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Surface sediments of the coastal mud belt in the Benguela Upwelling System (BUS)
off Namibia host extensive communities of chemotrophic large sulfur bacteria (LSB)
of the family Beggiatoaceae such as Thiomargarita spp. and Candidatus
Maribeggiatoa spp. In order to understand the role of these bacteria in N and P
cycling, biogeochemical data from three sites in the mud belt were simulated with a
biogeochemical model including LSB catabolic pathways. Organic carbon
remineralization was dominated by the reduction of sulfate to hydrogen sulfide
(5.0-7.7 mmol C m™2 d™%). At the two stations where LSB were observed, produced
hydrogen sulfide was almost completely oxidized by LSB using nitrate as the
electron acceptor. Modeled rates of nitrate reduction to N, by LSB were over two
times higher than nitrate reduction to ammonium. This points toward a potential
negative feedback by LSB on primary production. Furthermore, loss of fixed N
strongly enriched the benthic fluxes in P relative to N. Although the model included
intracellular polyphosphate accumulation by LSB and subsequent breakdown to
phosphate, a clear link between polyphosphate dynamics and hydroxyapatite
precipitation and burial could not be clearly substantiated. This is partly due to
simplifying assumptions in the model and analytical uncertainties in distinguishing
between authigenic hydroxyapatite and allochthonous hydroxyapatite (e.g., fish
bones), both of which are major components of particulate P in the BUS. Our
modeling suggests a significant control of LSB on benthic N and P fluxes to the water
column. Given the extensive coverage of LSB on the shelf (>30,000 km?), more
accurate forecasts of nutrient cycling and primary production in the BUS necessitate
a closer inspection of benthic P sources and sinks in the mud belt and a clearer
understanding of the controls on the end product of nitrate reduction by LSB.
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Introduction

The major nutrients nitrogen (N) and phosphorus (P) are
required for the growth of all organisms, and their availability
largely controls the productivity of marine ecosystems. On long
kyr time scales, changes in the oceanic N and P inventories can
have major impacts on the global carbon cycle (Gruber, 2008;
Wallmann et al,, 2016). Today, eastern boundary upwelling
systems including the California, Humboldt, Canary, and
Benguela current systems play a significant role in the marine
C cycle, accounting for 10% to 20% of total marine primary
production and global fish catches despite covering less than 1%
of the ocean surface (Carr, 2001; Capone and Hutchins, 2013;
Malone et al., 2017). Among the four major upwelling systems,
the Benguela Upwelling System (BUS), located along the coasts
of Angola, Namibia, and South Africa (14°S-34°S), has the
highest primary production at 0.37 Gt C yr™' (Carr, 2001).

In the northern part of the BUS, especially oftshore Namibia
between 20°S and 25°S, a perennial oxygen minimum zone
(OMZ) in subsurface waters along the coast has been present
for millennia (West et al., 2004; Hutchings et al., 2009). The lack
of oxygen is driven by intense respiration of phytodetritus in the
water column and sediments (Briichert et al., 2006; Mohrholz
et al., 2008). In austral summer, the dominant water mass is the
poleward-propagating and warm South Atlantic Central Water
(SACW) from the Angola Gyre, which is nutrient-rich and
oxygen-poor (~20-70 pM; Mohrholz et al., 2008). In austral
winter, cross-shelf circulation intensifies and brings equatorward
subtropical Eastern SACW (ESACW) that is more oxygenated
(~250-300 pM) and lower in nutrients. The combination of
nutrient supply, high particle fluxes to the seafloor, and low O,
levels has resulted in an extensive mud belt on the Namibian
shelf of over 700 km in length that is characterized by
extraordinary particulate organic carbon (POC) contents
exceeding 15% dry weight (Inthorn et al., 2006; Meisel et al.,
2011) and high rates of benthic carbon respiration.

Respiration of carbon in the sedimentary mud belt is mainly
carried out anaerobically by bacterial sulfate reduction, resulting
in elevated concentrations of dissolved hydrogen sulfide (H,S) in
sediment porewaters (Briichert et al., 2003; Briichert et al., 2006).
The flux of H,S from the sediment to the bottom water is largely
controlled by the activity of colorless large sulfur bacteria (LSB)
of the family Beggiatoaceae such as chemotrophic Thiomargarita
spp. and Candidatus Maribeggiatoa spp. that oxidize H,S to gain
energy (Schulz et al,, 1999; Briichert et al., 2003). These bacteria
are aerobic or microaerophilic and present throughout the mud
belt, covering an area >30,000 km? (Briichert et al., 2006). If the
efficiency of the microbial filter is inhibited, H,S can escape the
sediment and produce plumes of elemental sulfur in the water
column that are detectable by satellite imagery (Ohde and
Dadou, 2018). These sulfidic events appear to correlate with
the seasonal variability of the OMZ and generally occur in late
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austral summer (February-March) and early austral autumn
(April-May) (Ohde and Dadou, 2018). Given its toxicity, sulfide
accumulation in the water column can cause massive fish
mortality (Briichert et al., 2003; Briichert et al., 2006; Ohde
and Dadou, 2018). A firm understanding of the factors leading to
benthic H,S emissions is therefore of prime importance.

LSB oxidize sulfide using nitrate (NOj3) stored in their
intracellular vacuoles, producing either ammonium (NHj) or
N, as the N end product (Otte et al., 1999; Winkel et al., 2016).
These pathways are referred to as dissimilatory nitrate reduction
to ammonium (DNRA) or dinitrogen (DNRN,). DNRA and
DNRN, are of environmental significance since the former
recycles fixed N between NO3 and NHj, whereas the latter
leads to a net loss of fixed N as N, gas. The environmental factors
that determine the relative rates of these processes are generally
unknown but may be related to the relative abundance of
electron acceptors (Kraft et al., 2014). DNRA can have further
significance for the overall N loss from the ecosystem. For
instance, a significant fraction of NHj consumed in the water
column offshore Peru by anammox can be supplied by DNRA in
the sediments (Kalvelage et al., 2013; Dale et al., 2016a). In the
BUS water column, massive N loss is known to occur through
anammox and denitrification, but the contribution of benthic
NHj to pelagic N loss is not well resolved (Kuypers et al., 2005;
Nagel et al, 2013). A greater quantitative understanding of
dissimilatory nitrate reduction is essential for closing nutrient
budgets and for predicting benthic-pelagic feedback across the
mud belt (Briichert et al., 2003; Borchers et al., 2005; Dale
et al,, 2009).

In addition to their influence on benthic N cycling, LSB may
be instrumental in controlling porewater PO3~ concentrations
and benthic P fluxes (Schulz and Schulz, 2005; Goldhammer
et al,, 2010; Brock and Schulz-Vogt, 2011; Goldhammer et al.,
2011; Dale et al., 2013; Langer et al., 2018). LSB, in addition to
other microorganisms, are thought to accumulate
polyphosphate under oxic or hypoxic conditions (Schulz and
Schulz, 2005; Brock and Schulz-Vogt, 2011). Polyphosphates are
long chains of orthophosphate units linked by high energy
phosphoanhydride bonds (Gichter and Meyer, 1993).
Hydrolysis of polyphosphate under unfavorable anoxic or
sulfidic conditions provides an energy source for the bacteria
and releases PO; ™ to the porewater (Jones et al, 2016). This
mechanism has been suggested to drive a sink for P via the
precipitation of authigenic hydroxyapatite (Schulz and
Schulz, 2005).

The importance of the BUS to the Namibian economy
justifies a closer inspection and understanding of N and P
sources and sinks. In this study, we examine this aspect from a
benthic perspective with a particular focus on LSB. Due to the
complexities of the coupled C, S, and nutrient cycles, we use a
numerical model to assess how LSB influence nutrient turnover
and sediment-water exchange fluxes. To date, only a limited
number of studies have quantified the biogeochemical turnover
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rates of N and P in Namibian shelf and the linkages with LSB
(Briichert et al., 2003; Schulz and Schulz, 2005; Dale et al., 2009;
Goldhammer et al., 2010; Neumann et al., 2016). In this study,
new data from sediments of the Namibian mud belt are used to
estimate the relative importance of DNRN, versus DNRA and
the impact on the N and P fluxes communicated to the
water column.

