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1. Abstract

Benthic fluxes of total dissolved phosphate (TPO,Y), dissolved iron (Fe™), and dissolved inorganic
carbon (DIC) were determined in situ using benthic chambers at nine stations along a depth transect
between 47 and 1108 m water depth at 18°N off Mauritania (NW Africa) during the upwelling season
in 2014 (RV Meteor cruise M107). Bottom water oxygen (O,) concentrations were always > 25 uM,
and all fluxes (TPO43’, Fe”, DIC) were consistently directed from the sediments into the bottom water.
The highest benthic TPO,” release of 0.2 = 0.07 mmol m* d' was found at 47 m water depth (50 uM
0,). The highest diffusive Fe** flux of 0.03 mmol m’ d', determined from porewater Fe’*
concentrations, occurred at 67 m water depth (27 uM 0O,). This was much lower than the detrital Fe
supply as indicated by constant Fe/Al ratios along the depth transect. TPO," release rates decreased
concurrently with DIC flux and water depth. A difference of up to one order of magnitude between
benthic chamber and diffusive TPO,” fluxes indicated that the total TPO, release was strongly
enhanced by bioirrigation.

The observed fluxes were similar to those measured during an earlier cruise in 2011, generally
indicating comparable release rates during both upwelling seasons. Furthermore, ex situ oxygen
manipulation experiments showed an increase of the nutrient release (e.g. TPO,”, Fe™) after seven
days of anoxic bottom water conditions. The fluxes were enhanced by a factor of 1.4 for P and 7.3 for
Fe compared to the measured release under natural conditions and reached values as high as those
measured in the anoxic oxygen minimum zone off Peru. Our observations support the hypothesis that

increasing deoxygenation of the oceans will likely enhance sedimentary TPO,” and Fe** release and



thus contribute to a positive feedback mechanism with increasing nutrient levels and increased ocean

productivity.

2. Introduction

Phosphorus (P) and iron (Fe) are limiting nutrients for oceanic primary production (Broecker, 1982;
Martin, 1990). P mainly derives from chemical weathering of apatite on land and is discharged to the
oceans by riverine transport (Ruttenberg, 2014). However, only about 10-30% of the total delivered P
is reactive and potentially bioavailable. About 75% of this reactive P reaches the ocean, with the
remaining 25% being scavenged and deposited in estuaries and coastal sedimentary environments
(Paytan & McLaughlin, 2007).

Continental margins receive Fe mainly from weathered continental rocks by river discharge. In
contrast, the open ocean is supplied by Fe oxyhydroxides from dust deposition, but only a small
fraction (1-10%) of the Fe associated with dust is dissolvable and bioavailable (Jickells and Spokes,
2001). Therefore, Fe is the key limiting nutrient in about 30 to 40% of the world oceans (Boyd and
Ellwood, 2010). Recently, it has been hypothesized that the benthic release of Fe** and other redox-
sensitive nutrients in shelf areas represents a much larger source to the water column than dust
deposition (Dale et al., 2015; Emerson, 2016). TPO43’ and Fe? release from marine sediments are
strongly coupled because P is typically adsorbed to Fe (oxyhydr)oxides in oxic sediment and released
to the pore water by the dissimilatory reductive dissolution of Fe (oxyhydr)oxides in anoxic sediments
(Sundby et al., 1986; Slomp et al., 1998). Hence, both TPO," and Fe** release from marine sediments
are enhanced in oceanic oxygen deficient areas such as the eastern boundary upwelling systems
(EBUS) (Sundby et al., 1986; McManus et al., 1997; Severmann et al., 2010; Noffke et al., 2012) and
may fuel surface water primary production in a positive feedback loop (Ingall and Jahnke, 1997;
Wallmann, 2010; Scholz et al., 2014; Dale et al., 2015). Although, EBUS cover only 1% of the
world’s oceans, they contribute about 10-15 % to the total marine primary production and are
economically important areas for commercial fisheries (Carr, 2002; Behrenfeld and Falkowski, 1997;
Cropper et al., 2014 and references therein). Recent studies on ocean deoxygenation found a
significant oxygen loss in the past decades and predict a further decline for the future (Stramma et al.,
2008; Schmidtko et al., 2017). Hence, it is crucial to understand the mechanisms driving nutrient
release from sediments and how this process may affect surface ocean primary production.

A crucial step into this direction is the measurement of natural benthic nutrient fluxes in oxygen-
depleted upwelling areas. Here, we present a new comprehensive data set on TPO,> and Fe”* benthic
release rates for the Mauritanian upwelling along a depth transect at 18°N ranging from 47 to 1108 m
water depth (Fig. 1A, Tab. 1). The coastal region off Mauritania is part of an eastern boundary
upwelling system that extends from 10°N to about 43°N. Seasonal upwelling of cold nutrient-rich
waters favors high surface primary production rates of up to 1.7 g C m™~ d"' (Carr, 2002), while south

of 20° N there is a pronounced seasonal cycle (Barton et al., 1998). Favorable winds prevail primarily



from December to April. Poor ventilation and intense degradation of the organic detritus leads to
strong oxygen consumption and minimum oxygen concentrations of about 30 pM below the surface
mixed layer.

The goal of the present study was to identify the P and Fe sources as well as the processes controlling
the magnitude of the fluxes. Furthermore, the data set is accompanied by TPO,” and Fe** flux
measurements conducted during a previous cruise to the same study area, enabling us to compare
magnitudes and temporal variability. In addition, we conducted ex situ oxygen manipulation
experiments on incubated sediment cores in order to estimate the potential for enhanced nutrient
release under scenarios of further decreasing oxygen levels. These are conditions presently met at the

Peruvian OMZ and we discuss reasons for different flux-magnitudes in both areas.
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Figure 1: (A) Study area off Mauritania showing the 18°N depth transect and the deployed devices at
each station during the M107 cruise (see Methods).
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(B) Cross section across the 18°N depth transect showing O, concentrations (umol kg ') from 8-14

June 2015 and the station locations across 18°N.

3. Study Area

The Mauritanian margin at 18°N lies within the Canary Upwelling System (11-35°N). Strong oxygen
consumption takes place in the study area as a result of seasonal upwelling occurring from boreal
winter to spring, leading to high primary production rates (1.7 g C m > d", Carr, 2002 and 0.3 to 2.3 g
C m” d'; Morel et al., 1996). The seasonality of the upwelling is driven by the migration of the Inter
Tropical Convergence Zone (ITCZ) (Mittelstaedt, 1983). The upwelled South Atlantic Central Water
(SACW) has a low salinity, is low in oxygen, and enriched in inorganic nutrients (Stramma et al.,
2009). Trade winds export large quantities of Saharan dust into the waters off Mauritania, which is
reflected by high solid phase Fe concentrations in the sediments (Mittelstaedt, 1983; Baker et al.,
2006; Ohnemus & Lam, 2015).

The Mauritanian upwelling system is characterized by a moderate oxygen minimum zone (OMZ)
between ~50 and 500 m water depth (Oschlies et al., 2008; Schmidtko et al., 2017). The lowest bottom
water oxygen concentrations of ~30 pM occur between 200 and 600 m water depth (Fig. 1B, Tab. 1).
Time series data over the last 50 years suggest that the oxygen concentration in the wider Western
Tropical North Atlantic is apparently decreasing at a rate of 0.5 pymol kg yr' (Stramma et al., 2008).
Due to high biological productivity, the future of the regional fishery may be under threat by the
ongoing deoxygenation (Pauly and Christensen, 1995).

