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Abstract :

Deep-sea fans are well known depot centers for organic carbon that should promote sulfate reduction.
At the same time, the high rates of deposition of unconsolidated metal oxides from terrigenous origin
may also promote metal-reducing microbial activity. To investigate the eventual coupling between the
iron and sulfur cycles in these environments, shallow sediment cores (< 50 cm) across various channels
and levees in the Congo River deep-sea fan (~5000 m) were profiled using a combination of
geochemical methods. Interestingly, metal reduction dominated suboxic carbon remineralization
processes in most of these sediments, while dissolved sulfide was absent. In some ‘hotspot’ patches,
however, sulfate reduction produced large sulfide concentrations which supported chemosynthetic-
based benthic megafauna. These environments were characterized by sharp geochemical boundaries
compared to the iron-rich background environment, suggesting that FeS precipitation efficiently titrated
iron and sulfide from the pore waters. A companion study demonstrated that methanogenesis was
active in the deep sediment layers of these patchy ecosystems, suggesting that sulfate reduction was
promoted by alternative anaerobic processes. These highly reduced habitats could be fueled by
discrete, excess inputs of highly labile natural organic matter from Congo River turbidites or by
exhumation of buried sulfide during channel flank erosion and slumping. Sulfidic conditions may be
maintained by the mineralization of decomposition products from local benthic macrofauna or bacterial
symbionts or by the production of more crystalline Fe(lll) oxide phases that are less thermodynamically
favorable than sulfate reduction in these bioturbated sediments. Overall, the iron and sulfur
biogeochemical cycling in this environment is unique and much more similar to a coastal ecosystem
than a deep-sea environment.
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1.0 Introduction

Understanding the biogeochemical processes involved in the respiration of natural organic
matter (NOM) in marine sediments is critical, as sediments represent the ultimate sink of
carbon on Earth and the release of dissolved inorganic carbon (DIC) to the overlying
waters, as by-product of respiration processes, may affect CO, inputs from the atmosphere
to the oceans and, therefore, ocean acidification. Although aerobic respiration is the most
efficient NOM degradation process (Hedges et al., 1995; Burdige, 2007), anaerobic
processes are generally recognized to be significant in sediments exposed to high
sedimentation rates. In these sediments, the high concentrations of NOM settled to the
seafloor promotes consumption of the majority of the oxygen available by diffusion across
the sediment-water interface (Burdige, 2006). These environments include estuaries
(Martens et al., 1978; Aller and Yingst, 1980; Meiggs and Taillefert, 2011), coastal bays
(Thamdrup et al., 1994), deltas (Aller et al., 1986; Pastor et al., 2011), and some continental
margins dominated by large inputs of fine grained sediments from large rivers (Aller et al.,
1986; McKee et al., 2004; Rabouille et al., 2009; Beckler et al., 2016). In these sediments,
sulfate reduction is often the main anaerobic terminal electron accepting process (e.g.
Jorgensen, 1982; Howarth, 1984; Hoehler et al., 2001) given the large concentrations of
sulfate in seawater and the fact that one mole of sulfate is able to oxidize two moles of
organic carbon all the way to DIC. Evidence, however, indicates that the reduction of
Mn(IV/111) and Fe(l11) oxides by metal-reducing bacteria may also contribute to a
significant fraction of carbon remineralization processes in environments with significant

inputs of minerals (Canfield et al., 1993; Lowe et al., 2000; Thamdrup and Canfield, 1996;
2
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Kostka et al., 2002; Meiggs and Taillefert, 2011; Beckler et al., 2016), despite the fact that
two moles of Mn(1V) and four moles of Mn(l11) or Fe(l11) are required to oxidize one mole
of organic carbon. In these environments, the importance of metal oxides on carbon
remineralization processes partly relies on their recycling upon exposure to oxygen (van
der Zee et al., 2002; Wehrmann et al., 2014). As the abiotic oxidation of Fe** by dissolved
oxygen is extremely fast at circumneutral pH (Sung and Morgan, 1980; Davison and Seed,
1983; Millero et al., 1987), a significant fraction of the oxygen consumption rate in
sediments may be attributed to the recycling of Fe(l11) oxides near the sediment-water
interface. On the other hand, the abiotic oxidation of Mn?* by dissolved oxygen is slow at
circumneutral pH (Diem and Stumm, 1984; Davies and Morgan, 1989) and Mn*-oxidizing

bacteria are required to facilitate the recycling of Mn(IV) oxides (Tebo et al., 2004).

Unfortunately, microbial reduction of Mn(IV/111) and Fe(l11) oxides is difficult to
demonstrate directly in the field, as unique molecular or genetic markers for these
processes have yet to be identified (DiChristina et al., 2005). In addition, dissolved sulfide
produced by sulfate reduction is a great reductant of both Mn(1V/I11) (Burdige et al., 1985;
Herzage and dos Santos Afonso, 1995) and Fe(l11) oxides (dos Santos Afonso and Stumm,
1992; Peiffer et al., 1992). As these reactions simultaneously remove dissolved sulfide and
generate Mn** and Fe?* in pore waters, it is difficult to differentiate sulfide-driven reduction
of these metal oxides from microbial metal reduction, especially in iron-rich sediments
where a cryptic sulfur cycle may be responsible for the production of Fe** in the pore
waters (Aller et al., 2010). Similarly, the precipitation of FeS in the presence of excess

dissolved sulfide (Pyzik and Sommer, 1981; Rickard, 1995) and the eventual generation of
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pyrite (Rickard and Luther, 1997) represent two additional processes that scavenge
reduced iron and dissolved sulfides from the pore waters. The occurrence of these
processes can be inferred from the solid phase, however, as FeS is a dense black
precipitate. Chemical tracers of microbial iron reduction and precipitation of FeS were
recently adopted to identify the zones of sulfate reduction in situ without the addition of
radiotracers (Beckler et al., 2016). In this approach, organic-Fe(l111) complexes detected by
voltammetric mercury-gold amalgam (Hg/Au) microelectrodes below the oxygen
penetration depth were used as proxy for microbial iron reduction, as these complexes are
produced as intermediates during the reduction of Fe(l11) oxides by several strains of the
Shewanella genus (Taillefert et al., 2007; Jones et al., 2010). In addition, the existence of
organic-Fe(l11) complexes in oxygen-depleted pore waters indicates that sulfate reduction
IS not ongoing, as the reduction of these Fe(111) complexes by dissolved sulfide is
extremely fast (Taillefert et al., 2000a). Simultaneously, FeS,,, clusters detected by
voltammetric Hg/Au microelectrodes may be used as proxy for the zone of sulfate
reduction, as these clusters are intermediates in the precipitation of FeS (Theberge et al.,

1997; Rickard et al., 1999; Taillefert et al., 2000a; Rickard, 2006).

In this paper, the coupling between iron and sulfur biogeochemistry in the sediments from
the active lobe complex of the Congo River deep-sea fan is examined using both field

measurements and theoretical model considerations. Sediments from the levees along the
main channel of this deep-sea fan are compared to those off axis, including an old extinct
channel. In addition, the sediment geochemistry is examined in discrete habitats colonized

by micro- and megafauna along the main channel to determine the biogeochemical
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conditions that lead to the existence of these unsual ecosystems.

2.0 Sampling and Methods

Sediment cores from the active lobe complex of the Congo River deep-sea fan were
obtained using either a multicorer or by the ROV Victor 6000 (Ifremer, Brest, France) from
5 stations approaching 5,000 m depth and up to 800 km offshore (Figure 1) during a cruise
on the N/O Pourquoi Pas? (Ifremer, Brest, France) from December 2011 to January 2012
(Rabouille, 2011). Stations were located along two perpendicular transects: one along-axis
extending from the entrance of the main channel to the main present deposition zone (Site
A, 4755-4769 m; Site F, 4861-4868 m; Site C, 4944-4967 m); and one off-axis from the
entrance of the canyon (Site A), to a station ~10 km north from the active channel (Site B,
4816-4823 m), and to an extinct channel no longer receiving turbidite flows (Site E, 4750
m). The multicorer was used to sample sediments from the levees along the active channel,
whereas the push cores were deployed from the ROV Victor 6000 around discrete habitats
that were either deeply reduced, populated by microbial mats, or colonized by
chemosynthetic megafauna, including species of Vesicomyidae bivalves (Table 1). More
details on the stations and the sampling locations along the Congo River deep-sea fan are
provided in the first paper of this special edition (Rabouille et al., this issue). Sediment
cores from the multicorer (7 cores) consisted of 9.6 cm ID x 70 cm long cores, whereas
push cores obtained by the ROV (10 cores) consisted of 6 cm ID x 50 cm long cores. Cores
were immediately processed after recovery by first measuring depth profiles of the main
redox species and pH in the intact cores at 4°C using voltammetric and potentiometric

microelectrodes. Pore waters were then extracted from the same cores under N,
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atmosphere in a glove bag and in a cold room to maintain in situ temperature (4°C).
Sediment cores were sliced in sections of typically 7 mm and centrifuged under N,
atmosphere at 3000 rpm for 10 minutes to extract pore waters. The supernatant was then
collected with syringes under N, atmosphere, filtered through 0.2 um PES Puradisc syringe
filters (Whatman), and either stabilized in HCI 0.1 M, added to reagents for colorimetric
detection (iron speciation and orthophosphate), preserved unacidified for immediate
analysis (silicates, dissolved inorganic carbon, ZNO, = NO,+NOy), or frozen for analyses
at a later date (sulfate, chloride, ammonium). The leftover sediments were stored at -20°C
until the ship returned to port, then were shipped on dry ice to Georgia Tech for chemical

extractions.

