbreton Canyon
(Anschutz et al. 2002). Field and experimental studies indicated that anaerobic oxidation of
NH} to NO3 could be supported by Mn(IIl/IV)-oxides (Anschutz et al. 2005; Hulth et al.
1999; Luther and Popp 2002; Mortimer et al. 2004). Anschutz et al. (2005) estimated that
the oxidation of NH by Mn(IIl/IV)-oxides was energetically possible under typical sed-
imentary conditions. Probably because of the multiple pathways to reduce XNO5 to N,
under anoxic conditions (e.g. potential oxidants: Cg, Fe?*, NHi, H,S, AVS), the con-
centration of XNO; remained weak (<5 pmol/l). In addition, the occurrence of NO5 at the
same locations is in agreement with denitrifying processes (Table 3).

4 Summary and Conclusion

This experimental study presents for the first time the succession of diagenetic reactions
that follow the deposition of GL a few cm-thick. The use of voltammetric microelectrodes
was an appropriate technique to gain information into the natural dynamics of oxygen and
dissolved Mn in disturbed sediments. The temporal evolution of Mn species indicated that
a steady-state model allows us to describe the recycling of Mn in turbidites. In contrast,
profiles of NO3, NH} and Fe never reached steady state over the experimental period,
probably because of their complex sources, sinks and reactivity in the sediment. In this
experiment, the complete benthic ecosystem recovery required more than 10 months
clearly demonstrating that surge flow events deeply affected the ongoing diagenesis of
underlying sediments, even if a new material layer covers only a few centimetres thickness.
A complex web of reactions governs the diagenetic processes during the sedimentary
recovery and alternative metabolic pathways might dominate heterotrophic dissimilatory
reactions. Many of these reactions and pathways need further investigations under natural
environmental conditions. However, their reproduction in experimental studies confirms
their relative importance under natural non-steady conditions.
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