The sediments in the study area are characterized by variable lithology. At water depths <100 m, sand
accounts for up to 70 dry wt. % of the total particulate material. Between 170 and 255 m water depth,

the sand and mud fractions are nearly equal. The sand fraction recovers at ~ 425 m water depth to 66
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wt. % whereas mud dominates the sediments in deeper waters (~ 780 — 1120 m) where the sand
content decreases to ~ 7 wt. % (Dale et al., 2014 and references therein). Sokoll et al. (2016)
characterized sediments down to ~ 480 m water depth as permeable with a strong advective transport
component in the porewater and at the sediment-water interface. Geochemically, the sediments are
carbonate-rich and contain considerable amounts of biogenic silica and quartz (Hartmann et al., 1976).
The particulate organic carbon content (POC) ranges between 1 and 3 % dry weight (Dale et al.,
2014). The seafloor is densely covered by traces of burrow-dwelling macrofauna indicating that
bioirrigation is likely an important process of solute exchange (Dale et al., 2014; Kirstensen et al.,
2012). Tracer incubation experiments showed that bioirrigation by bivalves and polychaetes is most

intense on the shelf and occurs down to ca. 15 — 20 cm depth (Gier et al., 2017).
4. Methods

The stations were chosen to coincide with a previous R/V Maria S. Merian cruise (MSM17-4), which
was conducted during upwelling season in March/April 2011. To augment the database in shallow
waters, three additional stations were sampled during the more recent R/V Meteor (M107) cruise
during late to post upwelling season in May/June 2014. At each station sediments were sampled with a
multiple-corer (MUC) and fluxes were measured using two GEOMAR BIGO (Biogeochemical
Observatory) landers. Additionally, water column particles were sampled at two stations (47 and 236
m water depth) using a CTD/Rosette equipped with Niskin bottles. The ex situ sediment core

incubation experiments were made on sediment cores sampled at 236 m water depth.

4.1. Porewater and solid phase analysis

Sediment cores were retrieved using a video-guided multiple-corer (MUC). After retrieval, all cores
were immediately transferred to a cool room (12°C, mean bottom water temperature across the depth
transect) and processed within 1-2 hours. The porewater was extracted using rhizons (type CCS from
Rhizosphere with a pore size of 0.15 pm) for the sandy shelf and upper slope sediments (water depth <
400 m) (St. 1 — 6). The core liners were pre-drilled and the holes were masked with tape for placing of
the rhizons after core recovery. The first 0.5 ml of porewater extruded was discarded. Porewater
extraction using this method required up to 30 minutes, yielding about 10 ml of porewater at each
depth interval. For muddier sediments below 400 m (St. 7 — 9), the cores were sectioned in an argon
filled glove bag at a depth resolution of 0.5 or 1 cm at the surface to 2 cm at depth. The porewater was
separated by centrifugation at 4000 rpm for 20 min, and then filtered through 0.2 pm cellulose-acetate
filters under argon. Additional sediment sub-samples were taken at each sediment depth interval and
stored refrigerated in pre-weighed, air-tight plastic cups for the determination of water content,
porosity, total organic carbon (TOC) and solid phase constituents in the onshore laboratory
(GEOMAR).

After extraction, porewater samples were immediately analyzed photometrically for dissolved TPO,”,

Fe*, NO5, NO,, and NH," (see further details in section 4.5). The analyses were performed according
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to the standard techniques described in Grasshoff et al. (1999) and can be derived elsewhere (e.g.
Scholz et al., 2011, Dale et al., 2014). Porewater samples were stored at 4 °.

The TOC content of freeze-dried and ground sediment samples was determined by flash combustion in
a Carlo Erba Elemental Analyzer (NA 1500) with an analytical precision and detection limit of 0.04
wt. %. Samples were decalcified with 2.5 N HCI prior to analysis.

Total sediment digestions for elemental analysis of Fe and Al were conducted on one core from each
water depth. About 100 mg of freeze-dried and ground sediment were digested in hydrofluoric acid
(40 %, supra pure), nitric acid (65 %, sub-boiled distilled), and perchloric acid (60 %, supra pure). For
quality control, the sediment reference standard SDO-1 (Devonian Ohio Shale) for organic rich
sediments and the marine sediment reference standard MESS-3 were included in the analysis as well
as methodological blanks. The Fe and Al content in the digestion solutions were measured using an
inductively coupled plasma optical emission spectrometer (ICP-OES, Varian 720 ES). The relative
standard deviation (RSD) for [Al] and [Fe] was < 1 %.

4.2. In situ TPO,* and DIC flux measurements
In situ TPO,” fluxes were determined using samples obtained from two landers, BIGO I and II at nine
stations along a depth transect at 18°20° N at water depths of 47, 67, 91, 130, 171, 236, 412, 787 and
1096 m (Tab. 3). Each BIGO was equipped with two circular incubation chambers with an internal
diameter of 28.8 cm and a total area of 651.4 cm” (Sommer et al., 2009). A TV-guided launching
system allowed smooth emplacement of the observatories on the sea floor. During an initial time
period of four hours, when the chambers were still not fully inserted into the sediment, the water
inside the flux chamber was periodically replaced with ambient bottom water to remove particles that
may have been suspended during the deployment on the sea floor. After the chamber was fully driven
into the sediment, the chamber water was again replaced with ambient bottom water from outside the
chamber to flush out solutes that might have been released from the sediment during chamber
insertion. Over the incubation period of 48 hours, 8 sequential water samples were removed with glass
syringes (volume ~ 47 ml). To monitor the ambient bottom water, eight additional glass syringe
samples were taken. The TPO,” standard series covered a concentration range from 0.05 to 3.5 pM.
The fluxes were calculated from the slope of the linear regression of all eight data points vs. the
sampling time and corrected for the water volume in the chamber and the dead volume (pre-filled with
distilled water) of the 1m long Vygon tubes connecting the syringes with the flux chambers. The error
caused by the dilution from the dead volume of distilled water in these tubes was corrected using the
chloride concentration measured in the syringe samples and the ambient seawater. The resulting
correction factor was multiplied with the solute concentration to adjust for the dilution by the distilled
water from the Vygon tubes. For most sites, the reported benthic chamber fluxes were based on two
replicate chamber measurements (i.e. two chambers per BIGO). The uncertainty reported for the
TPO,” fluxes is the difference between the minimum and maximum TPO," fluxes determined in the

two benthic chambers.



Dissolved inorganic carbon (DIC) measurements were performed using a quadrupole membrane inlet
mass spectrometer (MIMS, GAM200, In Process Instruments) as described by Sommer et al. (2017).
The instrument was equipped with inline sample acidification to shift the carbonate system entirely to
the volatile CO, species, which then was measured on the MIMS at a mass to charge ratio of 44 (Bell

et al., 2011).
4.3. Diffusive Fe?* flux calculation

No significant temporal change in Fe** concentrations could be detected in the benthic chambers,
possibly as a result of dissolved Fe adsorption to the walls of the glass syringes. Instead, the

diffusive benthic Fe flux was calculated from pore water profiles by Fick’s 1* law of diffusion:

d[C
(1) Fe?*flux = —pDgeq S

where ¢ is the porosity of the surface sediment and Dg.q is the diffusion coefficient of Fe** at the
sediment-water interface. The term d[C]/dx denotes the concentration difference between the bottom
water and the uppermost porewater sample divided by the depth below the seafloor (1 cm at St. 2, 3, 4
and 6, 0.5 cm elsewhere). The molecular diffusion coefficient Dgyw was taken from Boudreau (1997)
and corrected for the in situ temperature (from CTD measurements) at each station and for salinity and
pressure using the Stokes Einstein relationship (Li and Gregory, 1974). The resulting diffusion

coefficients were corrected for sediment porosity (Boudreau, 1997):

D
(2) Dsea = 1ot

Diffusive P fluxes were determined in the same way as a comparison with the benthic chamber fluxes.