Depth profiles of the main redox species Oy, Fe**, Mn*, ZH,S = (H,S + HS + S@ + S.%),
as well as S,05* (Brendel and Luther, 1995), organic-Fe(l1l1) complexes (Taillefert et al.,
2000a), and FeS,, clusters (Theberge and Luther, 1997) were detected by voltammetry with
a single solid state mercury-gold (Hg/Au) voltammetric microelectrode encased in Pyrex
glass with a tip diameter < 1 mm. The voltammetric microelectrode was lowered in the
sediment cores maintained at 4°C with an ice bath via a computer-operated Analytical
Instrument Systems, Inc. (AIS, Inc.) micromanipulator capable of submillimeter
increments. The voltammetric microelectrode was used as part of a 3-electrode system
consisting also of Ag/AgCl reference and Pt counter electrodes positioned in the overlying
waters during the measurements. All voltammograms were obtained with a AlS, Inc.
DLK-60 or DLK-100 potentiostat. Solid-state Hg/Au voltammetric microelectrodes and

reference and Pt counter electrodes were constructed as previously reported (Brendel and
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Luther, 1995; Luther et al. 2008). The mercury amalgam was plated on the gold surface of
the voltammetric microelectrode by maintaining the electrode at -0.1 V for 4 minutes in a
0.1 M Hg(NOg); solution in 0.05 M HNO:; and stabilized by applying a potential of -9.0 V
at the Hg/Au microelectrode in a 1 M NaOH solution for 90 seconds (Brendel and Luther,
1995). The AgCI coating was formed on the reference electrode by applying +9V between

the Ag wire and a Pt electrode (Brendel and Luther, 1995).

Dissolved O, was detected by linear sweep voltammetry (LSV) using a scan rate of 200
mV/s between -0.1 V and -1.85 V to quantify both the current waves of O,., and the H,0,
intermediate formed at the surface of the electrode. All other species were detected by
cathodic square wave voltammetry using a 200 mV/s scan rate between -0.1 V and -1.75 V
after a conditioning step at -0.1 V for 10 sec. to clean electrodes between measurements. If
organic-Fe(l11) complexes or dissolved sulfides were detected an additional conditioning
step at -0.9 V for 10 s was added before each measurement to clean the electrodes
(Taillefert et al., 2000b; Luther et al., 2008; Tercier-Weber and Taillefert, 2008). If sulfide
concentrations were high, anodic square wave voltammetry between -1.75 V and -0.1 V at
a scan rate of 200 mV/s and without conditioning step was preferred to measure H,S, as it
minimizes the formation of HgS double films on the electrode surface (Davison et al.,
1988). As overlying waters were not fully oxygenated, Hg/Au voltammetric
microelectrodes were calibrated for O, externally in a 0.54 M NaCl solution equilibrated
with the atmosphere at 4°C. Hg/Au voltammetric microelectrodes were then calibrated for
Mn?* in a MnCl, solution (0 to 400 uM), and the pilot ion method (Brendel and Luther,

1995; Luther et al., 2008) was used to infer concentrations of Fe** and XH,S in samples. As
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the exact chemical composition of the organic-Fe(l11) complexes and FeS,,; are unknown,
their voltammetric responses are directly reported in current intensities (Taillefert et al.,
2000a). To compare the signal intensities of these species measured at different electrodes,
each electrode’s response to Mn?* was normalized to a typical Mn? response, and this ratio
was used to adjust the current response of the unquantifiable analytes. Peak heights were
determined using a semi-automated VOLTINT software package (Bristow and Taillefert,
2008). Depth profiles of pH were obtained within 2 cm of the voltammetric microelectrode
by lowering a 11 cm long double junction pH microelectrode of < 1 mm diameter
(Microelectrodes, Inc.) on the same micromanipulator and recording potentials with the
AIS, Inc. DLK potentiostat. The pH microelectrode was calibrated externally by recording
the potential and temperature of a TRIS buffer in artificial seawater (Dickson, 1993) before
and after deployments, and the Nernst equation was used to calculate the pH from potential
and temperature measurements (Skoog and Leary, 1996). Although pH values may be
affected by changes in the carbonate saturation state of the pore waters due to changes in
pressure upon recovery of the sediment, the relative pH changes with depth can still be

used to study the biogeochemical processes involved in these sediments.

Soluble orthophosphates (XPO,*) were measured colorimetrically onboard the ship using
the molybdate-blue method (Murphy and Riley, 1962). Dissolved inorganic carbon (DIC)
was measured by flow-injection analysis (Hall and Aller, 1992) immediately after
sampling. The speciation of iron was also measured colorimetrically onboard the ship in
filtered samples by the ferrozine method (Stookey, 1967) after reduction with 0.2 M

hydroxylamine hydrochloride in HCI 0.1 M to quantify total dissolved Fe or without
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reductant to quantify dissolved Fe*. The concentration of XNO, (= NO; + NO,) was
measured by flow-injection analysis after reduction with cadmium (Hale et al., 2004)
onboard the ship, whereas ammonium was quantified spectrophotometrically (Strickland
and Parsons, 1974) back at Georgia Tech. Finally, poorly crystalline and crystalline iron
were determined in triplicate by ascorbate and dithionite extractions with ferrozine
analysis (Kostka and Luther, 1994) at Georgia Tech. A select number of samples were also
analyzed for acid volatile sulfide (AVS) by voltammetry after extractions with 0.3 M HCI

according to previous methodologies (Henneke et al., 1991).

The saturation state of the pore waters with respect to mackinawite as a function of depth in
each sediment core was calculated from the concentrations of total dissolved sulfide
(ZH,S) and Fe** measured by voltammetry and the pH measured simultaneously by
potentiometric microelectrode. The mackinawite solubility constant of log K,, = 3.5
(Rickard, 2006) was used for these calculations. The speciation of sulfide was calculated
with an acid-base constant of pKa, = 6.88 (Millero, 1986), assuming ZH,S constituted only
of H,S and HS'. Finally, the activity coefficients of H,S and Fe* in seawater were
calculated using Pitzer’s equation (Beckler et al., 2016). The saturation index was reported

as the logarithm of the ion activity product of the reaction over the solubility constant.

Diffusive oxygen uptake (DOU) fluxes and the maximum upward diffusive fluxes of Mn*,
Fe**, ZH,S (assuming HS constituted the majority of £H,S), dissolved inorganic carbon
(DIC; assuming HCO; constituted the majority of DIC), and NH," were calculated from

the pore water data of each sediment core using Fick’s first law according to a previous
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method (Beckler et al., 2016). Molecular diffusion coefficients of the ions were corrected
for temperature using empirical relationships (Boudreau, 1997), whereas that of dissolved
oxygen was calculated at the pressure, salinity, and temperature of the in situ environment
(Boudreau, 1997). The effect of tortuosity on diffusion coefficients was accounted for
using Archie’s law (Ullman and Aller, 1982), and concentrations were modified to account
for the porosity of the sediment. Finally, the contribution of each anaerobic process to
carbon remineralization was quantified assuming DOU fluxes represented the ultimate

oxidant.

3.0 Results

3.1 Diagenetic processes in levee sediments

Sediments from the levees displayed similar depth profiles of the main redox constituents
involved in the diagenesis of natural organic matter along the main channel from the
bottom of the slope (Site A), to midway along the channel (Site F), and to the youngest lobe
(Site C). The penetration depth of dissolved oxygen varied between 6 and 8 mm at Site A
and Site C to around 14 mm at Site F, and these sediments were dominated by iron
reduction as evidenced by the production of Fe* in the pore waters of each sediment core
(Figure 2a-c). Reduced iron was produced within ca. 20 mm from the oxygen penetration
depth in Site A sediments, in concentrations that reached up to 700 uM by 80 mm and
remained constant deeper (Figure 2a). In contrast, Fe** was only produced in the pore
waters below 80 mm at Site F and increased in two different gradients, a small one between
68 and 130 mm that reached about 100 uM Fe*, and a large gradient below 140 mm to

reach as much as 650 uM at 165 mm depth (Figure 2b). Finally, reduced iron was produced
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within 15 mm from the oxygen penetration depth at Site C to form a subsurface peak of 290
uM Fe** at 27 mm, then decreased below that depth to reach a concentration stabilizing
between 100 and 180 uM below 50 mm (Figure 2c). The production of Fe** was mirrored
by the production of organic-Fe(l11) complexes at depth in the sediments of Site A, Site F,
and Site C with current intensities that generally decreased moving out from the bottom of
the slope (Site A) along the banks of the main channel (Site F) to the youngest lobe (Site C)
at the end of the fans (Figure 2a-c). Reduced manganese was only detected below 45 mm at
Site C in the levee sediments (Figure 2¢) and increased asymptotically below that depth to
a maximum of 200 uM in the pore waters. Nitrate/nitrite (XNO, = [NO;] + [NO,])
decreased from about 25 uM in the overlying waters to below detection limit by 20 mm at
all three stations along the main channel (Figure 2a-c). Interestingly, a subsurface peak in
2NO, was observed below the zone of denitrification in each of these three stations with
maxima of 110 uM 45 mm below the sediment-water interface at Site A (Figure 2a), 7 uM
at 45 mm at Site F (Figure 2b), and 55 uM at 35 mm at Site C (Figure 2c) that generally
coincided with the onset of Fe** in the pore waters. Although more research on the origin of
these =NO, subsurface maxima is needed, their possible link to the onset of Fe**
production suggests that Fe(l11)-coupled anaerobic nitrification (Huang and Jaffe, 2015)
may be ongoing in these sediments. Total dissolved sulfide and voltammetric signals for
aqueous clusters of FeS were never detected in any of the pore waters in the levee
sediments, suggesting that sulfate reduction was not established in levee near-surface
sediments along the main channel (Figure 2a-c). The pH behaved similarly in all levee
sediments along the main channel: At Site A, it decreased linearly from 8.1 in the overlying
waters to ca. 7.5 at 10 mm, then in another linear gradient to 7.3 at 60 mm, before