Study site and methods
Study area

Data are presented from three stations in the northern BUS:
within and at the edge of the mud belt at 23°S and within the
mud belt at 25°S (Figure 1). Upwelling at 23°S is strong but only
seasonally active, whereas at 25°S-27°S upwelling persists
throughout the year (Mohrholz et al, 2008; Hutchings et al.,
2009). The inner shelf mud belt covers a total area of 30,000 km?
(Briichert et al., 2006). It is composed of organic- and diatom-
rich mud with minimal dilution by terrigenous sediment
(Calvert and Price, 1983; Borchers et al., 2005). Microbial
sulfate reduction rates can be exceptional (>60 mmol m 2
d™"), with dissolved H,S levels occasionally exceeding 15 mM
a few cm below the sediment surface (Briichert et al., 2006). At
St. 14, Ca. Maribeggiatoa spp. and Thiomargarita spp. were
prevalent, whereas at St. 41, Thiomargarita spp. were dominant

10.3389/fmars.2022.929913

(Fabian et al, in prep). At St. 12, no conspicuous LSB were
observed. Observations of the filamentous LSB Ca.
Marithioploca spp. have also been reported (Gallardo et al,
1998; Flood et al., 2021), but are probably not widely distributed,
and no specimens were observed at the sites studied here or
detected based on 16S-RNA (data not shown). During the
fieldwork, the water mass on the inner shelf was dominated by
ESACW that prevented anoxic conditions in the bottom waters
(Zabel et al., 2019). Bottom waters were nonetheless low in O,
(26-53 uM), with NOj3 and PO3~ concentrations of ~24 uM for
NOj and ~1 uM for PO, respectively (Supplementary Table 1).

Sampling and analytical methods

Sediment data presented in this study were collected from St.
12 (23°S), St. 14 (23°S), and St. 41 (25°S) (Figure 1). Although
several other sites were sampled throughout the mud belt, the
sediments at these three stations presented clear and contrasting
geochemical trends that are suitable for modeling. Sediments
were collected with a multiple-corer (MUC) and a gravity corer
(GC) during R/V Meteor cruise 157 between 4 August and 16
September, 2019, which corresponds to the low productivity
season (Zabel et al., 2019). Sampling and analytical methods are
described in detail by Zabel et al. (2019). After core retrieval, all
cores were transferred to a cool room on board (4°C). Gravity

21°S

22°S

23°S

24°s

25°S

26°S

27°S

FIGURE 1
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11°E 12°E 13°E 14°E 15°E 16°E 17°E

Sampling locations on the Namibian mud belt (bathymetry contours in m). The approximate extension of mud belt shown in gray is based on
Inthorn et al. (2006) and Zabel et al. (2012) for surface sediments with total organic carbon (TOC) concentrations higher than 5 wt%. St. 12 (23°
00'S; 13°52.0’E; water depth = 151 m) is located at the edge of the mud belt. St. 14 (23°00’S; 14°02.9'E; water depth = 138 m), St. 41 (25°00’S;
14°22.6'E; water depth = 140 m), and GeoB12806 (25°00.4'S; 14°23.5'E; water depth = 133 m) are located inside the mud belt.
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cores were 3-5 m long and were cut into 1m sections on the deck
prior to subsampling. The MUC deployments recovered
approximately 40 cm of sediment at each site.

MUC cores were subsampled into Falcon tubes in a glove
bag under argon at a resolution of 1 to 4 cm. Porewater samples
were collected by centrifugation and filtered (0.2 pm cellulose-
acetate filters) inside the glove bag. Wet sediments were sampled
into pre-weighed plastic cups for water content and porosity
determinations at a resolution of 1 to 4 cm. Porewater samples
from GCs were extracted using rhizon samplers (5 cm length, 0.2
pwm porous polymer) at 15 to 40 cm intervals. Wet sediments for
porosity were sampled at a resolution of 1 m.

Dissolved iron (Fe**), phosphate ( PO3"), and ammonium (
NHj) were analyzed immediately onboard. The remaining
samples and porewater aliquots were refrigerated for analysis
at the home laboratories following the cruise. Fe* was analyzed
photometrically (Hach Lange DR 5000 photometer) at 565 nm
following the method of Collins et al. (1959). Aliquots of 1 ml of
acidified sample (20 pl of 1% ascorbic acid) were added to 50 pl
of a ferrospectral reagent (Merck Chemicals) in disposable
polystyrene cuvettes (Stookey, 1970) for analyses. Samples
with high Fe*" concentrations were diluted with oxygen-free
artificial seawater. PO}~ concentrations were determined
photometrically via the molybdenum blue method using a
Hach Lange DR 5000 photometer (Grasshoff et al., 1999).
Highly sulfidic samples were spiked with 20 ul of 30% HCI
and bubbled with argon for 1 minute to limit sulfide interference
for PO}~ analysis. NHj was measured by flow injection using a
polytetrafluoroethylene (PTFE) tape gas separator technique
after Hall and Aller (1992). The precisions of the Fe**, PO3,
and NHj analyses were 1%, 7% and 6%, respectively.

Shore-based analyses at MARUM (Bremen, Germany)
included sulfate (SO3"), hydrogen sulfide (H,S), and cations.
SO3™ was determined by ion chromatography (Metrohm 861
Advanced Compact IC, Metrohm A Supp 5 column, 0.8 ml
min™", conductivity detection after chemical suppression). Total
dissolved H,S was measured photometrically using the
methylene blue method in samples that were fixed on board
with zinc acetate (ZnAc) (Cline, 1969). The analytical precision
for SO3~ and H,S analysis was 2%. Dissolved calcium (Ca**) and
magnesium (Mg®") were determined in samples acidified by
suprapure concentrated HNO; (10 pl per ml of sample) by
inductively coupled plasma optical emission spectroscopy (ICP-
OES; axial plasma observation; Agilent 720) with a precision
of 2%.

Porewater data from site GeoB12806 collected during R/
V Meteor cruise M76/1 in April/May 2008 were used in addition
to data from St. 41 to help constrain the model, as the locations
of these two stations are nearly identical (Figure 1). Sampling
and analytical methods were presented in Goldhammer et al.
(2011) with the exception of total alkalinity. Total alkalinity was
determined by titration of 1 ml of porewater with 0.01 or 0.05 M
of HCl to pH 3.8 (Grasshoff et al., 1999).
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A comparison of porewater data from the GCs and MUCs
suggested a loss of surface sediments from the GCs during
penetration of the core into the sediment of 20 cm (St. 12), 37
cm (St. 14), 34 cm (St. 41), and 27 cm (GeoB12806). The data
presented here have been corrected accordingly.

Cells of Thiomargarita spp. were collected from a 1 ml
sediment subsample upon visual identification using a
stereomicroscope. To estimate the biovolume of all
Thiomargarita spp. cells in the 1 ml sediment sample, the cells
were first divided into different size classes. Then, the number of
cells (c) and the average cell radius (7) were determined for each
size class (a) to calculate the total biovolume of all cells per size
class assuming a spherical cell structure (Eq. (1)). Finally, the
total biovolume of all cells per 1 ml of sediment was determined
as the sum of the biovolumes of all size classes (n):

no4
Biovolume = > —- 7 g, (1)
a3

The concentration of intracellularly stored nitrate was
determined by nitrate analysis on an autoanalyzer from 200
collected cells after washing them three times in sterile filtered
seawater and subjecting them to a cycle of shock freezing and
thawing to break the cell walls. From these data, the NO3 stored
within the large sulfur bacteria ( NO3,.) could be calculated.

Porosity was determined from the water loss after freeze-
drying assuming a seawater density of 1.023 g cm™ and a
particle density of 2.5 g cm ™. The freeze-dried solid phase was
analyzed for POC, total particulate nitrogen (TN), and total
particulate sulfur (TS) using an element analyzer (Euro EA,
HEKAtech). POC was determined after acidifying the sample
with 0.25 N of HCI to remove carbonate. POC content refers to
the dry weight percent (wt%) of C (detection limit<0.1 wt% and
relative error of 3%). Total iron (TFe) concentration in the solid
phase was determined by ICP-OES following digestion in nitric
acid, hydrofluoric acid, and perchloric acid (Scholz et al., 2011).
For quality control of the procedure, the certified reference
material MESS-3 (Canadian Research Council) was digested
and analyzed along with the sediment samples. The measured
TFe in the reference material was always within the
certified range.

A five-step sequential extraction scheme modified after
Ruttenberg (1992); Schenau and De Lange (2000), and Kiister-
Heins et al. (2010) was used for the speciation of particulate P.
Approximately 125 mg freeze-dried sediment sample was
successively washed with 25 ml of 1) 2 M of NH,Cl (pH 7;
4 h; repeated 8 to 10 times), 2) CDB (citrate-dithionite-
bicarbonate) buffer solution (pH 7.5; 8 h), 3) 1 M of sodium
acetate buffer solution (pH 4; 6 h), 4) 1 M of HCI (24 h), and 5) 1
M of HCl (24 h) after ignition for 3 h at 550°C. The extracted P
components include biogenic P in fish scales, bones, and teeth
that are mainly composed of hydroxyapatite (Pydap) from step
1, iron-bound P (Pg) from step 2, authigenic apatite (P suthigenic)
from step 3 typically corresponding to carbonate fluorapatite,
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detrital P (Ppegitar) from step 4, and organic P (P,g) from step 5.
The sum of these fractions gives the total P content (Pyo,). The P
concentration of the solutions was determined by ICP-OES with
a precision 0of<5%. TS, TFe, and P phases are reported in pmol (g
dry weight)f1 of S, Fe, and P, respectively.