4.4. Water column particle sampling and analysis

Suspended and sinking particles were sampled by filtration (0.7 pm Whatman GF/F) of 4 to 12 L of
water that was retrieved from Niskin bottles attached to a CTD/Rosette at 47 and 236 m water depth.
The particles were analyzed in duplicate for total particulate phosphorus (TPP), particulate inorganic
phosphorus (PIP) and particulate organic carbon (POC) using standard combustion and colorimetric
methods (Aspila, 1976) as described in detail by Lomnitz et al. (2016). Measurements were calibrated
against eight standards ranging from 5 to 100 uM PO,”, prepared from a Merck phosphate stock
solution.

POC was determined as described above.
4.,5. Ex situ O, manipulation experiments

We conducted an ex situ on board experiment to test the effect of anoxia on TPO,” and Fe™ release
from the sediments at 237 m water depth in undisturbed sediment cores and without visual signs for
bioirrigating organisms. Prior to the deployment, the MUC liners were prepared with calibrated
oxygen sensitive spots (Presens Sensor type PSt3, detection limit 15 ppb, accuracy = 0.4% O, at 20.9
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% O, and 0.05% O, at 0.2% O,) for non-invasive O, measurements during the entire experiment.
Three replicate sediment cores (A, B, and C) were transferred to the cold room (12°C, i.e. in situ
temperature) and allowed to stand (while stirred) for 24h before the experiment was started.

Core A and B were kept oxic for approximately 20 h before the oxygen concentration was lowered by
carefully bubbling argon gas through the overlying bottom water. The anoxic phase of core A and B
was maintained for at least 9.5 days. Core B was then oxygenated again and kept under oxic
conditions for approximately 3 days. Core C was a control core maintained at an oxygen concentration
similar to the in situ bottom water concentration. The enclosed waterbody was ventilated with air or
argon to regulate the oxygen concentrations. During the experimental period (14.5 d), water samples
were taken at regular intervals. After each sampling, the water volume equivalent to the sample
volume of ~ 20 ml was refilled with bottom water from reservoir bags. NO5" levels in the control core

were maintained between 10 and 20 uM by addition of NaNOj; stock solution (16.13 mM).

Measurements of NO;, NO,, NH," and PO,” in the water samples were performed on board once a
day using a QuAAtro autoanalyzer (Seal Analytical) with a precision of £0.1 pmol I'', #0.1 pmol 1",
+0.2 umol 1" and +0.24 pmol 1", respectively. For ferrous iron concentration analysis, subsamples of
0.5 to 1 ml were complexed with Ferrozin and determined photometrically (Stookey, 1970). Sample
cups were flushed with Argon after filling to minimize oxidation artefacts. The detection limit of this

method is about 0.1uM.
5. Results

5.1. Porewater distributions
Porewater TPO,” showed similar trends as Fe** (Fig. 2). The concentration peaks coincided or were
slightly shifted below the Fe”* maxima. At water depths between 47 and 169 m, the concentrations
varied around 10 to 15 uM and remained more or less constant to the bottom of the core. Below 169 m
water depth, concentrations increased to 30 pM and the maxima were shifted down-core. Porewater
H,S concentrations measured in cores from 47 to 129 m water depth showed a notable increase below

10 cm. The highest concentration of ~ 90 uM occurred at St. 1 in ~ 15 cm sediment depth.
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indicates the bottom water concentration obtained from the overlying water in the multiple-corers. H,S
was only measured at station 1 to 4. Each graph contains information on the core’s station number and

the water depth (WD) it was retrieved from in the bottom right corner.
5.2. Solid phase distributions

The average solid phase Fe, P and Al sediment content increased with water depth along the transect
(Fig. 3, Supplement 1). The Fe and Al profiles showed no trend with increasing sediment depth. Solid
phase P concentrations decreased in the top 5 cm of sediment at St. 4, 5, 8 and 9 and remained
constant to the core end. At St. 7, both Al and P content increased from the surface sediment to ~ 10
cm depth and then decreased slightly. The average Fe/Al ratio for all analysed samples was 0.55 while
the ratio was slightly higher at St. 3 to 6 and slightly lower at St. 1 (Fig. 2). All ratios were consistent
with the broad range of lithogenic Fe/Al ratios in the study area (0.4 and 0.8; Scheuvens et al., 2013).
Atmospheric dust originating in the Saharan desert has been identified as the main source of Fe to
sediments on the Mauritanian continental margin (Scheuvens et al., 2013).

Similar to Fe/Al, sedimentary Ti/Al ratios were in the range of values published for the lithogenic
background (0.04 — 0.08, Scheuvens et al., 2013) (Tab. 2, Fig. 4). The highest ratios (0.07 and 0.08)
observed at shallow water depths between 47 and 236 m. At greater water depths (400 — 1100 m) the
Ti/Al ratios decreased to ~ 0.06. A decrease in Ti/Al ratios means a change from coarser to finer grain

sizes.

10
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transect. Note the change in scales at the two deepest stations.
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5.3. Sedimentary particulate organic carbon (POC) content

The POC content of the sediments increased with water depth (Supplement 1). Lowest values of 0.55
wt. % were measured at St. 2 and 3 (66 and 90 m water depth). POC concentrations range between 0.9
to 1.3 wt. % at the other stations. A sharp increase occurred at ~ 786 and 1108 m water depth where
POC content increased to 2.6 and 3.3 wt. %, respectively.

Sedimentary POC/TPP ratios in the surface sediments (Tab. 4) were constantly below the empirically
derived stoichiometric ratio (106:1) of carbon to phosphorus found in marine phytoplankton (Redfield,
1963). With the exception of station I, the ratios slightly increased with sediment depth as well as with

increasing water depth. The mean POC/TPP ratio of all sediment samples was 76.
5.4. In situ benthic fluxes

The total benthic chamber TPO," fluxes off Mauritania were directed to the water column (positive
values) at all stations (Fig. 5 A, Tab. 3, Supplement 2). The highest TPO,” flux of 0.2 + 0.07 mmol m
> d' was determined at 47 m water depth (St. 1) where bottom water oxygen concentration was 50
uM. With the exception at 91 m water depth (St. 3), the TPO,’ release rates decreased gradually with
increasing water depth to values of 0.05 + 0.005 at the deepest stations. A comparatively low TPO,”
flux of 0.09 % 0.045 mmol m~” d ' was measured at St. 3 (90 m water depth) coinciding with the lowest
measured bottom water oxygen concentration (25uM) along the depth transect (Fig. 5 A).