11
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rebounding slightly to 7.4 below 160 mm (Figure 2a). At Site F and Site C, the pH
decreased asymptotically from around 8.0 in the overlying waters to 7.35 at 55 mm at Site
F (Figure 2b) and 7.2 at 40 mm at Site C (Figure 2b), then stabilized around these values
deeper. Not surprisingly, the concentrations of total reactive iron oxides obtained by
dithionite extraction were extremely high in the iron reduction-dominated levee sediments,
reaching up to 600 umol gdw™ at Site A, 1000 umol gdw™ at Site F, and 1100 umol gdw™ at
Site C (Figure 2a-c). More remarkable, was the observation that most of the total reactive
iron oxide fraction was also extracted by ascorbate (82 +/- 18% at Site A, 67 +/-16% at Site
F, and 78 +/- 18% at Site C), indicating that the iron mineral fraction of most of these
sediments constituted of highly reactive poorly crystalline iron oxides such as ferrinydrite.
Dissolved inorganic carbon (DIC) was produced in all the levee sediments and increased
rather constantly from around 2 mM at the sediment-water interface to approximately 8
mM at 105 mm at Site A, 6 mM at 130 mm at Site C, and 13.5 mM at 135 mm at Site F
(Figure 2a-c). Simultaneously, the depth profiles of NH," mirrored those of DIC and
increased from a few micromolar below the maximum penetration depth of dissolved
oxygen to a maximum of 300 uM at Site A and Site C (Figure 2a and c), and 480 uM at Site
F (Figure 2b). Finally, soluble orthophosphate (XPO,*) were generally low in the pore
waters of the levee sediments but, as with DIC, increased rather constantly with depth from
below detection limit at the sediment-water interface to 4 uM 120 mm below the
sediment-water interface at Site A (Figure 2a), 30 uM at 115 mm at Site F (Figure 2b), and

6 uM at 115 mm at Site C (Figure 2c).

Diagenetic processes off axis from the active channel generally decreased in intensity from
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the levees at Site A, to Site B located slightly off axis, and to Site E an old extinct channel
further north of the active channel. Although dissolved oxygen was completely consumed
in the off axis sediments, the oxygen penetration depth increased from ~ 8 mm at Site A
(Figure 2a), to ~13 mm at Site B (Figure 2d), and to more than 60 mm at Site E (Figure 2e),
indicating a decrease in respiration intensity. In addition, pore water Fe** concentrations
were much lower and organic-Fe(l11) complexes were not detected in appreciable currents
in the top sediments (< 90 mm) at Site B even if iron reduction dominated respiration
processes in these sediments (Figure 2d). A small subsurface Fe** peak was found below
the oxygen penetration depth, but Fe** concentrations decreased below 20 mm to below
detection limit by 60 mm. Reduced iron reappeared at 90 mm, increased to a maximum of
220 uM Fe** at 120 mm, then stabilized until 165 mm concomitantly with organic-Fe(l1l)
complexes. Although organic-Fe(l11) signals remained relatively constant deeper, Fe** was
abruptly removed from the pore waters at 165 mm and disappeared by 190 mm. In turn,
evidence for iron reduction was not found in the sediments of the extinct channel, as Fe**
was never detected in the pore waters and organic-Fe(l11) currents were only produced in
low current intensities below 80 mm (Figure 2e). Although a subsurface peak in *NO,  was
found immediately below the sediment-water interface in Site B sediments (Figure 2d),
denitrification was complete by the oxygen penetration depth (~ 20 mm), and another
subsurface peak was found between 40 and 70 mm, as at the stations along the main
channel, though in much lower concentrations (ca. 7 uM). In contrast, XNO,
concentrations only peaked immediately below the sediment-water interface in Site E
sediments and gradually decreased to below detection limit at 90 mm depth (Figure 2e). As
in the other sediments, the pH profiles of the two stations off axis from the main channel
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decreased below the sediment-water interface with a gradient that mirrored the dissolved
oxygen profile. As metal reduction was not intense at both stations, the pH remained
constant throughout both sediments around 7.2 at Site B (Figure 2d) and around 7.8 at Site
E (Figure 2e). The lower reduction intensity at these two stations correlated with the
generally lower concentrations of total reactive iron oxides in the solid phase. Although
variable, concentrations of total reactive iron oxides obtained by the dithionite extraction at
Site B and Site E did generally not exceed 500 umol g*, and the fraction of ferrihydrite was
relatively large (80 +/- 24% at Site B and 85 +/- 22% at Site E). In agreement with the
decrease in respiration intensities off axis from the main channel, DIC concentrations
gradually increased from around 2 mM below the sediment-water interface to a maximum
of 11 mM at Site B and 5 mM only at Site E (Figure 2d-e). Similarly, NH,* concentrations
increased from a few micromolar below the oxygen penetration depth to 380 uM at Site B
and 100 uM Site E, whereas dissolved orthophosphate concentrations only reached 2 uM

at Site B and 8 uM at Site E.

3.2 Diagenetic processes in the sediments along the active channel

3.2.1 Vesicomyidae habitats

Habitats dominated by Vesicomyidae displayed extreme gradients within tens of
centimeters from the center of active habitats observed at Site A (Figure 3) and Site C
(Figure 4), as well as from a patch of dead organisms collected at Site B (not shown).
Outside these habitats (Figure 3c and Figure 4c), diagenetic processes remained intense as
dissolved oxygen was removed within 3 mm from the sediment-water interface at Site A

(Figure 3a), 4 mm at Site B (not shown), and 5 mm at Site C (Figure 4a) (see also Pozzato
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et al., this issue for fine scale oxygen measurements). Anaerobic respiration processes were
dominated by iron reduction just outside the active patches with Fe** concentrations
reaching as much as 600 uM immediately under the oxygen penetration depth at Site A,
oscillating between 450 and 600 uM within the first 2 cm from the sediment-water
interface, before decreasing and stabilizing at 200 uM below 30 mm (Figure 3a). At Site C,
Fe** was produced briefly along with Mn* between 5 and 10 mm and reappeared below 20
mm at concentrations oscillating around 200 uM (Figure 4a). Simultaneously, relatively
small voltammetric signals for organic-Fe(l11) were found below 10 mm at Site A, forming
a peak of 30 nA at 23 mm, then decreasing and oscillating between 10 and 20 nA deeper
(Figure 3a). In contrast, organic-Fe(l11) complexes were produced simultaneously with
Fe** and increased with depth to much higher current intensities at Site C (Figure 4a).
Although FeS,, was not detected outside the Vesicomyidae habitat at Site A, XH,S were
detected in these sediments but remained below 5 uM across the entire profile (Figure 3a).
In contrast, ZH,S were always below detection limit outside the patch at Site C, but
relatively high voltammetric signals for FeS,,, were detected throughout the profile,
including a subsurface peak just above the onset of Fe** production (Figure 4a). Finally, the
pH decreased concomitantly with dissolved oxygen, from 7.8 at 10 mm above the sediment
surface to ca. 7.5 at the sediment-water interface at Site A (Figure 3a), suggesting aerobic
respiration and Fe?* oxidation were significant at the sediment-water interface, and
remained constant below the sediment-water interface. The pH also appeared to mirror the
dissolved oxygen profile at Site C but decreased to 6.8 around 5 mm, then rebounded
deeper to reach up to 7.3 around 65 mm (Figure 4a). Outside the dead Vesicomyidae
habitats observed at Site B, anaerobic respiration processes were much less intense, and
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these sediments generally displayed high thiosulfate concentrations, low H,S

concentrations, and absence of Fe** and organic-Fe(l11) complexes (not shown).