Freeze-dried sediment samples were used for determining
219pb activity. At St. 12, samples (>5 g) were measured for a total
21%pb by a low-background coaxial Ge(Li) detector via its
gamma peak at 46.5 keV at Kiel University, Germany (e.g.,
Bohlen et al., 2011). As there were limited amounts of sediment
available for St. 14 and St. 41, samples (0.5 to 3.5 g) were
measured by using the well-type HPGe gamma spectrometry
system (GWL-100230) at the Institute of Oceanography,
National Taiwan University (Geilert et al., 2018). Excess 210py,
(*'°Pb,,) was calculated by subtracting 214ph from the
total *'°Pb. The activities of radionuclides were decay-
corrected to the sampling date. All radionuclide data were
calculated on a salt-free dry-weight basis.

Mass accumulation and sedimentation
rate

Mass accumulation rates (MAR in g cm ™2 yr™') were derived
from the *'°Pb,, data below the mixed layer. The mixed layer

10.3389/fmars.2022.929913

was estimated by visual inspection as the depth where a change
in the 2'°Pb,, content was discernible (Figure 2). Below this
depth, particles are transported downwards by burial and
compaction (e.g., de Haas et al., 1997). The slope of the
regression line of In(*'°Pb,,) activity versus depth was used to
determine MAR (Huh et al,, 2009). Assuming steady-state
sediment accumulation, the sedimentation rate (@,. in cm
yr'), or burial velocity, was then calculated using the porosity
(9..) of the compacted sediment (0.89 at St. 12, 0.95 at St. 14, and

0.93 at St. 41) and a dry sediment density (ds) of 2.5 g cm™>:

MAR

Gace = 05 (1- 90)

2)

@.. was determined from the porosity data in the same core
where 2'°Pb was measured. We assumed that the derived ..
values are valid over the depth of our main model simulation
(100 cm, see below), which implies steady-state sediment
accumulation over the time period during which the top meter
was deposited (~1 kyr). Strictly, however, 210ph_derived
sedimentation rates are reliable over the lifetime of the
radiotracer (~100 yr).

The *'°Pb,, data were further used to determine sediment
mixing rates either by animals (i.e., bioturbation) or by current-
induced disturbance of the surface layer. The mixing coefficient,
Dy(0) (cm? yr!), was obtained by inverse modeling of the
210py,  data following Dale et al. (2021).

A St. 12, 23 °S B St. 14, 23 °S c St. 41, 25 °S
219Pb, s (Bq kg™) 219Pb,s (Bq kg™) 210Ph,¢ (Bq kg™)
01 1 10 1001000 01 1 10 1001000 0.1 1 10 1001000

0 =
10 4
£ ;
2 20 -
= :
o 30 -
8 .
40 -
50 =

Dpg(0) =83 cm? yr1
W,ee = 0.095 cm yr'
MAR =0.026 g cm2 yr!

FIGURE 2

Dpg(0) =24 cm? yr!
Wyee =0.22 cm yr!
MAR = 0.030 g cm™2 yr-!

Dp(0) =35 cm? yr'
Wyee =0.11 cm yr!
MAR =0.019 g cm2 yr

Measured (symbols) and modeled (curves) excess *°Pb (*1°Pb,) at (A) St. 12, (B) St. 14, and (C) St. 41. Mass accumulation rates (MAR),
sedimentation accumulation rates (w,cc), and bioturbation coefficients [Dg(0)] were calculated as described in Sampling and analytical methods.

The mixed layer depth is indicated by the gray shaded area.
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Reaction-transport model

To quantify the turnover of C, S, N, and P in the mud belt
sediments, a steady-state, vertically resolved 1-D reaction-
transport model (RTM) was applied to simulate the
geochemical data. The model was based on previous studies of
biogeochemical cycles in low-oxygen environments (Dale et al.,
2009; Bohlen et al., 2011; Dale et al., 2016a; Dale et al., 2016b;
Dale et al., 2019), yet now including two pathways of DNRA and
a more comprehensive P cycle, as detailed below.

The RTM includes the biogeochemical network in Figure 3
and simulates the distributions of 15 dissolved species including
0,, NO3, NO3, SO%", H,S, CH,, NHj, dissolved inorganic
carbon (DIC), PO3~, TA (total alkalinity), Ca**, Mg*", Fe*",
H,, and NOj stored within the large sulfur bacteria ( NO5,.). It
further includes 16 solid species, consisting of four fractions of
reactive POC, organic sulfur (S,,), particulate organic nitrogen
(Norg), two reactive iron (oxyhydr)oxide fractions (i.e., highly
reactive (Fe(OH)syr) and moderately reactive (Fe(OH)spmr))
and unreactive iron fraction (Fey), and pyrite (FeS,). Five
particulate P fractions are considered: Py, Pp intracellular
polyphosphate (Pp1y), fish bones deposited on the seafloor
(Prisn), and authigenic hydroxyapatite (Pyasp). The
operationally defined Paumigenic fraction is not included since
it is negligible in the cores studied (Supplementary Figure 1),
which suggests that carbonate fluorapatite is of minor
importance. On the Namibian margin, the dominant
authigenic phase is hydroxyapatite (Schulz and Schulz, 2005).
In the model, measured Pyyyqg,p is compared to the sum of the
simulated Pp;gn and Py, fractions since these two components
cannot be clearly separated analytically. Solids are transported
through the sediment column by accumulation (burial) and
mixing by animals (bioturbation). Solutes are transported by
molecular diffusion, (bio)irrigation, and bioturbation. A
complete description of the model is given in the
Supplementary Material and Supplementary Tables 2-6. It

10.3389/fmars.2022.929913

should be remembered that the steady-state model represents
only a snapshot of the reaction rates and fluxes based on the
measured geochemical data at the time of sampling. Based on
previous non-steady-state modeling of OMZ sediments offshore
Peru, we estimate that the seasonality in benthic fluxes varies
within 20%-30% of the annual mean (Dale et al., 2017). This can
be taken as a rough estimate of the accuracy of our model
simulation results.

The primary redox reactions that describe POC
remineralization (Supplementary Table 5, R1-R6) by various
electron acceptors include aerobic respiration, NO; and NO;
reduction, iron reduction, sulfate reduction, and
methanogenesis. The total POC degradation rate (Rpoc) is the
sum of the degradation rates of the four POC fractions (POC,
i =1-4), each assigned with a different first-order reactivity
constant (kpoci, 1 = 1-4), ie. a multi-G model (Jorgensen,
1978; Westrich and Berner, 1984). This number of fractions is
arbitrary and is the minimum required to capture the evolving
trends in the solid phase and solution chemistry at the study
sites. POC degradation rates were constrained from the
measured NH}, SO?{, POC, and TA data and benthic flux
data of O,, H,S, NH}, and PO;".

The model includes a range of secondary redox reactions (i.e.
those not directly coupled to degradation of POC) including aerobic
and anaerobic oxidation of NHj, NO;, H,S, and Fe?*, reductive
dissolution of Fe oxides coupled to oxidation of hydrogen sulfide,
FeS, precipitation; and anaerobic oxidation of methane by SO3~
(AOM). Hydroxyapatite is oversaturated in mud belt porewaters
(Goldhammer et al.,, 2010), and its precipitation is modeled as a
first-order kinetic process that is dependent on the porewater PO}~
concentration (Supplementary Table 6; R23) and is constrained
with the measured data (Figure 4). Py and Prg, are added to the
sediment from the water column and undergo simple first-order
dissolution. Pg, arrives at the seafloor with iron (oxyhydr)oxides
and is also formed authigenically during the precipitation of iron
(oxyhydr)oxides (e.g., Slomp et al., 1996). Pg is considered for both
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+
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1 Sediment surface ! E
1 Anammox

C
. o PO,>
"foz N?"’ Prenr Premr s Porg

Q,

‘g Sediment surface / |
7l 0,, NO,
NO,

e
ey
=
]

U
Py
=
3

TH,S, POC

FIGURE 3

Schematic diagram of key biogeochemical processes of (A) S, (B) N, and (C) P cycles in Namibian mud belt sediments considered in the model,
including pathways of biological NO3 (NO3,,.) reduction by giant sulfur bacteria. The thick black arrows highlight the important reactions

related to giant sulfur bacteria.
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Modeled (curves) and measured (symbols) depth profiles of solutes, porosity, and solid species in the upper 100 cm at (A) St. 12, (B) St. 14, and
(C) St. 41/GeoB12806. Sediments were collected with a multiple-corer (MUC) (open symbols) and a gravity corer (GC) (filled symbols) during R/
V Meteor cruises 157 (circles) and 76 (triangles)
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highly reactive and moderately reactive fractions (Pgepr and Premr).
The kinetic rate constants for these processes were either
constrained from the data or taken from the literature
(Supplementary Table 4).