DIC fluxes decreased strongly from about 20 to 10 mmol m” d' between 47 and 91 m (Fig. 5 B).
Below that depth, DIC fluxes decreased more smoothly reaching values of about S mmol m~d ' at 423
m and remained almost constant at larger water depths.
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5.5. Diffusive benthic iron flux
The diffusive Fe** fluxes ranged between .03 to 0 mmol m”d”' at 47 m (St. 1) and 1108 m (St. 9),
respectively (Fig. 5B, Tab. 3). In analogy to the in situ benthic P flux, Fe release decreased to a local
minimum at station 3 (91 m water depth). Below this water depth, the Fe’* fluxes increased again
down to 169 m, before decreasing slightly in deep waters. The 786 m site was an exception (St. 8),

where the Fe release increased to a relatively high value of 0.05 mmol m”d".
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Figure 5: Overview of various parameters along the along the depth transect at 18°N: (A) Benthic
chamber TPO,” flux in mmol m~ d" (line and circles) and bottom water oxygen concentration (O,
UM, stippled blue area); (B) diffusive Fe* fluxes in mmol m~ d™'; (C) benthic DIC fluxes in mmol m*
d'; (D) depth-integrated bioirrigation coefficient (dimensionless) normalized to the deepest station
(Gier et al., 2017); (E) permeability in m’ determined during cruise MSM17-4 at the same sites as
visited during M107 (Sokoll et al., 2016); (F) sand (orange stripes)/mud (black stripes) distribution in
wt.% described by Dale et al. (2014), derived from samples taken during MSM17-4 at the same
stations as sampled during M107. Numbers on top denote the station numbers that are also given in
Table 1. The grey lines at 90 and 412 m water depths depict bottom water oxygen minima observed

during cruise M107 (see also Fig. 1B).
5.6. Water column particles

The measured concentrations of TPP, PIP, POP and POC in the sampled particulate matter are
reported in Supplement 3. The TPP concentrations were much higher at St. 1(47 m water depth)
compared to St. 6 (236 m water depth).

PIP concentrations were highest in the surface waters at St. 1 (0.3 uM) and lowest (0.014 uM) at 225
m water depth at St. 6. On average, PIP comprised 49 % of TPP. As POP is operationally defined as
the difference between TPP and PIP. Hence, the opposite trends are valid for POP concentrations in
the water column.

Very high POC concentrations of 51 and 27 uM were measured at 10 and 20 m water depth at St. 1.
Lowest concentrations of ~ 4 uM were found at 150 m water depth at St. 6.

The mean POC/TPP, POC/PIP and POC/POP ratios were 134 + 12, 310 + 40 and 309 + 87,
respectively (Tab. 4).

5.7. Oxygen manipulation experiments

Results from the ex situ oxygen manipulation experiments on sediment cores from 237 m are shown in
Figure 6. The initial Fe concentrations before oxygen started to decease were below detection limit in
cores A, B and C. The initial TPO,* concentrations were 1.6 UM in all three cores. These values were
measured about & h after the first measurement allowing the system to settle following disturbances
during core retrieval. The initial NO; concentrations were > 20 pM. The drawdown of oxygen started
after one day and lasted for another day until anoxic bottom water conditions were established. The
accumulation of Fe”* in the bottom waters started approximately 5 days later and that of TPO,> 7.5
days later. The sharp increase in TPO,  release began slightly after the point when NO; was
completely consumed and coincided with the beginning of a strong NH," release. NO, concentrations
were relatively constant throughout the experiment except for a consistent peak of 17 uM in core A
and 13 uM in core B immediately after the point where NO, became depleted. Dissolved Fe’* was

released from the sediments only after nitrate and nitrite were completely consumed.
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Fe** and TPO," concentrations continued to increase at the time when core A incubation was ended,
reaching 6.7 uM of Fe** and 8.9 uM of TPO,”. NH," concentrations in this core increased to values of
77.7 uM.

Core B was re-oxygenated after ~ 10 days of anoxia by opening a small valve on the lid of the stirrer.
(Note that the ephemeral O, peaks at 211 and 247 h are artefacts introduced during sub-sampling). The
initial O, bottom water concentrations were reached after less than one day of oxygenation. TPO,”
concentrations then plateaued for ~ 1 day and started to slightly decrease thereafter but remained high
at 3.3 uM after ~ 3 days of oxygenation. Fe** concentrations started to decrease after about half a day
and ended at 0.7 uM when the experiment was stopped. Although Fe’* concentrations were one order
of magnitude larger than in the initial bottom water concentrations, the rate of Fe** depletion is faster
than TPO,”, indicating a stronger sensitivity to O,. NO; concentrations increased slightly coincidental
with the addition of oxygen due to nitrification whereas the NH," release persisted until the end of the
experiment.

In the oxygenated control core C, Fe and P concentrations stayed rather constant during the entire
experiment duration at ~ 0.7 and ~ 1.1 pM, respectively. NO5™ concentrations decreased monotonously
due to ongoing denitrification and were increased artificially at ~80 hrs. NO;™ then decreased in the
second half of the experiment. NH," increased simultaneously to ~ 8.9 uM and remained at this value
for the rest of the experiment. NO,” was not detected in the control core C during the entire incubation.
The diffusive Fe** and TPO,” fluxes (Fig. 6, Tab. 5) were calculated from the slope of the increasing
solute concentrations between the following time intervals: Fe** in core A from 133 to 247 h, in core B
from 151 to 267 h; TPO,” in core A from 97 to 255 h and in core B from 113 to 279 h. In the
following, these fluxes are named ‘potential’ fluxes as they do not reflect measurements at naturally

occurring environmental conditions during the cruise.
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Figure 6: Bottom water concentrations of TPO,”, Fe**, NOy, NO, and NH," (UM) during ex situ
oxygen manipulation experiments in three multiple-cores (A, B and C). Core A was kept anoxic for
the entire experiment duration whereas core B was oxygenated again after ~12.5 days. Core C was run
as a control core with O, concentrations maintained at ca. 80 pM. The green lines in the upper two
panels mark the slopes of the increasing solute concentrations in the above mentioned time intervals

used for the calculation of the TPO,” and Fe** release rates in core A and B (Tab. 5).

6. Discussion

6.1. TPO,*, Fe?*, and DIC release

Benthic TPO, release is mainly driven by organic matter remineralization in sediments and further
enhanced by low oxygen concentrations in overlying bottom waters (Ingall and Jahnke, 1994). The
magnitude of organic matter degradation can be estimated from the dissolved inorganic carbon (DIC)
fluxes measured in situ. Both, DIC and TPO,” fluxes decreased exponentially with water depth (Fig.
5A and C) indicating a strong coupling. If TPO,” release would be driven by POC degradation alone,
one would expect a relation of the DIC and the PO, fluxes according to Redfield (1963) with a C/P
ratio of 106. However, the comparison of both fluxes shown in Figure 7 indicates higher TPO,”
release than expected from Redfield. Our in-situ flux data show that TPO,” is preferentially released
even though oxygen concentrations in ambient bottom water are higher than the threshold for

enhanced TPO," release (20 uM) observed in previous studies (Wallmann, 2010).
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Figure 7: Benthic chamber TPO,” vs. DIC fluxes (closed circles) and the theoretical TPO," fluxes
that would derive from organic matter degradation according to Redfield composition (black line). The
deviation from the measured and the theoretical fluxes indicates that further P sources than particulate

organic phosphorus (POP) are needed to maintain the measured release rates.

The measured total benthic chamber TPO,> fluxes exceed the diffusive fluxes by up to one order of

magnitude, implying that the TPO,” release is dominated by non-diffusive processes (Fig. 8, Tab. 3).
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Figure 8: Benthic chamber (rectangles) and diffusive (circles) TPO,” fluxes (mmol m?* d™) plotted

against the depth-integrated bioirrigation coefficient (dimensionless) normalized to the deepest station

(Gier et al., 2017). Total benthic TPO,” fluxes are significantly elevated at higher bioirrigation levels.