The habitats dominated by active Vesicomyidae at Site A and Site C (Figure 3c and Figure
4c) were in turn characterized by two different redox regimes (Figure 3b and Figure 4b).
First, the depth of oxygen penetration was less than 2 mm below the sediment-water
interface in both patches, suggesting that respiration was extremely intense in these
sediments. Only small concentrations of Fe*" were recorded, and a moderate subsurface
peak of organic-Fe(l11) complexes was found within 40 mm from the sediment-water
interface at Site A (Figure 3b), whereas a peak in Fe** and organic-Fe(l1l) complexes
reaching ca. 250 uM and 280 nA were observed within the first 40 mm at Site C (Figure
4b). Although XH,S were not detected over the first 40 mm at Site A and Site C, small
FeS.., signals were formed over that distance at Site A (Figure 3b) suggesting sulfide was
formed in that zone or diffused from below. At Site C, evidence for sulfate reduction was
not detected above 40 mm (Figure 4b). Below 40 mm, the concentration of £H,S increased
up to 3500 uM between 50 and 70 mm at Site A, then decreased to around 2500 uM
deeper, while voltammetric signals for FeS, remained below detection (Figure 3b). At
Site C, H,S were below detection limit until 140 mm, where small concentrations were
observed (<10 uM), but small FeS, signals were formed below 120 mm, indicating the
presence of sulfate reduction (Figure 4b). The pH reflected the presence of these two redox
zones. It gradually decreased from 7.6 at the sediment-water interface at Site A to 7.47 at
40 mm, then rebound deeper to 7.65 at 90 mm (Figure 3b). The pH sharply decreased from

7.9 in the overlying waters at Site C to 7.3 at 7 mm, remained constant until 40 mm, then
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rebounded gradually to a maximum of 7.5 at 150 mm (Figure 4b). Solid FeS was only
quantified at Site A, where it increased below the sediment-water interface from around 30
to 100 umol g* between 40 and 50 mm, then decreased drastically below that depth (Figure
3b). Finally, DIC, NH,*, and ZPO,* reflected the intensity of sulfate reduction in the
Vesicomyidae habitats at both Site A and Site C. They increased from 3 mM DIC, 250 uM
NH,*, and 50 uM PO,* at the sediment-water interface at Site A to a maximum of 15 mM
DIC, 2200 uM NH,*, and 100 uM XPO,* at 56 mm, then decreased slightly below (Figure
3b). At Site C, DIC, NH,*, and 2PO,* increased from 3 mM, 26 uM, and 0.7 uM below the
sediment-water interface to 50 mM DIC, more than 6000 uM NH,", and almost 800 uM
>PO,* at 130 mm deep (Figure 4b), with a sharp break at 8 cm possibly linked to
bioirrigation by Vesicomyidae. These large concentration increases most probably reflect
the extremely high intensity of anaerobic respiration in the sediments of this established
Vesicomyidae habitat. In contrast, anaerobic respiration activity was limited in the patch of
dead Vesicomyidae at Site B, as indicated by the lack of iron reduction, the production of
dissolved sulfide detected only below 160 mm, and the presence of large concentrations of

thiosulfate (not shown).

3.2.2 Reduced sediments and microbial mats

Depth profiles of the main redox species involved in the respiration of NOM in reduced
sediments (Figure 5a) and microbial mats (Figure 6a) from Site C also displayed
sulfate-reducing conditions immediately below the sediment-water interface (Figure 5b
and Figure 6b). These two habitats, however, displayed some contrasting features that

merit to be highlighted. Whereas the maximum oxygen penetration depth in the reduced
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sediment sampled was at the sediment-water interface (Figure 5b), that of the white
microbial mat was around 5 mm (Figure 6b). Simultaneously, the intensity of sulfate
reduction was so intense in the reduced sediment that around 3000 uM XH,S was found
between 25 and 100 mm from the sediment-water interface and £H,S even diffused across
the sediment-water interface (Figure 5b). In the white mat, however, only 500 uM H,S
was produced between 30 and 40 mm depth, and though XH,S appeared to diffuse upward,
it disappeared by 13 mm depth and a small peak in thiosulfate, a product of sulfide
oxidation, reaching 180 uM was found between 4 and 13 mm (Figure 6b). The production
of 2H,S in both environments was also accompanied by the production of between 500 and
1500 uM Mn?** (Figure 5b) and between 300 and 500 uM Mn?* (Figure 6b) in the pore
waters of the reduced sediment and white mat, respectively. More importantly, FeS,,
signals that mirrored the XH,S profiles were found in both systems and reached some of the
highest current intensities ever recorded (e.g. Beckler et al., 2016; Brendel and Luther,
1995; Bull and Taillefert, 2001; Meiggs and Taillefert, 2011; Rickard et al., 1999;
Taillefert et al., 2000a; Taillefert et al., 2002; Tercier-Waeber and Taillefert, 2008) in the
reduced sediment (ca 220 nA, Figure 5b) and between 40 and 80 nA in the white mat
(Figure 6b). Simultaneously, the pH decreased from 8.05 at the sediment-water interface of
the reduced sediment to ca 7.75 at 11 mm and remained constant deeper in the sediments
(Figure 5b). It also decreased from 7.9 in the overlying waters to a minimum of 7.5 in the
suboxic zone of the white mat, then rebounded with the production of H,S to a maximum
of 7.65 (Figure 6b). Finally, solid phase FeS was also found in high concentrations in the
reduced sediment, and DIC, NH,*, and ZPO,* byproducts of the respiration of NOM
reached between 45 and 50 mM DIC, almost 4000 uM NH,*, and ca. 400 uM XPO/*
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(Figure 5b). These concentrations could not be determined in the white mats, as intact

samples could not be collected.

4.0 Discussion

4.1 Microbial iron reduction in levee sediments

Sediments from the levees of the active lobe complex of the Congo River deep-sea fan are
largely dominated by Fe reduction due to the large input of terrigenous material from the
Congo canyon and the large proportion of reducible iron substrate present in this
particulate material (Figure 2). As a result, levee sediments are characterized by low
oxygen penetration depths (< 10 mm for Site A, Site B, and Site C and 15 mm for Site F)
and relatively large concentrations of dissolved Fe** (Figure 2a-d) in contrast to an extinct
channel (Site E) which displays large oxygen penetration depths (~70 mm) and no
detectable dissolved Fe?* in the pore waters (Figure 2¢). Several lines of evidence indicate
that microbial reduction is likely responsible for the formation of Fe** in levee sediments of
the active channels. First, a good correlation is found between organic-Fe(l11) and Fe** at
all the sites (Figure 7), indicating that organic-Fe(l11) complexes are formed concomitantly
with Fe*. Electrochemical signals with Au/Hg voltammetric microelectrodes have
demonstrated the presence of soluble Fe(l11) complexed by organic ligands in suboxic
marine sediments after collection (Brendel et al., 1995; Rickard et al., 1999; Taillefert et
al., 2000a; Bull and Taillefert, 2001; Taillefert et al., 2002) and in situ using benthic
landers (Tercier-Waeber and Taillefert, 2008; Meiggs and Taillefert, 2011; Beckler et al.,
2016), demonstrating that the presence of these complexes does not result from artifacts

during sampling. As these complexes react extremely rapidly with dissolved sulfides
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(Taillefert et al., 2000a), their presence in significant current intensities in levee sediments
indicate either absence of dissolved sulfides in these sediments or higher rates of formation
of these complexes compared to consumption by dissolved sulfide. Although the
mechanism of formation of soluble organic-Fe(l11) complexes in anaerobic sediments is
currently unknown, non-reductive dissolution of poorly crystalline Fe(l11) oxides by
multidentate organic ligands may occur at circumneutral pH (Zinder et al., 1986; Bondietti
et al., 1993; Luther et al., 1996). Non-reductive dissolution of Fe(lll) oxides, however,
cannot explain the simultaneous production of Fe** and organic-Fe(l11) complexes in the
levees pore waters. These complexes are produced simultaneously with Fe** as
intermediate products in the bacterial reduction of iron oxides (Taillefert et al., 2007;
Fennessey et al., 2010; Jones et al., 2010). It was also recently proposed that
bacterially-produced Fe?* may be chelated by dissolved organic matter and oxidized
abiotically by Fe(l11) oxides to generate organic-Fe(l1l) complexes in coastal sediments
(Beckler et al., 2015). Regardless of the exact mechanism, bacterial involvement in the
simultaneous generation of Fe** and organic-Fe(l11) complexes suggests that microbial iron
reduction represents a significant component of anaerobic respiration in levee sediments.
Second, poorly crystalline Fe(l11) oxides likely represent the main source of Fe* in these
sediments, as they constitute between 80 and 100% of the total concentration of reactive
Fe(l11) oxides available in these sediments (Figure 2). Poorly crystalline Fe(l11) oxides are
highly bioavailable (Kostka et al., 1999; Roden, 2003), and thermodynamics predicts that
the energy available from these Fe(lll) oxides is much more favorable than that from
sulfate reduction, despite the large concentration of sulfate in seawater (Beckler et al.,
2016). Third, dissolved sulfide (minimum detection limit < 0.2 uM) and FeS,,;, species
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were never detected by voltammetric microelectrodes in any of the pore waters from levee
sediments (Figure 2), sulfate concentrations remained constant around 28 mM in the pore
waters (not shown), the sediments consisted of bright brown muds (not shown), typical of
Fe(I11) oxides-rich sediments, and AVS analyses confirmed that FeS was not formed in
these sediments (not shown, minimum detection limit ~ 40 nmol g™). Finally, DIC
concentrations essentially increased by a factor of 2 to 3 and sometimes 6 at depth in these
sediments relative to the overlying waters (Figure 2), demonstrating anaerobic respiration
is significant despite the absence of Mn?* in most of the pore waters (Figure 2), relatively
low nitrate concentrations typically found in the top 5 cm of the sediment (Figure 2), and
lack of detectable sulfate reduction at least in the top 50 cm of these sediments. Evidence
for microbial iron reduction in marine sediments is limited to environments with high
deposits of Fe(l11) oxides, namely sediments fed with materials from rivers. Estuarine
sediments consist of the majority of these cases (Jones et al., 2011; Meiggs and Taillefert,
2011; Beckler et al., 2015), and deep-sea hydrothermal environments have been reported to
contain unusual amounts of Fe(l11) oxides that may sustain microbial iron reduction
(Homoky et al., 2011). In turn, mounting evidence indicates that continental margin
sediments exposed to inputs from large rivers may provide enough inorganic and organic
material to sustain microbial iron reduction in deep-sea sediments (Aller et al., 1986; van
der Zee et al., 2002; McKee et al., 2004; Beckler et al., 2016). The role of these
environments on the carbon cycle has been largely ignored as sulfate reduction has always
been considered the main anaerobic terminal electron accepting process (e.g. Lin and
Morse, 1991) and only one electron from Fe(l11) reduction is available to oxidize carbon.
As Fe* is rapidly reoxidized by dissolved oxygen, the Fe(lll) oxide could easily be
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recycled near the sediment-water interface and maintain iron-reducing conditions in
surficial sediments (van der Zee et al., 2002; Wehrmann et al., 2014) until enough reactive
organic carbon is buried to promote sulfate reduction deeper in the sediment. At that point,
dissolved sulfide could diffuse toward the sediment-water interface, permanently scavenge
iron by forming sulfur minerals, and shifting the entire sediment column to