The key reactions associated with the LSB are H,S oxidation
and the associated P recycling (Figure 3). The model does not
differentiate between the different species of large sulfur bacteria
since these microorganisms share similar biogeochemistry (Otte
et al,, 1999; Schulz and Jergensen, 2001; Mufimann et al., 2007;
Winkel et al., 2016). Two pathways of H,S oxidation coupled to
nitrate reduction were considered (Winkel et al., 2016). The first
is the DNRA:

H,S + NOg,. + H,O — SO + NH} (3)

and the second is DNRN,:
5 . 1 1 5 51
5 H28 + NOspye = SN, + - H,0 +gsoﬁ +ZH+ (4)

Fewer moles of H,S are required to reduce 1 mole of nitrate
with N, as the end product versus NH;. DNRN, also leads to a
net loss of 0.25 alkalinity equivalents, whereas DNRA has no net
alkalinity change. The rates of DNRA and DNRN, were
constrained by the porewater H,S depletion in the upper
sediment layers, NHj concentrations, and NOj,,. in surface
sediments. The rate of PO}~ uptake and storage as Py, in LSB
was dependent on NOj,, contents and ambient POj

concentrations. Since it is unclear whether P is extracted

poly
from the leaching steps (Goldhammer et al., 2010), the modeled
Pooty pool was added to the sum of other modeled P species and
compared to total extracted P fractions (Pora)-

LSB require a continuous source of NO3 to sustain their
metabolic activity. Some members of the Beggiatoaceae like Ca.
Maribeggiatoa spp. are motile and can take up NOj from the
bottom water by extending their filaments through the sediment
surface (Schulz and Jorgensen, 2001). However, the exact
mechanism by which Thiomargarita spp. access NO3 is poorly
understood. Since Thiomargarita spp. are probably non-motile,
it has been argued that passive mixing of the sediment by strong
bottom currents is required for them to replenish their
intracellular reservoir (Schulz and Jorgensen, 2001). The rate
of mixing of sediments required to simulate H,S depletion in
surface sediments would be equivalent to ca. 3 cm* d ™" over the
upper 10 cm (Dale et al., 2009). This mixing intensity would
result in homogenous *'°Pb,, contents within the mixed layer,
which is inconsistent with the observed more gradual decrease in
219p},_ in the mixed layer (see Results). Consequently, without
further information on how Thiomargarita spp. capture NO3,
NOg3y,. was transported into the sediment assuming a non-local
source term analogous to that described by Dale et al. (2009) (see
Supplementary Table 2).

The total model length was 650 cm, although the focus here
is on the upper 100 cm where reaction rates are the highest. By
simulating a depth larger than the section of interest, we avoid
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artifacts caused by imposing lower boundary conditions for
solutes at 100 cm. From 100 down to 650 cm, the model is
only fit to the SO, H,S, NHJ, and POC data with the aim of
providing a more robust assessment of the slowly degrading
organic matter fractions in the top 100 cm (Dale et al., 2011).
The kinetic rate constants for organic matter degradation
become more uncertain with depth below 100 cm since
sediment accumulation cannot be assumed to have been at a
steady state over 650 cm. For this reason, we relegate model
simulation plots below 100 ¢cm to the Supplementary Material.
The model was solved using MATHEMATICA software and
run to steady state. Upper boundary conditions for all species are
listed in Supplementary Table 1 and comprise fixed
concentrations for solutes and fluxes for solids. At 650 cm, a
zero-gradient Neumann boundary was imposed for all species,
except for H,S and NHj at St. 12 where a non-zero gradient was
configured from the measured concentration gradients.

Results
Sediment biogeochemistry

Sediment geochemical data in the top 100 cm at the four
sites are shown in Figure 4, and SO, H,S, NHj, and POC data
within the upper 650 cm are shown in Supplementary Figure 2.

The upper sediments were characterized by a high-water
content. Porosity decreased slightly from 0.98 to approximately
0.9 at St. 14 and St. 41 and from 0.93 to approximately 0.82 for
St. 12 (Figure 4). 219pp,_ distributions indicated a surface mixed
layer of 7 cm, 12 cm, and 14 cm at St. 12, St. 14, and St. 41,
respectively (Figure 2). A rather high mixing coefficient was
determined for St. 12 (83 cm? yrfl), with lower values at St. 14
(24 cm?® yrfl) and St. 41 (35 cm? yrfl). MAR ranged from 0.019

to 0.030 g cm™? yr!

across the sites. As expected from the
respective locations, sedimentation rates were the highest at St.
14 (0.22 cm yr_l) compared to St. 41 (0.11 cm yr_l) and St. 12
(0.095 cm yr ). These are in the same order as those determined
at other sites on the Namibian shelf and slope (~0.1 cm yr ",
Dale et al., 2009; Emeis et al., 2009).

POC contents were within previously reported values for the
mud belt (Figure 4), ranging from 5% to 15% (Inthorn et al,
2006). TN contents displayed similar trends as POC. Mean C/N
ratios were 8.9, 7.5, and 8.4 at St. 12, St. 14, and St. 41,
respectively (Supplementary Figure 1). TS contents varied
between 317 and 636 umol g '. Total iron (TFe) increased
with depth from 112 to 135 umol g™* at St. 12 and from 55 to
100 umol g at St. 14, whereas it decreased with depth from 158
to 132 umol gf1 at St. 41/GeoB12806. P, concentrations were
lowest at St. 14 (< 70 pmol g_l) and highest at St. 41 (>300 pmol
g ') and showed either a general decrease (St. 12 and St. 14) or
increase (St. 41) in the top 30 cm (Supplementary Figure 1).
More than 68% (St. 12), 52% (St. 14), and 77% (St. 41) of P
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extracted from the solid phase were composed of Pryqap. Porg
was the next most abundant phase, with Psumigenicc Pre and
Ppeuital being of minor importance. P.g concentrations were
fairly similar at all sites with little down-core variability (15-20
pmol g’l). Mean organic C:P,,, ratios were 592, 537, and 507 at
St. 12, St. 14, and St. 41, respectively. The mean ratios of C to
total reactive P (Preactive = PHydap + Pre + Pauthigenic + Porg) Were
102, 106 and 54. Overall, more than 95% of P was P,cactive-

Thiomargarita spp. were present at St. 14 and St. 41 and at
other stations in the mud belt but absent at St. 12 (Zabel et al., 2019).
The total biovolume of Thiomargarita spp. at St. 14 (0.2 ul ml™" of
sediment) was lower than at St. 41 (2.5 ul ml™" of sediment).
The opposite is true regarding intracellular NO; concentrations at
these sites, which were 445 mmol L' of biovolume at St. 14 and 188
mmol L™ of biovolume at St. 41. These values were converted to
porewater equivalents using a porosity of 0.9. The average NO3,, .
concentrations on a porewater basis at St. 14 and St. 41 were
0.10 and 0.52 mmol L' of porewater, respectively. For all
sampling stations at 23°S and 25°S where Thiomargarita spp.
were observed, the mean NO3,,. was 0.18 mmol L™ of porewater
and 0.61 mmol L™ of porewater, respectively. These data are used
in the model as boundary conditions for intracellular NO3
(Supplementary Table 1).

In general, SO~ concentrations decreased over the upper
100 cm due to microbial degradation of organic matter
(Figure 4). At St. 12, SO3Z~ concentrations in the top 30 cm
were unusually constant and close to seawater values. NHj and
H,S concentrations at St. 12 showed a similar behavior to SO2~
with very low concentrations in the top 30 cm. At St. 14, NHj
increased immediately below the sediment surface, whereas H,S
remained at uM levels down to 15 cm, below which H,S
increased to 5 mM at 40 cm. The two proximate sites St. 41
and GeoB12806 showed a mixed picture, with higher NH} and
H,S concentrations immediately detectable below the sediment
surface at St. GeoB12806. At St. 41, NH; and H,S concentrations
were low in the upper 10 cm but then increased to similar levels
as at St. GeoB12806. The gravity core data below 100 cm show
that NHj and H,S concentrations continued to increase at St. 14
and St. 41, whereas at St. 12, they both decreased steadily toward
the bottom of the core (Supplementary Figure 2). High levels of
total alkalinity in excess of 20 mM were measured at St.
GeoB12806, presumably due to the anaerobic breakdown of
organic matter by sulfate reduction.

