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Introduction

Persistent oxygen depletion or even anoxia is a perennial

characteristic of sub-thermocline waters along the central

Benguela shelf region. This feature has considerable

impacts on the ecosystem function and habitat suitability of

commercially important fish stocks in that region (Hart and

Currie 1960, Stander 1964). For example, juvenile Cape

hake Merluccius capensis off Namibia were thought to have

been severely depleted by the 1992 low-oxygen event

(Woodhead et al. 1997), as was the rock lobster Jasus
lalandii stock off St Helena Bay on the west coast of South

Africa in 1994 (Cockcroft et al. 2000). The driving pro-

cesses and scales of impact of hypoxia and anoxia in the

central Benguela, and in the Benguela system as a whole,

are not clearly understood. Advected remote forcing or

biogeochemically-driven local forcing have been postulated

as likely forces (Andrews and Hutchings 1980, Chapman

and Shannon 1985, Bailey 1983, 1991, Bailey and

Chapman 1985, Shannon and Nelson 1996). Whereas the

former hypothesis is supported by the presence of a

seasoally varying hypoxic poleward flow on both the shelf 

and the slope (Monteiro and van der Plas 2006, Monteiro et
al. 2006), the latter has been strengthened by process-

directed studies of the microbiology, biogeochemistry,

acoustics of sediment methane pockets, and remote sens-

ing of the surface expression of methane gas eruptions

(Weeks et al. 2003, Brüchert et al. 2000, 2003, Emeis et al.
2004). These studies have advanced our understanding of

the components that drive the incidence and variability of

low-oxygen water, but the linkages that govern ecosystem

impacts are not understood.

Local formation of oxygen-depleted bottom waters, which

is a result of the high productivity rates and sedimentation

rather than advection, was believed to be the controlling

factor for the development of anoxia in the Benguela sys-

tem (Andrews and Hutchings 1980, Chapman and Shannon

1985, Bailey 1983, 1991, Bailey and Chapman 1985,

Shannon and Nelson 1996). Remote forcing by advection

of hypoxic waters from the oxygen minimum zone off

Angola and farther north mainly affects the northern

Benguela shelf region. The impact decreases southward

Data from two cross-shelf sediment sampling cruises

were used to explain reasons for the sediment biogeo-

chemical variability in respect of carbon, nitrogen and

sulphur, and how the cycling of these elements governs

the biogeochemistry of the overlying water through

their control of the redox conditions. The spatial extent

of this benthic–pelagic flux link is limited to the inner-

shelf mud belt system on the Namibian shelf. The

inshore mud belt is the primary deposition area of the

carbon and nitrogen new production export flux. The

offshore organic-rich zones are thought to be relict

particulate organic matter originating from the inshore

mud belt rather than from an overlying pelagic source.

These data were used to set up a multi-layer sediment

model that was used through sensitivity analyses to

elucidate the input characteristics that result in the

most significant feedbacks on hypoxia in the overlying

water. The analyses showed that, although the new

production flux is a requirement to drive an oxygen

demand in the sediments, the onset and persistence of

anoxia may depend critically on a low-oxygen boun-

dary condition threshold. This is thought to be a key

differentiating factor between systems that, despite

comparable carbon export fluxes, are characterised by

a persistent hypoxia/anoxia signal and those that are

characterised by episodic hypoxia events. It was

concluded that sediment oxygen demand and methane

and ‘sulphide’ emissions from the central Benguela

sediments are responses to external hypoxia boundary

conditions rather than the local drivers of oxygen

variability.
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because of the diminishing influence of the low-oxygen

poleward undercurrent. Therefore, in the central and south-

ern Benguela, the coupling between the pelagic phyto-

plankton abundance and the benthic formation of oxygen

depletion becomes increasingly important relative to advec-

tion (Bailey 1991). 

Recent work has identified two scales of oxygen deple-

tion driven by sulphide fluxes. Anaerobic bacterial sulphate

reduction was shown by Brüchert et al. (2003) to be the

major surface sediment degradation process in the organic-

rich inner-shelf mud-belt zone off central Namibia (with up

to 22mol l–1 hydrogen sulphide close to the sediment-water

interface). Occasionally, the boundary between the aerobic

and anaerobic decomposition may move from the sediment

to the benthic boundary layer, resulting in the transport of

hydrogen sulphide into the overlying water column.