sulfate-reducing conditions.

4.2 Discrete habitats dominated by dissimilatory sulfate reduction

Although the sediments of the lobe complex are mainly dominated by microbial iron
reduction, numerous discrete habitats, including reduced sediments and sediments
colonized by microbial mats and Vesicomyidae, exhibit large concentrations of dissolved
sulfide (Figure 3, 5, and 6). Interestingly, these environments are mostly present along the
flanks of the active channel (Sen et al., this issue). These sediments represent hot spots of
sulfate reduction, as background sediments around these habitats exhibit contrasting pore
water geochemistries with large concentrations of dissolved iron (e.g., Figure 3a and 4a)
and sometimes mixtures of Fe** and tracers of sulfate reduction (i.e. FeS, clusters), but no
or little dissolved sulfide, especially in sediments at the edge of these discrete habitats
(Figure 3a and 4a). From these contrasting geochemical observations and the sharp (i.e. not
diffuse) boundaries of the habitats, we propose that the input of electron donor in the
discrete habitats increases sulfate reduction rates and thus sulfide production rates in
excess of microbial iron reduction rate in the Fe(l11) oxide-dominated background. As a
result, a titration process is triggered, in which FeS precipitates fast enough to consume

most of the dissolved iron (Figure 8). The sharp boundary observed between the discrete

22



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

habitat and background thus represents the consequence of this active “titration”
mechanism between iron and sulfide, with diffusion supporting dissolved components
from both sides. These findings suggest that these hot spots of a couple of meters wide are
either fueled by discrete reactive organic carbon material that promotes heterotrophic
sulfate reduction and diffusion of dissolved sulfide or cold seeps of advected methane-rich
fluids that promote anaerobic methane oxidation coupled to sulfate reduction (Caldwell et
al., 2008). The concentration of NOM is high throughout the Congo River deep-sea fans
(Rabouille et al., 2009; Baudin et al., 2010; Stetten et al., 2015) but also highly
homogeneous as a function of depth (Baudin et al., 2010; Stetten et al., 2015). In addition,
methane advection from a deep reservoir as in cold seeps has not been detected in these
sediments (Rabouille et al., this issue), suggesting that discrete reactive organic carbon
may be the source of these hot spots that allow sulfate reduction to be complete and

methanogenesis to evolve (Pastor et al., this issue).

4.3 Metal reduction in sediments along the main channel

The concentration of total dissolved sulfide (ZH,S) can be represented versus dissolved
Mn?* (Figure 9a) and Fe** (Figure 9b) at depth in each of the sediments of the levees and the
main channel at Site A, Site B, Site C, Site E, and Site F to determine whether the
production of the reduced metals is driven by abiotic reduction of Mn(111/1V) (Burdige and
Nealson, 1985; Herzage and dos Santos Afonso, 2003) and Fe(l11) oxides (dos Santos
Afonso and Stumm, 1992; Peiffer et al., 1992) by ~H,S. As %2 or one mole of reduced
sulfur is required to reduce these metal oxides abiotically and form S(0) as by-product, any

total dissolved sulfide concentration above the 1:1 line for Mn** (Figure 9a) and 1:2 line for
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Fe?* (Figure 9b) indicates excess sulfide is produced in these sediments and suggests the
production of reduced metal is controlled by abiotic reduction of their respective metal
oxides. Interestingly, the concentration of XH,S in the pore waters of all the sediments
producing Mn* in solution is on (white mat at Site C) or above the 1:1 line (reduced
sediments at Site C and Vesicomyidae patch at Site A) (Figure 9a), demonstrating that the
production of Mn* in the pore waters along the main channel and its lobes is controlled by
the reduction of Mn(111/1V) oxides by the product of sulfate reduction. In turn, £H,S was
not detected in any of the levee pore waters (Figure 2), and thus the ZH,S:Mn? couples all
fall below the 1:1 line in levee sediments (Figure 9a). Although these findings do not
provide proof of the lack of sulfide-driven reduction of Mn(I11/1V) oxides, these data and
the fact that the solubility of MnS is too high (Engler and Patrick, 1975) to remove any
significant sulfides or reduced manganese from the pore waters suggest that Mn?* could be
produced microbially in the levee sediments. Similarly, the concentrations of H.S and
Fe?*at each depth in the sediments of the discrete habitats along the main channel and the
lobes also always fall above the 1:2 lines, except for one depth at Site F, suggesting that
most of the Fe** produced in the pore waters near the discrete habitats is of abiotic origin.
These data suggest that the precipitation of FeS, was also a sink for iron and sulfur in these
sediments, as also indicated by the generally black sediments found at these stations and
the presence of high FeS concentrations in the solid phase (Figure 3b and 5b). Indeed,
equilibrium calculations where sulfide and Fe** were detected simultaneously indicate that
these sediments were supersaturated with respect to mackinawite (Table 2). In addition, the
presence of molecular clusters of FeS in regions of little or no dissolved sulfide (Figure 3b
and Figure 4a and b) or high dissolved sulfides but no Fe** (Figure 5b and Figure 6b)
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provides evidence for active precipitation of FeS, (Taillefert et al., 2000a) or dissolution of
FeS as the solid phase equilibrates with the pore waters (Rickard, 2006). Interestingly, the
pore waters inside the patches were much more oversaturated than those at the periphery of
the patches (Figure 3, Table 2), reflecting the lower concentrations of dissolved sulfides
immediately surrounding the reduced patches of sediment. Finally, the pH also provides
further evidence of FeS precipitation in the pore waters, as most pH profiles in the
sediments of the discrete habitats either remained low and constant around pH 7.4-7.6
(Figure 3a and 5b), or slightly increased to around these values at depth (Figure 3b, 6b, 4a,
and 4b), the range of pH where the solubility of mackinawite is the lowest (Rickard, 2006).
In contrast, ZH,S was never observed in the pore waters of the sediments from the levees,
and the ~H,S and Fe* pore water concentrations all lay below the 1:2 line (Figure 9b), as

was shown with Mn?** (Figure 9a).

4.4 Role of benthic megafauna in iron and sulfur cycle

Simultaneously, the sediments from all the habitats populated by chemosynthetic-based
benthic megafauna at Site A (Figure 3c) or Site C (Figure 4c) as well as some sediments
populated by microbial mats at Site C (Figure 6) showed evidence for a zone of oxidation,
typically in the first 40 mm from the sediment-water interface for habitats populated by
Vesicomyidae (Figure 3b and Figure 4b) or within 10-15 mm from the sediment-water
interface for habitats populated by white microbial mats (Figure 6b). These zones
displayed either limited Fe** concentrations (< 300 uM) and voltammetric signals for
organic-Fe(l11) complexes (Figure 3b and Figure 4b) or sometimes thiosulfate in