Plots of NHJ versus SO~ were used to estimate the molar
ratio of NH} produced versus SO}~ reduced, ry.s, at St. 14 and St.
41, assuming that sulfate reduction is the dominant carbon
respiration pathway (Burdige, 2006; Burdige and Komada,
2013; Dale et al,, 2021). The changes in porewater NHj and
SO3” concentrations were calculated relative to the bottom water
concentrations (shown as the capital delta, A, in Figure 5). The
left-hand side of the following equation is the slope of the linear
regression of the data shown in Figure 5:
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dNHj
dso}

(5)

where D; is the bulk molecular diffusion coefficient of solute i
(Supplementary Table 3). For Redfield C/N stoichiometry of 16,
and assuming that the organic carbon being oxidized has an
oxidation state of zero, the expected slope between NH} and
SO% is 0.3 (Dale et al.,, 2021). ry.s values in the mud belt were
higher and decreased with sediment depth. At St. 14, rys
decreased from 0.49 to 0.37, and at St. 41, ry.s decreased from
0.43 to 0.15.

Dissolved Fe** concentrations displayed a surface peak of up
to 5 uM at all stations. The Fe** peak was more pronounced at St.
GeoB12806 compared to St. 41. Below 10 cm, Fe" levels were <1
UM. The Fe*" peaks were coincident with local maxima in PO}~
concentrations, which reached the highest levels of ca. 340 uM at
St. GeoB12806. Ca** and Mg>" showed little change from bottom
water values over depth at St. 12 and St. 14, indicating little or no
net carbonate precipitation, whereas at St. 41, Ca®* and Mg2+
decreased to 8.3 and 50.0 mM at 100 cm.

Diagenetic model simulations

Baseline model simulations showed a very good
correspondence with the field data over the upper 100 cm
(Figure 4) and over 650 cm for SO}, H,S, NHj, and POC
(Supplementary Figure 2). This was mainly achieved by
adjusting the rate constants for POC degradation and the
boundary fluxes of POC at the seafloor. The unchanging
concentrations of SO?~, H,S, and NH; down to 35 cm at St.
12 (Figure 4A) could only be simulated assuming intense (bio)
irrigation of porewater solutes, as discussed later. The model was
able to reproduce the surface Fe** and PO3~ peaks, and the
measured particulate P fractions were reasonably well simulated
(Figures 4B, C).

The total modeled flux of POC (i.e. the rain rate) to the
seafloor required to achieve a good correspondence between
porewater and solid phase data and the model was 17.5, 9.0, and
12.8 mmol m™ d™' at St. 12, St. 14, and St. 41/GeoB12806,
respectively (Table 1). According to the model, the most reactive
POC fraction was highly labile, with first-order degradation
constants of 33, 30, and 12 yr_1 at St. 12, St. 14, and St. 41,
respectively, corresponding to half-lives of 8, 8, and 21 days. This
fraction is completely oxidized within the mixed layer. The less
reactive fractions have half-lives (calculated from the rates
constants) of 30-9,000 years and are degraded over greater
depths. Depth-integrated rates of POC mineralization were
8.7, 6.1, and 9.1 mmol m > d' of C at St. 12, St. 14, and St.
41/GeoB12806 (Supplementary Table 7; Supplementary
Figure 3). Sulfate reduction (R5, Supplementary Table 7;
Supplementary Figure 3) was the major POC remineralization
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FIGURE 5

NHZ - SO?{ property—property plots for the changes in porewater NH; and SO?{ concentrations relative to the bottom water concentrations
(shown as the capital delta, A) at (A) St. 14 and (B) St. 41. The slope of the correlation ( dNHJ /dSO3%) is used to calculate rys (Eq. (5)). The data
for each regression were chosen by eye from the conceivable changes in slope. In panel (A), the filled circles represent data from 0.5 to 32 cm,
and the open circles below 47 cm. In panel (B), the filled circles represent data from 0.5 to 34 cm, and the open circles below 44 cm.

pathway and the major sink for sulfate (5.0-7.7 mmol C m™>

d™). The other POC remineralization pathways were negligible
by comparison (Supplementary Table 7).

The model predicted that the H,S produced by sulfate
reduction at St. 14 and St. 41 was mainly consumed by DNRA
and DNRN, in the upper 10 cm (Supplementary Figure 4).
Depth profiles of YDNRA + DNRN, rates at St. 14 and St. 41
(Supplementary Figure 4) were almost identical to total H,S
oxidation rates, demonstrating that these pathways were mainly
responsible for H,S oxidation. The sum of these two rates (R15 +
R16) was 1.9 and 3.4. mmol m™2 d™' of H,S, respectively,
(Supplementary Figure 3D). At St. 12, where no LSB were
observed, the model predicted that a small fraction of H,S was
oxidized aerobically, with the bulk of H,S inferred to be lost to
the overlying water by (bio)irrigation (model data not shown).
At St. 14 and St. 41, POC degradation and DNRA contributed
equally to NHj production (Supplementary Figure 3). At these
stations, DNRN,, was twice as high as DNRA and thus the major
nitrate reduction pathway.

Depth-integrated rates of biogenic Py, dissolution were similar
at the three stations (R29; 0.33 -0.43 mmol P m2 d°%;
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Supplementary Table 7; Supplementary Figure 3). Organic
P dissolution rates were comparatively lower (0.031-0.19 mmol
P m > d™"), and rates of iron-associated P turnover were negligible.
Although Pg, dissolution rates were similar across the sites, peak
PO~ concentrations were <25 uM at St. 12, but 150 uM at St. 14
and >100 pM at St. 41 (Figure 4). The model is able to reproduce the
PO3™ peaks at St. 14 and at St. 41 as well as the particulate
P contents when P, accumulation and breakdown were
included in the model. Py, turnover was apparently rapid (1.8
mmol P m™2 d! at St. 14). By contrast, Py, precipitation rates
ranged from <0.01 mmol P m ™ d ™" at St. 12 to 0.24 mmol P m
d ' at St. 41

NHj, PO; ", and H,S modeled fluxes ranged from -0.3
to —1.6, 0.3 to =0.5, and —0.0013 to —2.97 mmol m > d"" at St.
12, St. 14, and St. 41, respectively (Supplementary Table 8). By
comparison, the fluxes of NO3 + NO; (hereafter *XNOy3) ranged
from 0.86 to 5.18 mmol N m™> d™' (Supplementary Table 8),
showing that the sediments were a net sink for XNO3. The
modeled flux ratios of XNOj: PO;” were thus negative
(approximately —1.1 to —2.1). Including the intracellular
uptake of ENOj leads to even lower ratios of —2.2 to —18.5
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TABLE 1 Organic carbon budget at the three sites in the northern BUS compared with published data.

Site Rain rate POC accumulation CBE Primary production  POC accumulation
Primary production
(mmol Cm>d™") (mmolCm=>d™") (%) (mmol Cm™>d™) (%)
St. 12, 23°S 17.5° 14.6° 84° 208¢ 7.0
St. 14, 23°S 9.0% 7.0° 78° 208¢ 3.4
St. 41 and GeoB12806, 25°S 12.8° 8.5° 67¢ 208¢ 4.1
Northern BUS (<500 m) © 13.7f 6.8% 50° 137 5.0
Namibian shelf (100 m) " 100 60 60 150 40
Peruvian shelf (<200 m) | 33 11 33 111 10
Global coastal ocean (<200 m) 13.3 4 30 26-41% 10-15

“Model results (this study).

®Model results at 10 cm (this study).

“Obtained by dividing the POC accumulation rate by the rain rate.
dMonteiro (2010).

“Emeis et al. (2018).

'Sediment trap data at 23°S and 60 m water depth.

8At 5 cm depth.

bBriichert et al. (2003).

Mean values from Dale et al. (2015).

JBurdige et al. (2007) for muddy sediments.

l(Assuming a primary production of 3,100-4,900 Tg C yr’l in the coastal ocean (<200m depth) (Buitenhuis et al., 2013) and a seafloor area<200 m of 27.1 x 102 m? (Burdige et al., 2007).