Copenhagen (1953), Hart and Currie (1960) and Pieterse

and van der Post (1967) reported extensive nearshore fish

mortalities associated with localised anoxic-sulphidic condi-

tions in the water column. Hydrogen sulphide is also

released into the water column via both occasional eruption

of methane gas pockets (Emeis et al. 2004, Monteiro et al.
2006) and small but spatially extensive bubble fluxes. The

methane gas bubbles emanating from the sediment have

been observed on numerous acoustic traces taken over the

inner-shelf mud-belt region off Namibia. Emeis et al. (2004)

found extensive shallow biogenic gas accumulations

(methane and hydrogen sulphide) when acoustically

mapping this mud-belt zone. Those authors also made

some suggestions as to how these gas eruptions may be

triggered, namely through atmospheric and oceanic forcing,

decreasing methane oxidation rates, or alternatively

through an inland precipitation pressure impulse channelled

to the gas accumulations via submerged alluvial river beds.

The spatial distribution of organic carbon-rich sediment on

the central to northern Namibian shelf is characterised by a

longshore banding structure — two particulate organic matter

(POM)-depleted bands separate three relatively organic-rich

sediment bands that are up to 740km long (Figure 1; Brem-

ner 1978). Monteiro et al. (2005) proposed that these long-

shore depositional sediment structures on the Namibian

continental shelf arise from the dynamics between the shelf

topography (double shelf break) and the internal tides. The

aim of this study was to investigate how these spatially

heterogeneous characteristics are reflected in the sediment

biogeochemistry, as well as in their interaction with the over-

lying water column across the shelf. The study was designed

to provide some understanding on low-oxygen water variabil-

ity through the broader linkage between sediment and water

biogeochemical fluxes in the central Benguela.

Figure 1: Spatial distribution of particulate organic matter (POM) along the central Namibian shelf showing the longshore bands of high and

low POM (adapted from Bremner 1978). Sampling stations during the 2001 sampling cruises are also indicated. Station 1 is the sampling

station closest inshore and Stations 2 and 4 are at the inner and outer shelf break zones respectively
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Material and Methods 

Sampling

Data were collected during two cross-shelf sediment

sampling cruises in February 2001 and June 2001 on board

the RV Welwitchia. Five stations were sampled at 22°S,

selected to coincided with the longshore banding structures

(Figure 1). The inshore station (Station 1) was at 115m

depth in the mud-belt zone and the station farthest offshore

(Station 5) was at 1 044m depth.

A Seabird 911+ CTD-O with rosette was lowered at each

station to within 5m of the seabed. Water samples were

collected with 5l PVC Niskin bottles for nutrient analysis.

Samples were filtered onboard through a 0.45µm cellulose

acetate membrane filter and frozen for later analysis

ashore. Sediment samples were collected using an Ocean

Instruments MC-200 multicorer and were frozen for later

analysis ashore.

The frozen sediment cores were sliced into 4cm sections

(in a glove bag) and squeezed, under nitrogen gas pres-

sure, through a 180µm mesh and GF/C filter. The particu-

late sediment was analysed for particulate organic carbon

(POC) and particulate organic nitrogen (PON) using a Carlo

Erba 1106 Elemental Analyser. The pore water was further

filtered through a 0.45µm cellulose acetate syringe filter

(Minisart, Sartorius) before being analysed for nutrients

(nitrate, nitrite, phosphate, ammonium, dissolved silicate)

and hydrogen sulphide. Nutrient analysis was done on a

Bran & Luebbe Traacs 800 auto analyser according to the

methods described by Grasshoff et al.(1999). The pore

water samples for hydrogen sulphide were preserved with

20% zinc acetate and analysed according to the Cline

(1969) method.

Benthic boundary layer (BBL) nutrient data (0–20m off

the seabed) from the monthly sampling line at 23°S for the

period 1998–2001 were extracted from the Ministry of

Fisheries and Marine Resources’ oceanographic database

(Oceanbase). These data were divided into two groups:

stations falling inside the inner shelf mud-belt zone (up to

20 nautical miles [n.m.]); and stations seaward of the mud-

belt region but still over the shelf (50–70n.m). This grouping

was chosen so that possible differences in the BBL nutrient

concentrations of the POM-rich mud-belt zone and the

lower POM zone outside the mud belt could be elucidated.