The high permeability of the sandy seafloor off Mauritania (Fig. 5 E, F) may allow bottom water to
flow through surface sediments along horizontal pressure gradients induced by bottom currents and
topography (Huettel et al., 2003, Sokoll et al., 2016). Moreover, sandy sediments are an indicator for
strong bottom water currents, leading to fast POC degradation and erosive loss of the fine-grained
material, which was observed for water depths down to 240 m along the depth transect (Dale et al.,
2014, Sokoll et al., 2016). Measurements undertaken with an acoustic Doppler velocimeter revealed a
high bottom water current velocity at 240 m water depth of up to 20 cm s induced by internal waves

okoll et al., . The bottom water current velocity ranged between 5 an cm s .However, hi
(Sokoll et al., 2016). The b locity ranged b 5and 10 'H high
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sand content of the sediments on the Mauritanian shelf is also a result of episodically occurring events
where high loads of sand are transported by winds from the adjacent Sahara desert to the ocean.

Apart from the high sand content, the seafloor of the Mauritanian shelf is densely populated by
macrofauna and speckled by burrow holes (Dale et al., 2014). Along the depth transect, distinct traces
of benthic organisms and their tracks were observed, possibly due to changes in sediment
characteristics and bottom water oxygen concentrations. Many traces of organisms were found in the
sediments with higher sand content, suggesting that these are responsible for enhanced bioirrigation in
this area (Fig. 5D; Gier et al., 2017). Bioirrigating organisms, such as polychaetes and bivalves,
exchange bottom and porewater by ventilating their burrows for feeding purposes and the impact of
bioirrigation on solute exchange by burrowing animals is well recognized (e.g. Aller 1980; Dale et al.,
2013, Norkko and Shumway, 2011, Meysman et al, 2006; Kristensen et al., 2012). The importance of
bioirrigation (including physically induced water flow through permeable sediments; e.g. Huettel et
al., 2003) in the working area is demonstrated in Figure 8, showing that total TPO,  fluxes are
significantly enhanced compared to diffusive fluxes when bioirrigation is high. Moreover, the lowest
bottom water oxygen concentrations were found concurrent with a decrease of the bioirrigation
coefficients and a sharp drop in TPO,” release (Fig. 5 A and D). In contrast, the highest release rates
offshore Peru are typically found at to the lowest bottom water oxygen concentrations (Lomnitz et al.,

2016; section 6.2).

The offset from the Redfield ratio between in TPO,” and DIC fluxes (Fig. 7) is reson to take a closer
look at P sources and sedimentary P turnover. The inorganic P fraction (PIP) contributes significantly
to the total P inventory of sediments off Mauritania. Our analyses revealed a mean PIP fraction of 75
% of the total sedimentary P inventory. The sedimentary PIP inventory can be enhanced by the
conversion of POP into PIP while TPP remains constant; a process known as sink-switching
(Ruttenberg and Berner, 1993; Faul et al., 2005). Most of the PIP formed in marine sediments is
composed of carbonate fluoro-apatite (Ruttenberg and Berner, 1993). This authigenic mineral phase
precipitates from ambient pore fluids that are enriched in dissolved phosphate due to POP degradation.
Our water column particle and sediment composition data suggest that sink-switching occurs off
Mauritania. We found that sediments were enriched in PIP and depleted in POP compared to water
column particles (Tab. 4). Furthermore, our down-core data suggest that POP to PIP conversion takes
place already at the sediment/water interface and intensifies with sediment depth (Tab. 4). A P mass
balance was set up for the two stations in our study area where the water column was analyzed (47 and
236 m) considering the rain rate of TPP to the sediment, the benthic chamber release of dissolved
TPO,", and TPP burial below the bioturbated zone (Tab. 6). At the shallow station where sediments
do not accumulate because of strong bottom currents, the mass balance was closed within the error
range of the benthic fluxes. This means that the rain rate of TPP to the seabed derived from the DIC
flux and the TPP/POC ratio in water column particles was as high as the benthic chamber TPO,”> flux

into the water column. At the deeper station where sediments accumulated at a high rate (0.35 cm yr
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1, the mass balance was not closed because the TPP rain rate was smaller than the sum of the benthic
TPO,” release and TPP burial flux (Tab. 6). This observation may indicate that down-slope transport
of TPP contributed significantly to the burial flux. The deficit may also be explained by a lower
POC/TPP ratio in sinking particles reaching the seabed compared to the suspended particles that were
sampled and analyzed in this study. Finally, it is possible that the high benthic fluxes measured during
our cruise induce a decline in the TPP stock of surface sediments reflecting non-steady state

conditions in P supply/release as postulated for the Peruvian OMZ (Lomnitz et al. 2016).

Benthic diffusive Fe** fluxes are mainly controlled by the availability of reactive Fe oxyhydroxides
that are reductively dissolved during organic matter degradation (e.g. Froelich et al., 1979; Canfield et
al., 1989). Bottom water oxygen concentrations below 20 pM also favor benthic Fe release (Dale et
al., 2015). Although bottom waters off Mauritania are more oxic than this, we attempted to calculate
the potential Fe™* release across the sediment water interface from porewater profiles, being aware that
this method cannot account for Fe precipitation at the very sediment surface preventing Fe®* escape
into bottom water.

Fe* release was induced by a shallow Fe reduction zone due to intense organic matter degradation in
the surface sediments at St. 1 (47 m) to VI (236 m). However, the low Fe release at St. 3 is likely due
to stronger oxygenated sediments caused by enhanced permeability and bioirrigation. Shale fragments
of bivales were found in the entire sediment core. Hydrogen sulfide accumulation, produced by sulfate
reduction, began at ~ 9 to 11 cm sediment depth (Fig. 2). In the transition zone between hydrogen
sulfide and Fe-release above, precipitation of iron sulfides can be presumed. Below 250 m water
depth, bottom water oxygen levels rose and organic carbon degradation decreased leading to a shift of
the Fe reduction zone deeper into the sediments (~ 5 — 15 cm), and a decrease in Ferelease (Fig. 2, 5 B
& C). It is likely that a large fraction of the Fe’* diffusing towards the sediment/water interface is
oxidized and precipitated as ferric iron oxyhydroxide at the sediment surface before it can reach the
overlying water column. However, a recent study of Klar et al. (2017) showed that dissolved Fe
released from the sediments could be stabilized by complexation to organic ligands in oxic waters.
Moreover, ferric iron nanoparticles may form during the oxidation process that may not settle
instantaneously but may be transported over large distances before they are finally removed by particle
scavenging (Raiswell and Canfield, 2012).