(Supplementary Table 8). Modeled flux ratios of total dissolved interpreted as the overall preservation efficiency of newly
inorganic N ( NH; + NOj + NO5): PO3™ ranged from —1.1 to synthesized POC (Table 1). This is similar to other reports
4.6 and DIC: PO; from 12 to 31 (Supplementary Table 8). from the Namibian and Peruvian shelf (Dale et al., 2015; Emeis
These are much lower than the respective Redfield ratios of 16 et al., 2018), but far lower than the 40% estimated for the 100m
and 106 and demonstrate strong enrichment of dissolved P from isobath in the mud belt by Briichert et al. (2003). This might be
the sediment to the water column relative to N and C because POC rain rates and burial rates were not directly
(Supplementary Table 8). The highest predicted benthic O, measured by these workers but inferred from other data. It
flux was 2.5 mmol O, m ™ d™" at St. 12, and the lowest value should be noted that the mean measured sulfate reduction rates
was calculated for St. 14 (0.71 mmol O, m™> d™"). Modeled fluxes reported by Briichert et al. (2003) for the 100 m isobath (20
compare well with flux measurements made using benthic mmol S m ™2 d") require carbon rain rates of at least 40 mmol
chambers during the same campaign and with ex situ diffusive m 2 d™! of POC according to the reaction stoichiometry, a factor
fluxes (Figure 6). Clearly though, the variability in measured of 2—-4 higher than those at our sites. Although temporal
fluxes is high. variability cannot be dismissed, these discrepancies underscore

the heterogeneity of benthic carbon turnover in the mud belt
and, possibly, highly patchy preservation efficiencies of new
production. Spatial heterogeneity of benthic carbon

Discussion remineralization is further evident in the banded distribution
of organic carbon across the mud belt and in the wide range of

POC degradation and burial benthic solute fluxes (Bremner, 1983; Neumann et al., 2016;
Sommer et al., in prep.).

High biological productivity has led to the formation of an The carbon burial efficiency (CBE, %) with regard to the
extensive mud belt parallel to the coastline in the northern BUS deposition of POC at the seafloor can be estimated as POC
that consists of organic-rich diatom ooze interspersed with fish accumulation rate / rain rate x 100%. CBEs for our sites were
debris and phosphorite deposits (Bremner, 1980; Emeis et al., calculated using the POC accumulation rates at 10 cm depth (for
2004). Our model-derived POC rain rates (~9 to 18 mmol C m™> comparison with similar data from Peru, see Table 1) and the
d™") compare well with previously reported values from model-derived rain rate. This calculation assumes that the
sediment traps of 13.7 mmol C m™> d™' (Table 1). This is organic matter reaching the seafloor has been deposited
approximately 10% of primary production (137 mmol C m™> vertically from the photic zone. The derived CBEs were rather
d™%; Emeis et al., 2018). Consequently, POC accumulation rates similar: 84%, 78%, and 67% at St. 12, St. 14, and St. 41,
in the sediment (~7 to 15 mmol C m™> d™%; Table 1) are respectively (Table 1). CBEs calculated from sediment trap
equivalent to 3%-7% of primary production, which can be data were lower at 50% (Emeis et al., 2018).
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Comparison of modeled benthic fluxes (circles) with in situ benthic fluxes measured using benthic chambers during M157 (stars; Sommer et al.,
in prep.) and ex situ diffusive fluxes (triangles; Neumann et al., 2016) versus water depth (logarithmic scale). Ranges of modeled benthic fluxes
for St. 14 (green bars) and St. 41 (red bars) reflect a sensitivity analysis with and without sulfide oxidation by large sulfur bacteria (LSB). Note the
axis break for NHj. Positive fluxes are directed into the sediment and vice versa. Note that red and green circles overlap in the H,S plot.

Amino acid degradation indices (DI; Dauwe et al., 1999) in
surface sediments of nearby stations have been published (Nagel
et al,, 2016), where high DI values indicate good preservation of
organic matter. Based on values at nearby sites, the DI is
approximately 0.9 at St. 14, 0.7 at St. 41, and 0.4 at St. 12,
suggesting that organic matter is more degraded at St. 12. Similar
logic can be inferred from the lower C:N ratios in surface
sediments at St. 14 and St. 41 (~7) compared to St. 12 (~9)
(Supplementary Figure 1). Based on these results, the decrease in
CBE from the mud belt sites to St. 12 might have been expected
to be more pronounced.

Additional controlling factors for carbon preservation
include oxygen availability and bioturbation. Exposure of
organic particles to oxygen is understood to promote carbon
degradation (Hedges and Keil, 1995; Hartnett et al,, 1998).
Bioturbation can further enhance the oxygen exposure time
through continual sediment reworking. Faunal community
analysis suggests that the macrofaunal biomass is higher at
St. 12 at the western edge of the mud belt compared to St. 14
and other mud belt sites along 23°S (M. Zettler, pers. comm).
This agrees with mixing rates inferred from *'°Pby, which were
the highest at St. 12 (Figure 2). Bottom water O, levels at the
edge of the mud belt also tend to be greater than sites closer to
land (Nagel et al., 2016). These observations dovetail with the
findings from the DI and C/N ratios, whereby the conditions at
St. 12 ought to be conducive to a lower CBE compared to St. 14
and St. 41. We speculate that the CBE calculation at St. 12 is
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confounded by the lateral transport of organic particles in the
bottom nepheloid layers (Inthorn et al., 2006; Mollenhauer
etal., 2007). Offshore particle transport leads to an incremental
deposition of older, reworked material, as described for deeper
water on the margin (Inthorn et al., 2006) and for the Peruvian
margin and the Californian basins (Berelson et al., 1996;
Arthur et al., 1998; Dale et al., 2015). Since this material is
inherently less reactive than material deposited vertically from
the photic zone, POC accumulation rates will be skewed
upwards, along with the calculated CBE (i.e. at the western-
most St. 12).

The CBEs in the central mud-belt are markedly higher than
33% determined at similar water depths on the Peruvian inner
shelf (Figure 7 and Table 1). DI values on the Peruvian shelf
(~0.2 to 0.6) and total hydrolyzable amino acid contents are low
compared to deeper waters in the permanently anoxic OMZ
(Lomstein et al., 2009). This suggests that the organic matter on
the Peruvian inner shelf is in a more advanced degradation
compared to the central Namibian mud belt. The relatively low
CBE on the Peruvian shelf is suspected to be caused by periodic
oxygenation of bottom waters during the passage of coastal
trapped waves that can raise O, levels above 100 uM and
increase the oxygen exposure time of organic particles on the
seafloor (Gutierrez et al., 2008; Dale et al., 2015). Oxygenation is
further associated with a shift in the macrofaunal community
from tube-dwelling, interface feeders to burrowing, deposit
feeders, and a further increase in oxygen exposure time
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Carbon burial efficiency (CBE) versus sediment accumulation rate in contemporary ocean sediments. Blue and orange stars indicate CBE at 10 cm
depth for the shelf sites of the Peruvian margin (from Dale et al,, 2015). Open and filled circles represent sites from published studies with bottom
water O, >20 and<20 uM, respectively; the former is enclosed by the solid line. Euxinic settings are also indicated (see Dale et al. (2015) for data
sources). Green, blue, and red triangles are data from this study for CBE calculated at 10 cm depth (see text). Error bars were calculated using
standard error propagation rules assuming a 20% uncertainty in .. and particulate organic carbon (POC) content at 10 cm.

(Gutierrez et al., 2008). In Namibia, such vigorous ventilation
events are less frequent (Schmidt and Eggert, 2016; Pitcher et al.,
2021), and organic matter preservation in the mud belt might
instead be driven by the long-term redox state of the bottom
waters. Nevertheless, due to the high porewater H,S levels in the
mud belt, sulfurization of organic carbon very likely further
increases carbon preservation (Wakeham et al., 1995; Briichert
et al, 2000), although its quantitative significance is largely

unknown (Dale et al., 2009). At Peru, porewaters tend to be
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depleted in H,S in the upper 10 to 20 cm due to very efficient
oxidation by gliding Marithioploca spp. (Dale et al., 2016a).

Coupled S and N cycling by LSB
Persistently low O, levels in bottom waters on the Namibian

shelf preclude aerobic respiration as the major POC degradation
pathway in mud belt sediments. Instead, sulfate reduction is the
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major redox process for carbon mineralization (Briichert et al,
2003). The sulfide produced by microbial sulfate reduction
provides an energy source for LSB that thrive by oxidizing
sulfide via dissimilatory nitrate reduction pathways (Schulz
et al., 1999; Briichert et al., 2003). These bacteria exert an
important control on the distribution of H,S in the porewater
and its flux to the water column. At St. 14 and St. 41 where LSB
were observed, porewaters were depleted in H,S down to ca.
15 cm, which agrees with the depth distribution of LSB observed
by Schulz et al. (1999). Benthic H,S fluxes were negligible at St.
14 and St. 41. Benthic H,S fluxes were also negligible in the mud
belt at 23.5°S (St. 226680), even though sulfate reduction rates
were fivefold higher (Table 2; Dale et al., 2009). Consequently,
the H,S oxidation efficiency by LSB at these locations is close to
100%. However, the picture across the mud belt is much more
variable. Using data from 25 to 125 m water depth on the
Namibian margin, Briichert et al. (2003) reported significant
fluxes of H,S from the sediment (-1 to —32 mmol S m™> d™"),
with a mean H,S oxidation efficiency of only 16%. Sommer et al.
(in prep.) also measured significant variability in benthic H,S
fluxes in the mud belt.