The data were used to determine the NH4
+–PO4

3– and the

NO3
––PO4

3– stoichiometries in the BBL. In addition, nutrient

data from the 23°S sampling line was also extracted off the

shelf (at water depth 200–400m) to determine the N:P stoi-

chiometries of the pre-formed South Atlantic Central Water

(SACW), which is the source of upwelled waters along the

Namibian coast (Hart and Currie 1960). 

Modelling

A simple two-layer steady state mass balance model

(DiToro 2001) was used to undertake a number of sensitiv-

ity analyses to help test the input characteristics that result

in the most significant feedbacks on hypoxia in the overly-

ing water. The model was set up using boundary condition

data (i.e. benthic boundary-layer data) from the June 2001

sediment sampling survey. The sensitivity runs were under-

taken by varying either the boundary conditions for

dissolved oxygen concentrations or the POC flux. Whereas

it is clear that time-dependent variability in sediment

biogeochemical fluxes is central to understanding the char-

acteristics of the benthic boundary layer, particularly

oxygen, the use of a steady state model in this study was

limited to addressing the sensitivity analysis objectives

rather than process simulation. The model outputs are

therefore not expected to quantitatively match the observa-

tions but simply to provide an indication of the magnitude of

response to different boundary conditions. In the steady

state model, the time-dependent diagenesis expression

(Equation 1) is simplified so that the diagenesis flux (JC) is

defined only by the diagenesis rate because the transport

terms are balanced (Equation 2):

(1)

(2)

where GPOC,i is the concentration of POC in the ith reactive

class, KPOC,i the first-order rate constant for POC in the ith

reactive class, θ is the temperature coefficient, H2 the

thickness of Layer 2, w2 the burial rate from Layer 2, fPOC,i

the fraction of POC in the ith reactive class, and JPOC the

flux of POC.

A generic mass balance (Equation 3) shows the reaction

term 1, the three transport terms (from water column [Layer

0] to top sediment layer [Layer 1], between Layer 1 and

Layer 2, and burial through the bottom boundary) and the

input flux JT1:

where κ2 is the reaction velocity, s the surface mass trans-

fer rate, CTi the concentration in Layer i, fdi the fraction in

Layer i, KL12 the mass transfer velocity between Layers 1–2,

and JT1 the input flux.

Results

Biogeochemical characteristics

Biogeochemical characteristics of the central Namibian

sediments are detailed below under three headings: the

sediment solid phase (particulate phase); the pore water

(dissolved phase); and the benthic boundary layer. 

Sediment solid phase
Table 1 shows that the spatial variability of POC and PON
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follows the cross-shelf alternating zones of elevated and

low concentrations (percentage weight), which was origi-

nally described by Bremner (1983) and redrawn in Figure 1.

Two POC-depleted stations (Stations 2 and 4) in the vicinity

of the inner (depth 200m) and outer (depth 400m) shelf

break respectively separate three relatively POC-rich

stations (Stations 1, 3 and 5).

The highest concentration of POC as well as the lowest

C:N ratio of c. 7 (mole ratios) were at the inshore mud belt

(Station 1), indicating that this was freshly derived material

that had been rapidly exported to the seabed from the over-

lying water column. The POC and PON concentrations

decreased sharply and the C:N ratio increased seaward of

the mud belt across the shelf (Figure 2). The data show that

these characteristics persist over the full depth range of the

cores (300mm). 

Table 1 shows that the core of the inner shelf and the

slope stations (1 and 5 respectively) consisted predomi-

nantly of mud (<60µm, >96%; Table 1). The other three

stations (2–4) were dominated by sand (50–75%) and mud

(25–50%) sediments. Station 2, at the inner shelf break,

was the only site where an appreciable amount of gravel

was present in the sediment. The water content in the cores

(Table 1) was considerably higher at the inner shelf station

than at any of the other stations, indicating that the inshore

mud belt sediments have a higher porosity than the more

consolidated offshore sediments. This is expected in areas

where fresh, rapidly depositing material accumulates. 

Sediment pore water
Sediment pore water nutrient concentrations, except for

nitrate and nitrite, were highest at the inshore station in the

mud belt, and there was a gradient between the mud belt

and the remaining shelf sediment that is comparable to the

sediment solid phase characteristics (Table 2, Figure 3).