significant concentrations (e.g. Figure 6b), all indicative of the oxidation of dissolved
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sulfide or eventually pyrite if dissolved Fe(l1) is able to accumulate, or a lack of build-up
of dissolved sulfide, which allow iron-reducing conditions to develop. These zones were
typically underlined by sharp gradients in dissolved sulfide concentrations (Figure 3b and
Figure 6b), suggesting that sulfide oxidation by the Vesicomyidae symbiont (Dupperon et
al., 2013; Decker et al., this issue) or Beggiatoa-like microbial mats (Sassen et al., 1993;
Sen et al., this issue) is able to maintain suboxic conditions in the top few centimeters of
these habitats. These findings suggest that these habitats are colonized by
chemosynthetic-based benthic megafauna and microbial mats as a result of the existence of
a source of reduced sulfur at depth. Although the localized source of electron donor for
sulfate reduction has yet to be identified, anaerobic oxidation of methane (AOM) coupled
to sulfate reduction appears to be involved below ~10 cm, as anaerobic methanotrophs
(ANMEs) and methane (< 400 uM) have both been found at each of these discrete habitats
and isotopic evidence indicates it is of microbial origin (Pastor et al., this issue). Two main
processes may therefore explain the origin of these discrete habitats: First, these habitats
may be fed by a discrete source of labile natural organic matter that allows diagenetic
processes to proceed all the way to methanogenesis. This labile natural organic matter may
be directly brought from the Congo river (Baudin et al., 2010; Stetten et al., 2015; Baudin
et al., this issue) via turbidity currents. Alternately, the presence of exhumed reduced
sediments containing either dissolved sulfide or iron sulfide minerals on the flanks of the
channels where mass wasting under the form of slumps or debrites was demonstrated
(Dennielou et al., this issue) may explain the colonization of discrete habitats near the
channel flanks. In this context, sulfate reduction is the main anaerobic respiration process,
iron is reduced abiotically and immobilized in the solid phase, and benthic megafauna
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colonizes these patches of reduced sediments that generate sulfide for their symbionts.
Two additional processes may maintain these habitats once colonized by Vesicomyidae.
First, labile organic matter from the degradation of dead benthic megafauna or their
bacterial symbiont may activate sulfate reduction for their survival (Levesque et al., 2005).
Second, the active bioturbation of the top 40 mm by the megafauna may reoxidize Fe** to
more crystalline Fe(l11) oxide phases, such as goethite, which are less thermodynamically
favorable than sulfate reduction in deep-sea environments (Beckler et al., 2016). The
patchy distribution of chemosynthetic-based benthic megafauna in the levee sediments
(Sen et al., this issue) may preserve Fe(l11) oxides under the form of poorly crystalline
material which may also explain why iron reduction conditions are sustained in levee
sediments. Regardless of the process, sulfate reduction is either complete or almost
complete (~2-10 mM sulfate at depth) in the discrete habitats (Pastor et al., this issue) such
that methanogenesis is allowed to develop in the deep sediments. These hypotheses should
be investigated, as evidence for such ecological coupling is scarce in the literature (Olu et

al., this issue).

4.5 Role of Congo River deep-sea fan in carbon mineralization

C:N ratios calculated from regressions between DIC and NH,* concentrations as a function
of depth corrected for their diffusion coefficients in each sediment core collected (Table 3)
reveal generally low values at Site A, the station located at the entrance of the active lobe
complex, compared to most of the cores collected on the levees at Site F and Site C, the
channel stations the farthest from the slope. These findings suggest that natural organic

matter reaching the sea floor at Site A is enriched in nitrogen compared to the material that
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travels far from the slope. Solid phase analyses, however, reveal a high homogeneity in the
composition of NOM across the levees (Baudin et al., 2010; Stetten et al., 2015; Baudin et
al., this issue), with C:N ratios from the solid phase ranging between 15 and 18 at Site A, 14
and 18.5 at Site F, and 14 and 16 at Site C (Stetten et al., 2015). These findings suggest that
the lower C:N ratios obtained from DIC and NH," in the pore waters at Site A are in fact
due to the precipitation of carbonates, such as siderite, in the solid phase. Diffusive fluxes
calculated for dissolved oxygen, ZNO, (assuming nitrate represented the majority of
~NO,), and the reduced metabolites Mn**, Fe** and ZH,S (Table 3) were used to estimate
the fraction of carbon that is remineralized by denitrification (assuming dissimilatory
nitrate reduction to ammonium is not significant), as well as dissimilatory Mn(1V), Fe(l11),
and sulfate reduction in all sediments collected (Figure 10). The diffusive oxygen uptake
(DOU) flux estimates for the levees are in good agreement with the DOU fluxes measured
with oxygen microelectrodes (1-3 mmol m d™; Pozzato et al., this issue). Denitrification
of the subsurface maxima in ZNO, observed in the levee sediments was not considered in
these calculations, as these peaks represent the net difference between production and
consumption at these depths. Denitrification was therefore considered in the top 2 cm at
Site A, Site B, Site C, and Site F, and in the top 8 cm at Site E (Figure 2). Although these
calculations may provide conservative estimates of carbon remineralization processes, as
the abiotic reduction of Mn(1V) and Fe(ll1) oxides by dissolved sulfides, precipitation of
sulfur, iron, and manganese minerals, and adsorption of Mn(l1) and Fe(Il) onto the
sediment apparently decrease the contribution of anaerobic respiration processes to carbon
remineralization (Wenzhofer et al., 2002; Meiggs and Taillefert, 2011), the burial of these
elements in the solid phase equally affects total carbon remineralization rates calculated
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from DOU fluxes. As a result, the relative contribution of each anaerobic respiration
process to total carbon remineralization should be accurate in sediments where sulfate
reduction is not significant and slightly underestimated in sediments where sulfate
reduction titrates Mn(1V) and Fe(l11) oxides. No evidence of dissimilatory sulfate
reduction was found in any of the levee sediments, despite their high carbon content
(Baudin et al., 2010; Stetten et al., 2015). Similarly, dissimilatory manganese reduction did
not contribute to a significant fraction of total carbon remineralization, whereas
denitrification contributed to 4-12% of total carbon remineralization in the levee
sediments. On the other hand, dissimilatory iron reduction accounted for 10 to 25% of
carbon remineralization processes at Site F and Site C, where the most recent deposits are
found (Rabouille et al., this issue), and only between 2 and 6% at Site A, at the entrance of
the active lobe complex, where the coarser inorganic material is separated from the finer
fractions (Babonneau et al., 2002). These findings corroborate the hypothesis that a large
fraction of Fe* precipitates as carbonate minerals at Site A, suggest that these estimates are
conservatives, and reflect the idea that the high surface area of small Fe(l11) oxide particles
at Site C and Site F increases the bioavailability of Fe(l1l) oxides (Roden et al., 2003;
Taillefert et al., 2007). Finally, the contribution of dissimilatory iron reduction to carbon
remineralization tended to decrease going off axis from the active channel from Site A, to
Site B, and to Site E where it did not contribute at all to carbon remineralization processes
(Figure 10a), despite the relatively low C:N ratio found at the site. In addition, the pore
water C:N ratios at Site B and Site E (Table 3) mirrored those of the solid phase (Stetten et
al., 2015), indicating little precipitation of Fe?* carbonate mineral phases. Site E is
disconnected from the active canyon and, therefore, receives limited amounts of
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terrigeneous organic matter and Fe(lI11) oxides. These findings suggest that the supply of
Fe(I11) oxides may limit anaerobic respiration processes, but not the intensity of
respiration. Indeed, iron fluxes (McManus et al., 1997; van der Zee et al., 2002; Law et al.,
2009) and the contribution of iron reduction to carbon remineralization rates (Thamdrup
and Canfield, 1996; Esh et al., 2013) were much lower in other continental slope
sediments, though similar iron fluxes were determined in slope sediments fed by large
rivers (Severmann et al., 2010; Beckler et al., 2016) or in oxygen minimum zones exposed
to strong upwelling (Noffke et al., 2012). In contrast, sediments from the discrete habitats
displayed a generally much lower C:N ratio compared to the levee sediments, and carbon
remineralization processes were much more active, as displayed by the high diffusive
fluxes of DIC and NH," relative to the levee sediments (Table 3). Indeed, dissimilatory
sulfate reduction was extremely intense in these sediments with dissolved sulfide
concentrations (Barry et al., 1997; Levin et al., 2003; Fisher et al., 2012; Ristova et al.,
2012) or diffusive fluxes (Fisher et al., 2012; Ristova et al., 2012) resembling those
measured in cold seep environments populated by Vesicomyidae. Although the DOU
fluxes obtained in the discrete habitats (5-12 mmol m™ d, Table 3) were generally lower
that those obtained with oxygen microelectrodes (8-40 mmol m? d, Pozzato et al., this
issue), likely due to the poor spatial resolution of the voltammetric microelectrodes in such
large gradients in dissolved oxygen, the sulfate reduction fluxes used to estimate the
percent carbon remineralized anaerobically (Figure 10) exceeded both the DOU fluxes and
the DIC fluxes (Table 3). As reduction of Mn(IV) and Fe(l11) oxides by dissolved sulfide,
precipitation of FeS, and possibly pyrite remove reduced sulfur from the pore waters, it is
difficult to quantify exactly the contribution of dissimilatory sulfate reduction from these
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data, but sulfate was either depleted or almost completely depleted (~2-10 mM sulfate at
depth) from the pore waters in the same habitats (Pastor et al., this issue), suggesting that
dissimilatory sulfate reduction was the most significant anaerobic respiration process in the
discrete habitats. These findings imply that the large Mn?* flux observed (Table 3) was due
to abiotic reduction of Mn(IV) oxides by dissolved sulfides whereas the generally small
Fe?* fluxes in the discrete habitats (Table 3) resulted from the precipitation of FeS and/or

pyrite.