H,S fluxes tend to be correlated with the distribution of LSB
(Briichert et al.,, 2006). These workers noted that some
Beggiatoaceae strains, e.g., Ca. Maribeggiatoa spp., are more
efficient at detoxifying H,S compared to others, e.g,
Thiomargarita spp., which are “leaky” with regard to benthic

10.3389/fmars.2022.929913

H,S emissions. Different physiological adaptations may partly
explain this behavior. The H,S oxidation potential of
Thiomargarita spp. depends on the amount of NO3 stored
within their vacuoles that, in turn, is thought to rely on
physical resuspension events for replenishment (Schulz and
Jorgensen, 2001). Being both filamentous and motile, Ca.
Maribeggiatoa spp. have an ecological advantage over
Thiomargarita spp., since they can access the seawater NOj
pool directly by extending their filaments into the bottom water
and by gliding vertically through the sediment. Therefore, Ca.
Maribeggiatoa spp. are able to oxidize H,S to greater depths
below the sediment surface (Schulz and Jorgensen, 2001). The
impact of filamentous Marithioploca in the Peruvian OMZ is
even more striking. They are able to maintain H,S-free
porewater down to 30 cm or more despite similar rates of
sulfate reduction as in the mud belt (Henrichs and Farrington,
1984; Fossing et al., 1995; Dale et al., 2016a). The dominant
microbial community at any particular location could help to
explain why sulfidic events in the Peruvian OMZ are rare
compared to the northern BUS. It is thus essential that
ecosystem models are able to incorporate the regional
distribution of LSB communities into their predictions
(Schmidt and Eggert, 2016).

Although Thiomargarita spp. were observed in our sediment
samples, rates of DNRA and DNRN, by LSB were not measured
directly but estimated via curve fitting of modeled and measured

TABLE 2 Depth-integrated modeled rates of sulfate reduction, H,S oxidation, and the benthic H,S flux in sediments inhabited by LSB.

H,S oxidation = LSB oxidation = H,S oxidation by LSB
by LSB efficiency Sulfate reduction
(%) (%)
1.93 97 77
343 99 88
16.9 98 98
1.5 (0.7-3.7) 16 (0.44-54) 9.8 (0.16-25.69)

Site Bottom Sulfate H,S flux H,S oxi-
waterQO, reduction dation
(uM) (mmol S m™ day ™)
St. 14 26.3 2.5 -0.0013 1.98
St. 41 52.6 39 -0.0130 3.47
St. 226680 * 2.0 17.3 -0.0300 17.2
Namibian <14.8 231 (63- -7.7(-12to 153 (5.5-
shelf 62.7) -322) 46.8)

#Dale et al. (2009).

"The average values calculated from stations located between 25 and 125 m of water depth in Briichert et al. (2003). The range of values is given in brackets.

TABLE 3 Modeled benthic fluxes for St. 14 and St. 41 derived from sensitivity analysis with and without sulfide oxidation by LSB.

NH} PO;"

(mmolNm2d™") (mmolPm2d")

St. 14 St. 41 St. 14 St. 41
Baseline model -1.02 -1.64 -0.49 -0.28
Rpnra =0 -0.55 -0.80 -0.49 -0.28
Rpnernz = 0 -2.19 -3.58 -0.49 -0.31
Rpnra = Rpnrnz = 0 -0.56 -0.84 -0.50 -0.35

H,S INO3 0,

(mmol S m2d') (mmolNm?2d’') (mmolO,m?d™)

St. 14 St. 41 St. 14 St. 41 St. 14 St. 41
-0.0013  -0.013 3.15 5.18 0.71 1.32
-0.0017  -0.019 3.35 5.58 0.68 1.36
-0.0025  -0.049 2.35 3.73 0.74 1.54

-1.59 -2.97 0.41 0.41 0.82 1.75

Benthic fluxes results are derived from sensitivity analysis shown in Supplementary Figure 5.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.929913
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chuang et al.

porewater data. Sensitivity tests show that the predicted H,S
oxidation rates by LSB are well constrained by the measured
NH; and H,S data (Supplementary Figure 5). NHj increases
markedly if the H,S concentrations are instead fit to the data by
assuming that DNRA is the only S oxidation pathway by LSB,
which justifies including DNRA in the model. Turning off
DNRA and DNRNj, raises the concentrations of H,S over the
whole sediment core but lowers the concentrations of NHj. At
the same time, the NOj uptake decreases to 0.41 mmol m2d*!
and NH; fluxes decrease to —0.56 and —0.84 mmol m > d " at St.
14 and St. 41, whereas H,S fluxes increase to —1.6 and —3.0 mmol
m™2d! (Table 3).

Further evidence of DNRA is provided by the measured ry.s
ratios (Figure 5). These can be used to derive the C-to-N ratio of
organic matter undergoing degradation, rcy (Dale et al,, 2021),
and compared to measured ratios in the sediment cores.
Assuming a POC oxidation state of zero, rc.y is equal to 2/rys,
where the factor 2 denotes the moles of POC oxidized per mole of
SO3™ reduced during microbial sulfate reduction (Supplementary
Table 5). This gives rcy values of 4.1 and 4.7 for the upper
sections of the sediment at St. 14 and St. 41, respectively
(Figure 5). The measured C:N ratios in the upper sections (top
ca. 30 cm) are far higher and range from ~7 to 11 (Supplementary
Figure 1). The excess NHj in the porewater can be attributed to
DNRA (Dale et al.,, 2016a).

Unfortunately, we could not apply this approach to quantify
DNRN, due to the analytical challenges of measuring dissolved
N,, in sediment porewaters (Prokopenko et al., 2011). Genomic
investigations of several LSB species underline their ability to
oxidize H,S through chemotrophic denitrification (Muf3mann
et al, 2007; Winkel et al, 2016). This includes species of the
genera Thiomargarita spp. and Ca. Maribeggiatoa spp., which
were most abundant in the investigated sediments (Fabian et al.,
data unpublished). So far, a genome of the Namibian species
Thiomargarita namibiensis has not been published. Incubation
experiments of isolated organisms tentatively suggest that they
are able to switch between DNRA and DNRN, (Schulz, 2006,
Fabian et al., unpublished). Nevertheless, little is known about
the conditions under which each metabolism becomes active in
Thiomargarita cells (Sweerts et al., 1990; Otte et al.,, 1999).

Working with mats of filamentous LSB in the Guaymas
Basin, Schutte et al. (2018) proposed that the availability of H,S
and NOj; determines whether denitrification (DNRN,) or
DNRA dominates within a single organism. In situations with
a high supply of H,S relative to NO3, microorganisms gain more
energy per NOj reduced by carrying out DNRA (Schutte et al.,
2018). H,S can be oxidized more efficiently via DNRN, if NO;
supply is plentiful, for example, close to the sediment-water
interface (compare Eq. (3) and (4)). The ratios between DNRN,
and DNRA at St. 14 and St. 41 are on the same order of
magnitude as determined for the microbial mats in the
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Guaymas Basin (~2-3). Although the sensitivity analysis
confirms the need to include DNRN, in the model to capture
the trends in porewater data and benthic fluxes, more direct
measurements of this process are needed to ascribe DNRN, to
Thiomargarita spp. in the mud belt and quantify the rate more
accurately. It is important that this effort is made since NO3
turnover is dominated by DNRN, at the sites studied here (see
Supplementary Figure 3D, R16). Given that DNRN, results in a
loss of bioavailable inorganic N, changes in the relative
proportion of DNRN, versus DNRA could have broader
implications for the N:P ratio of regenerated nutrients released
from the seabed and the oxygen budget of the OMZ (see below).