The flux peak calculated for St. 8 (786 m water depth) may result in a significant Fe release into the
water column. Independent data of dissolved Fe in the water column revealed a dFe plume in the
bottom waters of St. 8 coinciding with elevated ***Ra/**’Ra ratios (Rapp, personal communication).
Oceanic Ra originates from pore water release, sediment resuspension, and submarine groundwater
discharge (Moore, 1987; Moore and Arnold, 1996b; Rama and Moore, 1996) and is therefore a
suitable indicator for the origin of the Fe plume. Hence, in this case it is likely that a significant

fraction of the diffusive iron flux is transported across the sediment/water interface into ambient
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bottom waters probably as organic complex or nanoparticle. Nevertheless, this uncertainty clearly
emphasizes the need for enhanced future efforts on the fate of iron released from marine sediments.
The mean Fe/Al ratio of all cores along the depth transect was 0.55, which is in the range of the
reported background ratio of 0.4 to 0.8 (Fig. 4, Tab. 2). The large range of the Fe/Al background ratio
is a result of the various rock and sediment types in the Sahara desert — the source area for the Fe
supply. However, the sedimentary Fe/Al ratios are enriched in Fe compared to the average upper
continental crust with a Fe/Al ratio of 0.44 (McLennan, 2001). Even higher average ratios of 0.61
were found at stations 3 to 5 although dissolved Fe was released from the sediments, indicating that
detrital Fe supply is clearly exceeding the Fe release. Hence, the shifts in solid phase concentrations
were likely an effect of increasing grain size induced by strong bottom water currents, since elevated
Fe/Al ratios were found to be concurrent to enhanced Ti/Al ratios at St. 3 to V (Fig. 4; e.g. Boyle,
1983; Zabel et al., 1999).
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Temporal variability of TPO,” and Fe** fluxes

TPO,” and Fe** fluxes from early summer 2014 (MI107), representing late to post upwelling
conditions, were compared to fluxes measured during the upwelling season in spring 2011 (MSM17/4)
at the same stations. Overall, the TPO,” and Fe** fluxes from the two datasets are of the same order of
magnitude (Fig. 9 and 10). However, the TPO," and Fe™* release rates were consistently lower in
water depths between 40 and 240 m during upwelling. This could be an effect of overall higher bottom
water oxygen concentrations (= 50 uM O,) compared to the conditions during summer 2014 (Tab. 1)
inhibiting benthic nutrient release to the overlying bottom waters. Only at 98 and 236 m water depth
was the Fe’ release during upwelling higher than in summer 2014. During M107, porewaters from
cores at 66, 90 and 129 m water depth were sampled in 2 cm intervals by rhizones, whereas all other
cores from M107 and MSM17-4 were sectioned in 1cm intervals. The diffusive Fe** fluxes determined
during spring 2011 might thus be more realistic. Nevertheless, both datasets include the sharp decline
of the Fe™ flux at ~ 90 m water depth consolidating this feature and indicating long-term persistence.
Furthermore, the unusually high Fe flux found at 789 m water depth was even higher in 2011. It
remains unclear whether the decreased bottom water oxygen concentration in shallow waters and the
slightly enhanced TPO,” and Fe™ release are a consequence of ongoing oxygen loss on the

Mauritanian margin.
6.2. Comparison with the Peruvian Oxygen Minimum Zone

In this section, we compare comprehensive data sets of TPO,” and Fe** fluxes of two prominent
eastern boundary upwelling systems, the Mauritanian and Peruvian upwelling (Noffke et al, 2012;
Lomnitz et al., 2016; Scholz et al, 2016). The most prominent difference between the two areas is the
bottom water oxygen concentration. Mauritanian bottom waters O, concentrations did not fall below
20 uM (a threshold for the definition of an OMZ; Helly and Levin, 2004) at any time during our
measuring campaigns. The lowest O, levels detected at ~ 90 m water depth were around 27 uM (M107
in 2014). In contrast, the Peruvian upwelling is highly dynamic where long-lasting periods of anoxic
and nitrate-reducing (nitrogenous) conditions are interrupted by short-lived oxic and sulfidic events
(Gutiérrez et al., 2008; Noffke et al., 2012; Schunk et al., 2013; Scholz et al., 2016; Sommer et al.,
2016; Graco et al., 2017). Furthermore, the primary production rates on the Mauritanian margin are
slightly lower (1.7 g C m*> d' (Carr, 2002) and 0.3-2.3 g C m” d"' (Morel et al., 1996)) than reported for
Peru (1.8-3.6 gC m” d' (Dale et al., 2015 and references therein). However, given that TPO,” and Fe**
release rates are ultimately driven by POC degradation in the sediment, it is more meaningful to
compare DIC fluxes rather than primary production rates. The DIC fluxes indicate a much higher
organic matter rain rate and degradation rate at shallow water depths of about 70 m off Peru (65.9 + 21
mmol m*d"; Dale et al., 2015) compared to Mauritania (15.3 = 2.7 mmol m~d™). Furthermore, the
benthic microbial community completely different. Dense mats of sulfide-oxidizing bacteria, which

are ubiquitous on the Peruvian margin at water depths down to 300 m and likely have strong effect on
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the P-cycle (Lomnitz et al., 2016), are absent off Mauritania, presumably due to relatively high bottom

water O, concentrations.

Mauritanian and Peruvian TPO," release rates diverge mainly in water depth between 50 to 420 m
(Fig. 9, Noffke et al., 2012; Lomnitz et al., 2016, this study). TPO43’ release measured off Peru is up to
a factor of two higher than off Mauritania. Accordingly, the porewater TPO,> concentrations reported

off Peru were in general at least twice as high as off Mauretania (Noffke et al., 2012; this study).

As mentioned above, high POC degradation rates and low bottom water oxygen concentrations favor a
strong TPO,” release. However, also local features modulate the magnitude of the fluxes significantly.
Off Peru, sulfide oxidizing bacteria have been suggested to play a key role in benthic P cycling
(Lomnitz et al., 2016). Sulfur bacteria such as Beggiatoa or Thiomargarita are known to be adapted to
the oscillating redox conditions, storing intracellular polyphosphates during oxic conditions and
degrade these to gain energy when anoxic conditions occur (Schulz and Schulz, 2005; Brock and
Schulz-Vogt, 2011). When polyphosphates are degraded, phosphate is released to the bottom water
enhancing the benthic TPO,” release. Such organisms are absent off Mauritania, but instead burrow
dwelling macrofauna modulate TPO," release rates (see section 6.2.).
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Figure 9: Benthic chamber TPO," fluxes (mmol m~ d) from Mauritania (MSM17/4 and M107)
along the 18°N depth transect and from the Peruvian margin (M77 and M92) along 11 and 12°S depth
transects. The single purple circle denotes the TPO,  release determined from the O, manipulation

experiments.
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Despite considerable differences in the bottom water oxygen concentrations, the diffusive Fe** fluxes
on the Mauritanian and Peruvian margins are in overall good agreement (Fig. 10). At first sight, the
similarity of Fe** fluxes off Mauritania and Peru is remarkable. The porewater Fe** concentrations
found off Mauritania were of the same magnitude or slightly lower as found in the porewaters off Peru
(Noffke et al., 2012). However, during the M92 sampling campaign off Peru, weakly sulfidic waters
and high porewater sulfide concentrations reduced diffusive Fe** fluxes on the shallow shelf (Scholz et
al., 2016). In contrast, during the M77 Peru cruise (Noffke et al., 2012, 11° S, similar water depths)
exceptionally high diffusive Fe’* fluxes were observed at the shallow stations (~ 80 m water depth).
As suggested by Noffke et al. (2012), this was due to an oxygenation event that took place shortly
before the sampling campaign. During this event, dissolved Fe”* was reoxidized and deposited at the
seafloor thereby replenishing the highly reactive Fe inventory at the sediment surface. During the
following anoxic period, the precipitated Fe oxyhydroxides were dissolved and released to the bottom
water. Low Fe™* fluxes in the Peruvian core OMZ measured during both cruises M77 and M92 were
attributed to persistent anoxic bottom waters causing a depletion of the available Fe pool over time
(Noffke et al., 2012; Scholz et al., 2011, 2014).