4.6 Evolution of these discrete habitats along the main channel

Although the exact source of electron donor that leads to the high intensity of dissimilatory
sulfate reduction in the discrete habitats remains to be elucidated, it is possible to anticipate
the evolution of these habitats over time (Olu et al., this issue). The background sediment is
iron-rich and consists mainly of poorly crystalline Fe(I11) oxides that are much more
thermodynamically favorable electron acceptors than sulfate over a wide range of
geochemical conditions (Beckler et al., 2016). The occurrence of chemosynthetic-based
benthic megafauna along the main active channel flanks is likely due to the presence of
dissolved sulfides in the surficial sediments that must either result from (i) the availability
of a labile source of organic matter that feeds heterotrophic microorganisms and leads to
sulfate-reducing conditions or (ii) the exhumation of dissolved sulfide or reduced sulfide
minerals by mass wasting (Dennielou et al., this issue; Sen et al., this issue). The
pre-existence of sulfide-oxidizing microbial mats may facilitate the recruitment of
Vesicomyidae by consuming the excess sulfide in the surface sediments (Guillon et al.,

2017; Olu et al., this issue). In that respect the reduced black sediment found at Site C
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(Figure 5a) may be too reduced for Vesicomyidae colonization, as sulfate reduction is
intense and excessive concentrations of dissolved sulfides is toxic for these organisms
(Goffredi and Barry, 2002; Levin et al., 2003; Heyl et al., 2007) are detected all the way to
the surface of the sediment. The white microbial mats, on the other hand, may be more
suited to Vesicomyidae, as the sediment underlying the mats is partially oxidized and the
concentrations of dissolved sulfides are much lower than in the reduced sediment (Figure 5
and Figure 6). Such mat-dominated sediments may therefore represent intermediate stages
between the iron-reducing dominating conditions in the background sediment and the
highly reduced sediment. Once sulfate-reducing conditions are established, Vesicomyidae
colonization is possible and the surface sediment is slowly reoxidized via bioturbation to
bring dissolved oxygen to the sulfide front. As a result, the first 40 mm of sediment were
enriched in Fe?* and/or organic-Fe(l11) complexes (Figure 3b and Figure 4b), likely
produced by oxygenation of Fe** in the presence of organic ligands (Taillefert et al., 2000a)
and microbial iron reduction below the oxygen penetration depth (Beckler et al., 2015). In
these ecosystems, a range of sulfide flux was found that likely reflects their different
recruitment stages: high sulfide flux for PL484-CT10 at Site A (Table 3), suggesting young
Vesicomyidae habitat (Figure 3c); low sulfide flux for PL491-CT7 at Site C (Table 3),
measured on the edge of a mature Vesicomyidae habitat (Table 1) where active
precipitation of FeS with background dissolved Fe?* likely decreased the flux of sulfide
(Figure 4c); and low to medium sulfide flux for PL494-CT3 at Site B (Table 3), suggesting
extinct or decaying Vesicomyidae habitat (not shown). The balance between
symbiont-based sulfide oxidation and sulfate reduction in the habitats populated by
Vesicomyidae does likely not last forever, either because the electron donor source that
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fuels sulfate reduction eventually runs out or the sulfide requirements by the symbiont
exceed the supply of dissolved sulfide diffusing from the deeper sediment layers. In the
end, the life cycle of Vesicomyidae is reached and the sediment is slowly reoxidized back
to iron-reducing conditions from the top down, as recycling of Fe(ll1) oxides by dissolved
oxygen near the surface promotes oxidation of dissolved sulfides diffusing upward from
the deep sediment, while oxidation of FeS buried in the solid phase by dissolved oxygen
and possibly organic-Fe(l111) complexes produced near the sediment-water interface may
slowly increase the redox state of the Vesicomyidae habitats. In these conditions, dissolved
sulfide has completely disappeared from the habitat, the oxygen and sulfide fluxes are
some of the lowest (Table 3), and the organisms do not survive, as for PL492-CT10 at Site
B (not shown). The eventual impact of these discrete habitats on the carbon, sulfur, and
iron cycle remain unknown, but their biogeochemistry and evolution over time appear to
resemble those of hydrothermal or cold seep environments, suggesting they may act as
important electron shuttle (i.e. transferring electrons from oxidized to reduced sulfur and
back to oxidized sulfur species) for a variety of ecologically relevant deep-sea

invertebrates.

5.0 Conclusions

In this study, the main biogeochemical processes regulating the remineralization of natural
organic matter were investigated in the sediments from the Congo deep-sea fan, a unique
environment located at the bottom of the continental slope of West Africa that is fed
tremendous amounts of inorganic and organic material from the Congo River. The

sediments from the levees along the main active channel of the fan demonstrated active
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benthic respiration, with oxygen penetration depths between 6 and 8 mm. Anaerobic
respiration processes in the sediments were dominated by dissimilatory iron reduction,
likely because the majority of the Fe(l11) oxides phases found in these sediments consisted
of poorly crystalline Fe(l111) oxides which are thermodynamically more favorable than
sulfate reduction over a wide range of geochemical conditions. Although iron reduction
also dominated biogeochemical processes in the sediments of the main channel from the
entrance of the lobe complex to the most recent lobe of this deep-sea fan, distinct habitats
were discovered that were characterized by extremely low oxygen penetration depth (1-3
mm), large FeS-containing black precipitates, and dominated by dissimilatory sulfate
reduction. These habitats were either deeply reduced or populated by large communities of
Vesicomyidae bivalves that are known to contain sulfide-oxidizing symbionts or microbial
mats that remain to be identified. The colonized habitats dominated by Vesicomyidae
displayed generally a suboxic zone of 40 mm in which Fe** and organic-Fe(lll) complexes
were found, suggesting the sulfide-oxidizing symbiont modified the geochemical
conditions of the underlying sediment. These habitats also displayed variable dissolved
sulfide fluxes and concentrations that seemed to reflect their different life stages. The
reduced black sediments revealed intense sulfate-reducing conditions that generated
dissolved sulfides all the way to the surface of the sediment. These ecosystems appeared to
be too reduced to promote colonization by the bivalves, suggesting they may represent a
primitive form of the habitats, before bivalve colonization. The white microbial mats
discovered also showed a small suboxic zone and were characterized by lower dissolved
sulfide concentrations and fluxes that may represent an intermediate state between the
iron-reduction dominated background sediment and the deeply reduced sediment. Finally,
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the sediment mainly occupied by dead Vesicomyidae did not display any evidence of
sulfate reduction in the first 150 mm, except for the black color of the sediment, suggesting
that once sulfate reduction is exhausted, the habitats are drawn to extinction. The
biogeochemical reason for the presence of these highly reduced habitats is not clear. They
could be either produced by discrete inputs of labile natural organic matter from the Congo
River delivered by turbidites or by exhumation of reduced sulfides during mass wasting of
the channel flanks. Vesicomyidae colonies may also maintain themselves by generating
labile organic matter during their decomposition or the degradation of their bacterial
symbiont to fuel sulfate reduction. Alternately, bioturbation by the active megafauna may
be able to recycle Fe(l11) oxides under the form of more crystalline phases that are less
thermodynamically favorable than sulfate reduction and thus jump start dissimilatory
sulfate reduction. Regardless of the sulfide-producing process, the existence of a clear
redox biogeochemical boundary between the discrete habitats and the background
sediment is attributed to the “chemical titration” of Fe?* and HS which is mutually
exclusive once the production rate of one of them, i.e. iron in the background or sulfide in

the habitat, is larger. These hypotheses should be investigated further.
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8.0 Figures

Figure 1. Maps of the stations in the Congo River Fan, including the high resolution
bathymetry obtained at the site during the same cruise (courtesy of Laurence Droz,

©lfremer, Congolobe cruise).

Figure 2. Depth profiles of Oy, Mn*, Fe* (first quadrant), organic-Fe(lll), FeS,, (second
quadrant), poorly crystalline and crystalline Fe(l11) oxides (third quadrant), and Fe*,

dissolved Fe(lll), and ZPO,* (fourth quadrant) on the levees of: a) Site A (MTB 2 core); b)
Site F (MTB 5 core); ¢) Site C (MTB 6 core); d) Site B (MTB 12 core); and e) Site E (MTB

14 core).

Figure 3. Depth profiles of O,.,, Mn*, Fe**, ZH,S (first quadrant), organic-Fe(ll), FeS,),
and pH (second quadrant) measured electrochemically: a) outside (push core
CoLA-PL484-CT3); and b) inside (push core CoLA-PL484-CT10) the habitats of Site A
colonized by Vesicomyidae species during dive # PL484. Solid FeS (third quadrant) and
DIC and PO,* obtained after pore water extractions are also shown for the inside core
(fourth quadrant). c) Picture of the Vesicomyidae habitat taken by the ROV Victor 6000

during sampling with push cores inserted in the sediment.

Figure 4. Depth profiles of O, Mn*, Fe**, ZH,S (first quadrant), organic-Fe(ll), FeS),
pH (second quadrant) measured electrochemically, as well as DIC and XPQO,* (third

quadrant) after pore water extractions: a) about 30 cm outside (push core PL491-CT16);
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and b) inside (push core PL491-CT7) of a reduced patch of sediment colonized by
Vesicomyidae species at Site C during dive # PL491. c) Picture of the Vesicomyidae habitat

taken by the ROV Victor 6000 during sampling.

Figure 5. a) Picture of a reduced sediment at Site C obtained by the ROV Victor 6000
during dive # PL490. b) Depth profiles of O,.,, Mn*, Fe*, ZH,S (first quadrant),
organic-Fe(lll), FeS, pH (second quadrant) measured electrochemically, as well as solid
FeS (third quadrant), NH,*, DIC, and ZPO,* (fourth quadrant) after pore water extractions
of push core PL490-CT20 from the middle of the reduced sediment. Zones were data were

not obtained either due to the lack of pore waters or sample loss are labeled ‘No Data’.