Unexplained H,S depletion at St. 12

Our model predicts similar rates of sulfate reduction at St. 12
and St. 41 (Supplementary Figure 3B, R5). Given that the
sediments of St. 12 were not colonized with LSB, the pore
waters ought to be enriched with H,S to a similar degree as St.
41. Dissolved H,S concentrations at St. 12 were nearly negligible
down to 35 cm depth. This lack of H,S accumulation in the
sediment porewater, along with SO~ and NHJ concentrations
that were close to bottom water values, is suggestive of a rapid
exchange of porewater and seawater at this site. These trends
were simulated using a pseudo-(bio)irrigation exchange process
applied over the upper sediment layers. This has the effect of
bringing SO}~ into the sediment whilst simultaneously flushing
H,S out as soon as it is produced by sulfate reduction, along with
NHj produced by ammonification. Similar trends have been
reported elsewhere including the Namibian continental slope
(Fossing et al., 2000). Bioirrigation by animals can be ruled out
because burrowing and tube-dwelling animals at this site were
not observed below ca. 5cm depth (Zettler, pers. comm.).
Seawater infiltration through tubes and cracks created by
methane gas bubbles rising through the soft surface sediments
can create similar porewater patterns to those at St. 12 (Haeckel
et al., 2007; Briichert et al., 2009; Chuang et al., 2013). Although
free gas is widespread in the mud belt and ebullition has been
observed as acoustic backscattering (Emeis et al., 2004; Currie
et al., 2018), there was no evidence in acoustic Parasound data
for free gas directly beneath the coring site at St. 12. Non-steady-
state deposition of a sediment layer due to mass wasting from
shallower waters is an unlikely alternative explanation because
the mud belt is rather flat. The *'°Pb,, data also show a gradual
decrease below the mixed layer (7 cm) rather than a
homogeneous signal expected from turbidite deposition. For
similar reasons, mixing of the upper 35 cm by bottom currents
can be excluded. Although the model is able to simulate the field
data at St. 12, the mechanistic explanation for the trends in H,S,
SO?%", and NHj concentrations remains open to interpretation.
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Phosphorus cycling in the mud belt

Continental margins are major sites of phosphorus removal
from the global ocean (Wallmann, 2010; Ruttenberg, 2014). In
the mud belt, biogenic Pg;g, and Py, are the most important P
phases delivered to the sediments (Supplementary Figure 3),
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similar to the Peruvian OMZ (Suess, 1981; Lomnitz et al., 2016).
Our model predicts that the dissolution of these components is
important in the northern BUS sediments, in addition to Py,
turnover. Py, has a negligible impact on PO} levels
(Supplementary Figure 3) due to low reactive iron content in
the sediment (Briichert et al., 2003; Dale et al., 2009). Thus, the
coincident subsurface peaks in porewater PO3~ and Fe*" are not
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evidence for the control of PO}  levels by iron mineral
dissolution. Pp. plays a more significant role below the OMZ
where bottom water O, levels are higher and sediments are less
reducing (Kiister-Heins et al., 2010).

Preferential dissolution of P, relative to POC results in low
organic C:P remineralization ratios (Goldhammer et al., 2011)
and high residual particulate organic C:P ratios exceeding 500
that are characteristic of anoxic sediments (Slomp and Van
Cappellen, 2007). The burial efficiency of P, is only 2%-13%
(Supplementary Table 8), which is similar to <2%-11% for other
anoxic settings (Dale et al., 2016b). However, since a fraction of
P liberated from Pp;g, and P, is precipitated as hydroxyapatite,
C:Preactive 18 much lower (54-106). This “sink-switching”
enhances the permanent burial of P (Ruttenberg and Berner,
1993; Slomp et al., 1996). Nonetheless, the benthic fluxes remain
highly P-enriched relative to both dissolved C and N. This
behavior, in addition to nitrogen removal in the water column
(Kuypers et al., 2005), contributes to the low observed N:P ratios
(e.g., 4.6:1) in bottom waters (van der Plas et al., 2007).

Model sensitivity tests can illustrate this interplay more clearly
(Figure 8). If PO} is released exclusively from Porg
remineralization, PO?{ concentrations increase continuously with
depth, and the observed subsurface PO}~ peak is not simulated
(solid blue lines) (Van Cappellen and Berner, 1988). Including
hydroxyapatite precipitation brings down the overall PO3
concentrations but results in negligible Ppyq., content (blue
dashed lines). The benthic PO;~ flux in this case (—0.17 mmol
m 2 d™) is lower than the baseline model result of —0.28 mmol m ™
d™*. With Pgg, dissolution included, the PO3~ peak and flux can be
correctly simulated but at the cost of overestimating Pyyyqqp in the
upper 20 cm where the PO}~ peak is located (red curves). Further
inclusion of P}, dynamics lowers Pyygap to match the observations
and increases the PO; flux slightly (black curves). Indirect
evidence in support of this finding is provided by observed fish
bones and scales at St. GeoB12806 (Zabel et al., 2012) in addition to
measured hydroxyapatite precipitation rates in mud belt sediments
0f 0.21-0.78 mmol P m~2 d™! (Goldhammer et al., 2010) that agree
with those in the example in Figure 8 (0.28 mmol P m™ d™" at
St. 41).

In the current model configuration, intracellular Py,
accumulation and breakdown of LSB dwarf other P cycling
pathways, although the net rate of P, build-up and
breakdown is small (Supplementary Figure 3). Modeled

intracellular P, accumulation rates (0.21-1.83 mmol P m™>

poly
d™!, Supplementary Table 7) are similar to P uptake rates by LSB
of 0.25-1.2 mmol P m™* d™" in the incubation experiments by
Goldhammer et al. (2010). These might be minimum estimates
because the presence of polyphosphate kinase 1 (ppkl) and
exopolyphosphatase (ppx) in mud belt samples indicates the
potential for a wide range of microorganisms to synthesize and
hydrolyze Py, in addition to LSB (Zoss et al., 2019). It will

remain difficult to pinpoint the significance of P, until its

poly
abundance and turnover can be better quantified. Standard
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operationally-defined wet chemical extractions do not include
Pty explicitly, and it is currently unclear whether it is wholly or
partially recovered in these approaches (Goldhammer et al,
2010). Advanced analytical techniques such as >'P NMR and
Raman spectroscopy are more promising since they are able to
quantify P, contents in biogenic material such as intracellular
polyphosphate inclusions, dissolved organics, and sinking
particles (Diaz et al., 2008; Fernando et al.,, 2019).

For these reasons, the linkage between microbial P uptake
and Py, accumulation remains speculative, especially with
regard to settings exposed to variable redox conditions and
our understanding of the environmental tipping points for
microbial P release (Langer et al, 2018). Sudden onset of
anoxic conditions can trigger massive P release from LSB and
induce the spontaneous precipitation of hydroxyapatite (Schulz
and Schulz, 2005). The same dynamic was invoked to explain
large enrichments in porewater PO}~ following the onset of
seasonal hypoxia in Eckernférde Bay (Dale et al., 2013).
Supporting experimental evidence has been provided by
Langer et al. (2018), who used "*0O-H,O labeling experiments
with the Beggiatoa sp. strain 35Flor to elucidate a metabolically
active P,or, pool under both oxic and anoxic conditions with
higher P}, enrichments under oxic conditions. These workers,
and others (Brock and Schulz-Vogt, 2011), further showed that
high sulfide levels are an additional stress-inducing factor
leading to a loss of intracellular P. This is clearly of particular
relevance for the mud belt. The role of H,S on microbial P
dynamics has not been considered in the model due to a lack of
empirical data on the relevant H,S threshold concentrations for
intracellular P breakdown.

Conclusions and future perspectives

Ocean deoxygenation has become a widespread
phenomenon throughout the world, and global ocean
deoxygenation has strong impact on ocean productivity,
nutrient cycling, carbon cycling, and marine habitats
(Breitburg et al., 2018). With the model developed in this
study, we have been able to provide some clarity on potential
feedback between the activity of LSB and the recycling fluxes of
N and P from the sediment to the water column. The novel
findings with regard to N and P cycling are two-fold: i) N
turnover by DNRN, is quantitatively more significant than the
sum of DNRA and denitrification, and ii) the nutrient fluxes are
strongly enriched in P relative to N, in part due to the activity of
LSB. This points toward a potential negative feedback by LSB on
primary production close to the coast. Given that Beggiatoaceae
communities cover an area of the shelf > 30,000 km? (Briichert
et al., 2006), this underscores the need to correctly account for
benthic N turnover by LSB in regional models of the northern
BUS. Our model predictions would profit from experimental
studies quantifying rates of DNRN, and DNRA by Beggiatoaceae
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strains commonly found in the BUS and the environmental
conditions under which they might switch between
these pathways.

The conceptual P cycle in the model is consistent with
available empirical observations from the mud belt. However,
the impact of LSB on hydroxyapatite precipitation and P burial
could not be clearly substantiated. The model is tuned to
simulate the data under a set of simplifying assumptions
concerning the P cycle. The natural benthic P cycle is
complex, and the model treats key P turnover pathways in a
basic manner (e.g., P,or, dynamics) or ignores them altogether
(e.g., nucleation of apatite precursors). Unfortunately, there are
little published data to significantly improve the conceptual P
model from its current incarnation. Significant advances could
be made with better analytical separation between authigenic
hydroxyapatite and allochthonous hydroxyapatite (e.g., fish
bones), both of which are major components of particulate P
in OMZs. Additional and potentially large uncertainties are
further associated with C, S, and nutrient cycling under
seasonally changing bottom water redox regimes. Regional
ecosystem models could be used to test plausible scenarios of
how seasonal dynamics of LSB modify nutrient budgets in the
water column.
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