Overall, reduced Fe release during sulfidic bottom water conditions off Peru and slightly oxic bottom
water conditions off Mauritania lead to comparable Fe** fluxes although major control parameters,
such as the degradation rates of organic matter and the bottom water oxygen levels, were largely
different. This observation highlights the complexity of predicting benthic Fe fluxes and the need for a

better understanding of the interplay of major environmental control parameters.
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Figure 10: Diffusive Fe** fluxes (mmol m~ d') from Mauritania (MSM17/4 and M107) along the
18°N depth transect and from the Peruvian margin (M77 and M92). The single purple circle denotes

the Fe release determined from the O, manipulation experiments.
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6. 3 Ex situ deoxygenation experiments

In order to estimate the TPO,’ and Fe’* release potential of the Mauritanian sediments under anoxic
conditions, we conducted ex situ deoxygenation experiments. The TPO, release into the bottom
water reached 0.15 + 0.04 mmol m~ d"' after less than 9 days without oxygen, which is less intense
than the fluxes found off Peru, but still a significant release rate (Fig. 9 and Tab. 5, Noffke et al., 2012;
Lomnitz et al., 2016). The Fe™ release was unverifiable (Fe** concentrations remained below the
detection limit of 100 nM) in the presence of dissolved oxygen. This experimental observation
confirms that ferrous iron diffusing from the sediment is rapidly oxidized at the sediment/water
interface before it can enter oxygen-bearing bottom waters. Hence, the diffusive Fe** fluxes calculated
from pore water gradients may not represent actual fluxes and may overestimate the iron release from
sediments. However, the Fe”" release increased dramatically to 0.27 mmol m?*d" after O,, NO;y, and
NO, were consumed, which falls in the same order of magnitude as the maximum flux measured off
Peru (Fig. 10, Tab. 5). This result implies a significant release potential of dissolved TPO,” and Fe™*
from the sediments on the Mauritanian margin upon deoxygenation and nitrate loss and underlines the
need for future studies on benthic nutrient release with respect to changing environmental conditions

and their role in ocean deoxygenation.

Conclusions

Benthic TPO,> and Fe’* release within the Mauritanian upwelling system is largely controlled by the
rate of organic matter degradation in the surface sediment. In addition, sediment characteristics seem
to have a certain impact on benthic fluxes while the effect of bottom water oxygenation is low. We
suspect that, specifically on the shelf, fluxes across the sediment bottom water interface were
enhanced by intense bioirrigation as well as bottom water percolation through permeable surface
sediments induced by bottom currents and topography. P mass balance calculations reveal a P deficit
at 240 m water depth that could be a result of intense downslope transport of P containing particles
contributing to the P burial flux at this station or a lower TPP/POC ratio of the sinking particles
compared to the suspended particles that we analyzed. Moreover, comparing TPO,” and Fe’* fluxes
from 2011 and 2014 revealed only slight differences that are likely induced by higher bottom water
oxygen concentrations during the first sampling campaign. Ex situ deoxygenation experiments
resulted in P and Fe fluxes comparable in magnitude to naturally occurring benthic fluxes in the OMZ
offshore Peru where the water column is fully anoxic most of the time. The results presented here
indicate the potential for enhanced nutrient release from sediments underneath the Mauritanian OMZ
during progressive deoxygenation of overlying waters. This information could be included in regional
models to investigate how the productivity of the overall upwelling system will be affected by

changing sediment nutrient release on longer time scales.
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Tables

Table 1 Station list including geographical coordinates, sampling date, water depths and bottom water
oxygen concentration for all sites along the 18°N depth transect from cruises M107 (June 2014) and
MSM17/4 (March — April 2011).

Water depth Bottom water O,

No. Station Gear Lat. N Long. W Date (m) (uM)
Cruise M107
. 658 MUC13 18°17.299'  16°18.994'  23.06.14 47 s
665 BIGO2-4  18°17.100' 16°18.997°  23.06.14 47
5 686 MUC19 18°16.287  16°22.910  25.06.14 66 .
688 BIGO2-5 18°16.286  16°22.932'  25.06.14 67
; 628 MUCI10 18°15.197"  16°27.002' 21.06.14 90 55
630 BIGO1-3 18°15.006'  16°27.010'  21.06.14 91
A 672 MUC17 18°14.483'  16°29.634'  24.06.14 129 35
673 BIGO1-4  18°14.485'  16°29.635'  24.06.14 129
5 697 MUC20 18°14299'  16°30.995'  26.06.14 169 b,
617 BIGO2-3 18°14.397"  16°31.000'  20.06.14 171
612 MUCS 18°12.945'  16°33.153'  20.06.14 236
598 BIGOI-2  18°13.286' 16°33.334' 15.06.14 236 >3
6 583 MUC7A 18°12.998'  16°33.197  14.06.14 237
583 MUCT7B 18°12.998'  16°33.197  14.06.14 237 50
583 MUC7C 18°12.998'  16°33.197  14.06.14 237
; 554 MUC5 18°12.504'  16°35.583'  12.06.14 412 ”
557 BIGO2-2  18°12.504'  16°35.585' 12.06.14 412
534 MUC3 18°11.288'  16°39.328'  10.06.14 786
8 547 BIGO1-1 18°11.31'  16°39.335'  11.06.14 787 72
527 BIGO2-1 18°10' 16°44.99'  09.06.14 1096
9 669 MUCI15 18°10.001'  16°44.997  24.06.14 1099 132
524 MUCI 18°09.991'  16°45.023'  09.06.14 1108
Cruise MSM17/4
485 BIGO 1-4 18°17.30' 16°19.01'  28.03.11 53
463 MUC35 18°17.30' 16°19.01'  25.03.11 52 26
409 BIGO1-2 18°15.20' 16°27.00'  20.03.11 98
406 MUC25 18°15.23' 16°27.00'  20.03.11 98 59
560 MUC52 18°14.31' 16°27.03'  17.04.11 98
539 BIGO2-4 18°14.30' 16°31.01'  04.04.11 174
536 MUC50 18°14.30' 16°31.01'  04.04.11 174 >
466 BIGO2-1 18°13.10' 16°33.30'  21.03.11 241
421 MUC28 18°13.05' 16°33.30'  21.03.11 241 57
584 MUCS53 18°12.90' 16°33.30°  08.04.11 255
453 BIGO1-3 18°12.54' 16°35.65'  24.03.11 425
448 MUC31 18°12.56' 16°35.60'  24.04.11 417 >3
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530
506

466
483

BIGO1-5
MUC44

BIGO2-2
MUC36

18°11.29'
18°11.31"

18°10.00"
18°10.00"

16°39.32'
16°39.32

16°45.00'
16°45.00'

03.04.11
31.03.11

25.03.11
28.03.11

789
786

1113
1108

139
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Table 2 Average sedimentary Fe/Al and Ti/Al ratios in sediment cores from each station along the depth transect.

Station Water depth (m) Fe/Al Ti/Al
659 MUC 14 47 0.47 0.068
686 MUC 19 66 0.51 0.073
628 MUC 10 90 0.63 0.077
672 MUC 17 129 0.62 0.071
697 MUC 20 169 0.61 0.074
583 MUC 7C 236 0.57 0.074
554 MUC 5 412 0.5 0.06
534 MUC 3 786 0.5 0.06
524 MUC 1 1108 0.51 0.06

Average Fe/Al 0.55 0.07




Table 3 Benthic chamber TPO,> and DIC fluxes and diffusive TPO,” and Fe’* fluxes from cruise M107 and MSM17/4. The

error given for the benthic fluxes is the difference of the fluxes from two benthic chambers in each BIGO lander. Diffusive

fluxes were calculated according to Eq. (1) section 4.3. Units are in mmol m> d ™.