Figure 6. a) Picture of a white microbial mat at Site C obtained by the ROV Victor 6000
during dive # PL490. b) Depth profiles of O,.q, Mn*, Fe*, S,0,%, £H,S (first quadrant) and
organic-Fe(lll), FeS,, and pH (second quadrant) measured electrochemically in push core

PL490-CT2.

Figure 7. Correlation between organic-Fe(l11) complexes and Fe?* measured
electrochemically in the sediments collected from the levees at Site A, Site B, Site C,
CoLE, and Site F. The positive correlation between organic-Fe(l1l) and Fe** (R =0.751)
suggests that organic-Fe(111) complexes are produced as intermediate during the microbial
reduction of Fe(ll) oxides, given the high Fe(l1l) oxide content of these sediments, that
dissolved sulfide was never detected in the pore waters of any of these sediment cores, and

that organic-Fe(l11) is extremely rapidly reduced by dissolved sulfides.
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Figure 8. Schematic diagram of the pore water geochemical composition in the
background sediment (left) and the discrete habitats (right) along the active channel of the
Congo deep-sea fan. The lower panel depicts the geochemical composition of the pore
waters across a lateral section from the background sediment to the habitats. It displays the

sharp boundary observed that is maintained by “FeS titration” (see text for details).

Figure 9. Correlation between total dissolved sulfide (XH,S) and dissolved: a) Mn?*; and b)
Fe®* measured electrochemically as a function of depth in the sediments of the levees and
the main channel at Site A, Site B, Site C, Site E, and Site F. The lines display the
stoichiometric relationship between dissolved sulfide and a) Mn*(1:1) or b) Fe* (1:2) if
the reduced metals were only produced via abiotic reduction of their metal oxides by
dissolved sulfide. Any data above the lines indicate excess sulfate reduction, while data
below the lines indicate excess metal reduction. Most of the channel samples fall above the
lines, suggesting reduced metals are mainly produced during abiotic reduction of Mn(IV)
oxides and Fe(lI1l) oxides. In turn, all the levees samples fall below the line, suggesting

microbial metal reduction is responsible for the production of these species.

Figure 10. Percent carbon remineralization attributed to denitrification, dissimilatory
Mn(IV)-, Fe(l11)-, and sulfate-reduction in the sediments collected from the: a) levees; and
b) discrete habitats along the Congo River deep-sea fan active channel. Total carbon
remineralization was estimated from dissolved oxygen uptake (DOU) fluxes. Although
denitrification and dissimilatory Fe(111) reduction dominates anaerobic respiration in levee
sediments, aerobic respiration accounts for the majority of carbon remineralization rates.

In turn, anaerobic processes are so intense in the discrete habitats that the production of
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1165  sulfide is in excess of aerobic respiration. These findings indicate that the discrete habitats
1166  are dominated by sulfate reduction and that the fluxes of Mn? and Fe** are likely due to

1167  abiotic reduction of Mn(1V) and Fe(l1) oxides by total dissolved sulfides.
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Table

1 9.0 Tables

Table 1. Location, water depth (m), and description of the stations where sediments were collected along
the Congo River deep-sea fan using a multi-corer (MTB-#) or push cores (CT#) with the ROV Victor 6000.
PL### corresponds to the dive number of the ROV (see complete list and pictures in Rabouille et al., this

issue).
Station Location Depth Core Habitat description
Site A 6°27°35.92”S; 6°2°4.74”E 4759 MTB-2 Northern levee
6°28°12.577’S; 6°2°12.99”E 4764 MTB-3 Southern channel flank
6°28°16.70”S; 6°2°8.71”’E 4769  PL484-CT3  Outside less dense patch of Vesicomyidae
6°28°16.54”S; 6°2°9.07”E 4769  PLA484-CT10 Inside less dense patch of Vesicomyidae
Site B 6°25°36.96”S; 5°49°35.25”E 4823 MTB-12 In the abandoned channel, near southern flank
6°25°14.867S; 5°49°42.45°E 4718  PL492-CT2  Edge of scattered patch of dead Vesicomyidae
6°25°14.607S; 5°49°42.57"E 4718  PL492-CT3 Inside scattered patch of dead Vesicomyidae
6°25°13.00”S; 5°49°42.91”E 4718  PL492-CT10 Outside scattered patch of dead Vesicomyidae
SiteC  6°40°15.95”S; 5°28°24.06”E 4951 MTB-6 Northern levee, ~600 m from channel, near
MTB-9
6°40°16.08S; 5°28°25.63”E 4950 MTB-9 Northern levee, ~600 m from channel, near
MTB-6
6°41°23.59”S; 5°28°45.94”E 4946  PL490-CT2  White microbial mat
6°40°57.00”S; 5°28°55.18”E 4844  PL490-CT20 Deeply reduced black sediment free of
megafauna
6°42°05.127S; 5°29°17.58”E 4846  PL491-CT7  Edge of dense patch of Vesicomyidae
6°42°05.067S; 5°29°16.87°E 4846  PL491-CT16 Outside dense patch of Vesicomyidae
6°42°13.157S; 5°29°19.43”E 4846  PL491-CT17 Orange microbial mat
SiteE  6°5°53.64”S; 5°54°29.07’E 4750 MTB-14 Main channel bank
Site F  6°34°50.08”S; 5°41°27.99E 4864 MTB-5 Levee, ~500 m from channel
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Table 2. Saturation index of mackinawite calculated from £H,S, Fe**,
and pH data in the levees and in the channel at each station along the
Congo River fan. The saturation index was negative in all the levee
sediments and most of the channel sediments.

Site Core Depth (mm) Saturation Index
Site A PL484 - CT3 24-104 1.39-2.24
30.4-48.5 0.03-1.43
PL484 - CT10 47 - 49 9.00-9.01
78 - 90 9.65-10.32
Site C PL491 -CT7 148.2 3.0
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Table 3. C:N ratio estimated from dissolved inorganic carbon (DIC) and ammonium concentrations, and diffusive fluxes of
dissolved oxygen, DIC, ammonium, nitrate, Mn?*, Fe?*, and total dissolved sulfide in the pore waters of the levees and
discrete habitat sediments. Except for site E, nitrate fluxes in the levee sediments were obtained from the top two
centimeters of the sediment only. Diffusive fluxes of each species were calculated using at least four points along the profiles.
Numbers in parenthesis represent the standard deviation of the fluxes. N/A = not applicable.

C:N Diffusive Flux - [mmol m?d™]
Station Core Ratio
Oz DIC NH,* NOg7 Mn* Fe?* 2H,S
Levees
Sitt A MTB-2 5.7(1.0) -2.69(0.19) 1.68(0.27) 0.37(0.05) -0.11(0.01) O 0.65(0.04) 0
MTB-3 7.0(1.1) -1.19(0.08) 2.77(0.32) 0.22(0.01) -0.07(0.01) 0 0.14(0.04) ©
Site F MTB-5 12.9(1.1) -1.28(0.07) 4.08(0.92) 0.33(0.03) -0.12(0.02) 0O 0.5(0.09) ©
SittC  MTB-6 4.8(1.0) -2.64(0.07) 1.33(0.48) 0.22(0.01) -0.11(0.01) 0.08(0.01) 2.51(0) 0
MTB-9 12.7(1.2) -1.69(0.17) 3.98(0.85) 0.33(0.02) N/A 0 0.81(05) O
SiteB  MTB-12 12.4(0.6) -2.17(0.20) 2.41(0.29) 0.24(0.02) -0.14(0.02) 0 0.22(0.02) 0
SittE ~ MTB-14 10.4(1.6) -0.69(0.11) 1.13(0.34) 0.11(0.01) -0.02(0.00) O 0 0
Habitats
Site A PL484-CT3 N/A -6.49(0.13) N/A N/A N/A 0 4.31(0) 0.06(0.03)
PL484-CT10 4.8(0.7) -5.75(0.10) 9.42(3.24) 2.37(0.19) O 5.25(2.7) 052(0.2) 21.2(2.55)
Site C PL490-CT2 N/A -2.83(0.96) N/A N/A N/A 0.79(0.15) 0 3.77(0.17)
PL490-CT20 4.3(1.9) -5.14(0.27) 14.8(2.63) 1.5(0.85) NI/A 0.95(0.22) 0 6.61(0.57)
PL491-CT7 12.6(0.9) -12.3(1.0) 10.0(0.86) 1.19(0.16) N/A 0 0.35(0.03) 0
PL491-CT16 N/A -1.60(0.24) N/A N/A N/A 10.19(0)  0.22(0.14) 0
PL491-CT17 3.3(1.2) -2.11(0.26) 16.9(12.9) 1.02(0.43) O 0 0 0
SiteB PL492-CT2  4.3(05) N/A 2.33(0.62) 0.35(0.04) 0 N/A N/A N/A
PL492-CT3  11.9(1.9) -2.87(0.45) 2.24(1.22) 0.23(0.02) N/A 0 0 3.85(0.34)
PL492-CT10 N/A -3.36(0.56) N/A N/A N/A 0 0 0
14