Hydrogen sulphide concentrations were maximum over the

inner shelf, but it was virtually absent farther offshore at

1 044m depth (Figure 3). 

This type of redox environment in the inshore mud belt

is likely to support dissimilatory nitrate reduction, anammox

denitrification (Devol 2003) as well as sulphide-oxidising

bacteria, all of which account for the measured low NO3
–

and NO2
– concentrations (Table 2). Ammonium and phos-

phate concentrations in pore waters outside the mud belt

did not correlate with the cross-shelf banding observed in

the POC concentrations, but rather they showed a gener-

Table 1: Sediment particulate fraction characteristics

Core section (cm) %POC %PON C:N %Gravel %Sand % Mud %H2O  

Station 1 (inshore)
0–1 14.40 2.40 7.0 0.00 1.08 98.92 77.5  

1–5 14.24 2.16 7.7 0.00 2.02 97.98 84.8  

5–9 14.90 2.26 7.7 0.00 1.12 98.88 81.1  

9–13 15.05 2.18 8.0 0.00 1.600 98.400 80.8  

13–17 13.88 2.00 8.1 0.00 3.08 96.92 81.8      

Station 2
0–1 3.96 0.51 9.0 0.00 66.44 33.56 58.1  

1–5 3.75 0.48 9.0 0.00 73.95 26.05 54.7  

5–9 3.86 0.48 9.4 0.54 77.24 22.76 54.0  

9–13 3.50 0.42 9.7 2.61 75.41 24.59 52.8  

13–17 3.23 0.38 9.9 2.61 75.63 24.37 50.2  

17–21 2.68 0.32 9.9 11.23 74.67 25.33 47.7      

Station 3
0–1 4.89 0.56 10.2 0.13 47.31 52.69 57.0  

1–5 4.52 0.50 10.6 0.00 51.44 48.56 52.4  

5–9 5.00 0.56 10.5 0.00 45.100 54.90 53.1  

9–13 5.06 0.57 10.4 0.00 43.75 56.25 54.7      

Station 4
0–1 2.72 0.32 9.9 0.00 51.16 48.84 51.7  

1–5 2.81 0.30 11.1 0.00 54.66 45.34 49.9  

5–9 2.82 0.28 11.7 0.00 57.49 42.51 49.9  

9–13 2.59 0.24 12.5 0.16 62.44 37.56 49.9  

13–17 2.53 0.26 11.4 0.00 59.13 40.87 49.0  

17–21 2.49 0.26 11.0 0.00 60.16 39.84 49.7      

Station 5 (farthest offshore)
0–1 4.79 0.54 10.4 0.00 1.58 98.42 63.7  

1–5 5.06 0.53 11.1 0.00 1.24 98.76 58.4  

5–9 5.32 0.53 11.6 0.00 1.45 98.55 60.4  

9–13 4.57 0.51 10.4 0.00 1.24 98.76 58.6  

13–17 4.31 0.51 9.8 0.00 1.53 98.47 60.1
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ally decreasing offshore, cross-shelf trend (Figure 3,

Table 2). Pore water silicate levels were highest at the

mud-belt zone and lowest at the inner POC depleted

band (Station 2), and they gradually increased offshore

(Figure 3).

The relationships between pore water concentrations of

NH4+ and HS– relative to the C:N ratio of the sediment POM

are in Figure 4. There appears to be a threshold ratio below

which the concentration of the reduced constituent in the

pore waters increases sharply, being <10 for NH4
+ and <8 for
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Figure 2: POC, PON and C:N ratios variability in the sediments

across the shelf at the five sampling sites

Table 2: Sediment pore water characteristics

Core section (cm) H2S (µM) NH4
+ (µM) NO2

–(µM) NO3
–(µM) PO4

3– (µM) SiO2 (µM)  