No. Station Gear Benthic g_hamber Difﬁ;_sive Dii;ﬁusive Benthic chamber
TPO, flux TPO, ™ flux Fe™ flux DIC flux
Cruise M107
) 658 MUCI13 0.02 0.02
665 BIGO2-4 0.2 +£0.07 20.06 £0.69
) 686 MUC19 0.04 0.03
688 BIGO2-5 0.17+£0.03 15.34 £2.67
3 628 MUC10 0.01 0.01
630 BIGO1-3 0.09 £ 0.05 10.75 £2.15
4 672 MUC17 0.03 0.03
BIGO1-4 0.16 £ 0.01 9.52+1.03
5 697 MUC20 0.04 0.02
617 BIGO2-3 0.14 £ 0.03 7.93 +£0.69
612 MUC8 0.02 0.01
6 598 BIGO1-2 0.11+0.05 8.64 +0.07
; 554 MUC5 0.01 0
557 BIGO2-2 0.08 £0.02 5.64+£2.5
534 MUC3 0.03 0.01
8 547 BIGO1-1 0.05+£0.01 58+1.2
527 BIGO2-1 0.06 £ 0.01 5.86+2.3
9 669 MUCI15 0.02 0
524 MUC1 0.02 0
Cruise MSM17/4
463 MUC35 0.01
485 BIGO 1-4 0.04
406 MUC25 0.01
560 MUC52 0
425 BIGO1-2 0
536 MUC50 0
539 BIGO2-4 0.11+0.02
421 MUC28 0
584 MUC53 0.05
466 BIGO2-1 0.055+0.025
448 MUC31 0.02
453 BIGO1-3 0.11+0.01
506 MUC44 0.03
530 BIGO1-5 0.06+0.01
483 MUC36 0.01
466 BIGO2-2 0.07+0

36



Table 4 POC/TPP, POC/PIP and POC/POP ratios for water column particles, collected at St. 1 and 5, and surface sediments
of all stations along the depth transect. The error given for the water column particle ratios was determined from two filter

samples taken in each sampling depth.

Sampling depth
Station Water depth (m) / water depth) POC/TPP POC/PIP POC/POP
(cm) / sediment depth
Water column particles
645 CTD 46 46 10 98 +1 160 + 14 264 +44
645 CTD 46 46 20 8717 138 £ 36 693 + 546
645 CTD 46 46 BW 103 + 8 208 + 38 235+79
582 CTD 24 233 10 139 +24 298 +27 264 + 63
582 CTD 24 233 20 201 £51 600 + 140 376 £ 302
582 CTD 24 233 50 1676 471 £30 250+ 14
582 CTD 24 233 100 135+7 287+2 257 £25
582 CTD 24 233 150 140+0 224 +7 37517
582 CTD 24 233 200 132+12 339 +30 225 +48
582 CTD 24 233 BW 138+7 376 £ 71 222 +7
Average water column particles 134 +12 310+ 40 309 + 87
Sediments
0.5 91 117 408
1.5 106 121 872
2.5 55 73 227
659 MUC 14 47 35 56 60 1009
55 91 112 492
7.5 85 106 427
9.5 67 88 291
0.5 62 82 243
1.5 54 80 171
2.5 64 83 285
686 MUC 19 66 35 71 92 321
55 72 97 280
7.5 72 99 269
9.5 75 97 336
1 42 55 185
3 52 66 251
628 MUC 10 90 7 67 90 267
9 80 88 840
0.5 73 97 292
1.5 78 97 413
35 79 111 272
697 MUC 20 169 55 77 106 278
7.5 76 102 293
8 87 114 364
0.5 82 102 416
1.5 72 105 234
2.5 83 108 362
583 MUC 7C 236 35 76 121 205
55 89 127 292
75 89 123 319
9.5 84 106 416
554 MUC 5 412 0.5 81 115 271
1.5 77 87 682
35 89 123 322
5.5 86 121 297
75 95 135 324
9.5 90 126 317
534 MUC 3 786 0.25 90 119 304
0.75 82 111 309
225 95 144 278
3.75 99 154 281
5.5 108 154 359
7.5 127 161 603
8 122 185 357
524 MUC 1 1108 0.25 83 120 271
0.75 89 127 299
225 96 144 286
3.75 112 168 338
5.5 117 181 332
7.5 127 200 349

37



Table 5. TPO,” and Fe* fluxes to the in the overlying waters the ex sitn O, manipulation experiment at St 6.

Incubation Diffusive Average Incubation Diffusive Average
Core time TPO,> TPO,* flux TPO,> flux time Fe** Fe?* flux Fe** flux
(h) (mmol m?d™") (mmol m?d") (h) (mmol m? d'") (mmol m? d™)
A 97-255 0.19 133-247 0.35
0.15 £ 0.04 0.27 £ 0.08
B 113-279 0.11 151-267 0.19
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Table 6 P mass-balance at St. 1 (47 m) and 6 (236 m).

Parameter Calculation St. 1 St.2

Total benthic chamber P release
TPO,™ flux measured 0.2+0.07 0.11 £0.05
(mmol m?2d?)

P release form POP degradation TPO?L_(POP) = DIC/ (%)

Enﬁ)n?gi-gglz'l) % is the ratio of particles collected in the bottom water 0.09 +0.003 0.0420
(lowest sample in water column)

P release form TPP degradation TPO?L_(TPP,WC) = DIC/ (%)

Enfn?girilquvyf) % is the ratio of particles collected in the bottom water 0.15£0.006 0.08+0.001

(lowest sample in water column)

Sedimentation rate SR

1 Dale et al., 2013 0 0.35
(cmyr™)

MAR = p (1 — $)SR with:

Mass accumulation rate MAR p = 1.8 (dry bulk density (g cm™) from Forster, 2011) 0 0.32

2
(gem™yr) ¢ = 0.49 (porosity at the lower core end)
. Pror = MAR * [Py]
P burial I}“t 1 P,o = (P concentration in 10 cm depth, 0 0.08
(mmol m~d™)
Supplement 2)
P release from the dissolution of TPO3 .., = Fe?*/ (E)
Fe (oxyhydr)oxides TPO,™ g, o (Fe) P 0.0083 0.0037
(mmol m2 d™) (§= 10, Slomp et al., 1996)
_ P

] ) TPO?L (terr) = MAR = [Aly_q] * Al
p fron;_terrlgenous mput Aly; = 0.84 mmol g (Al concentration of surface .
TPO, (o) sediment, Supplement 1) 0 7.4x10
(mmol m~d™) P

i 0.01
(ratio of P and Al in the surface sediment, Supplement 1)

P deficit TPO,> (ges) TPO3 (der) = TPOS (repwey T TPOS (key + TPOZ (rerny 0.04 01
(mmol m2d™) — (TPO3™ + Pyy) . .

Highlights:
e next to organic matter degradation, bioirrigation and bottom water percolation through
permeable surface sediments enhances benthic TPO,” and Fe** release
e changes in bottom water oxygenation induce slight changes benthic TPO,” and Fe** release
rates measured in 2011 and 2014
e deoxygenation experiments imply enhanced TPO,> and Fe™* release at ongoing deoxygenation
in the Mauritanian OMZ
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