Station 1 (inshore)
0–4 37.53 475.78 0.24 1.10 1097.47 105.80  

4–8 190.53 766.00 0.25 2.71 1242.49 190.29  

8–12 126.26 638.13 0.13 1.80 320.69 215.18  

12–16 162.95 618.48 0.09 1.93 148.57 210.65           

Station 2
0–4 0.18 252.64 0.30 3.67 328.04 55.17  

4–8 4.68 254.70 0.14 1.39 220.07 24.39  

8–12 0.72 206.71 0.15 1.90 143.98 20.81  

12–16 1.26 209.83 0.09 2.01 58.48 14.78           

Station 3
0–3 0.25 86.20 2.47 9.12 48.75 40.12  

3–7 0.72 125.16 0.14 4.92 34.91 22.14  

7–11 14.78 63.73 0.09 1.86 18.92 26.09  

11–14 4.21 47.64 0.15 3.45 8.30 26.52           

Station 4
0–4 0.86 93.73 2.88 2.48 75.58 60.61  

4–8 0.58 125.92 0.18 1.91 55.04 47.94  

8–12 0.65 116.14 0.14 3.50 42.30 51.10  

12–16 1.83 79.03 0.72 2.13 35.35 47.29  

16–20 2.37 80.65 0.14 1.47 18.44 43.45           

Station 5 (farthest offshore)
0–4 0.00 121.93 0.52 1.54 26.77 100.76  

4–8 0.00 56.29 4.33 30.96 17.06 85.46  

8–12 0.07 59.34 0.10 1.20 22.97 101.25  

12–16 1.12 87.29 0.11 1.52 23.49 95.71  

16–20 0.61 45.46 0.11 1.51 13.47 135.64
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Figure 3: Pore water (PW) ammonium, hydrogen sulphide and sili-

cate concentrations at the sampling sites across the shelf at 22°S
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HS– (Figure 4). The stoichiometry of pore water NH4
+ and

PO4
3– concentrations in both the mud belt and the other

shelf sites, together with the expected Redfield ratio

slope, are presented in Figure 5. Pore water at the inshore

mud belt (Station 1) (slope ~0.02) and the deeper shelf

stations (2–5) (slope ~1) have a strong non-Redfield stoi-

chiometry. The plot as well as the high pore-water phos-

phate concentrations (Table 2) suggest that this non-

Redfield relationship is linked to an anomalously high

PO4
3– release into the pore waters in association with the

prevalent strongly reducing conditions, as well as de-nitri-

fication. The more aerobic benthic conditions in Stations

2–5 shifted the NH4
+–PO4

3– stoichiometry towards the

Redfield relationship.

Benthic boundary layer
The nutrient concentration variability in the BBL was investi-

gated using data from the monthly sampling line at 23°S.

Data within 20m of the seabed were extracted for the

period 1998–2001. These data were used to investigate

the same NH4
+–PO4

3– stoichiometry for the benthic bound-

ary layer (Figure 6) in a comparable manner to that which

was depicted for the pore water of the 22°S sampling sites

(Figure 5). The benthic boundary layer data were plotted

for two groups, an inshore group sampled within 20n.m.

from shore on the mud belt (Figure 6a) and an offshore

group sampled seaward of the mud belt (Figure 6b).

Whereas the inshore group shows a coherent stoichiome-

try (~4.6:1) in most of the data, there was no clear rela-

tionship in the offshore group (Figure 6). The NO3
––PO4

3–

plot for the same offshore area showed a stoichiometry of

~7:1 where deviations from Redfield are probably the

result of nitrification fluxes (Figure 7b). The inverse rela-

tionship in the inshore region BBL NO3
––PO4

3– stoichiome-

try (Figure 7a) is consistent with denitrification. The N:P

stoichiometry of the pre-formed SACW off the shelf was

also investigated (Figure 8). The South Atlantic Central

Water was character ised by a more Redfield- l ike

NO3
––PO4

3– stoichiometry of ~11:1 rather than the anaero-

bic flux-driven NH4
+–PO4

3– stoichiometry.

Steady state model: sensitivity analysis

The results from the two types of model sensitivity experi-

ments are presented in Figures 9 and 10. In the first experi-

ment (Figure 9), with a fixed POC flux, varying the O2

concentrations in the benthic boundary layer (simulating O2

boundary conditions) results in a rapid increase in the HS–

flux when the oxygen concentration drops below 1.5mg l–1

(1.05ml l–1). Above this threshold the HS– flux was low

(<0.1mg m–2 day–1) and insensitive to changes in the overly-

ing oxygen boundary condition (Figure 9). Below this

threshold, the HS– flux increased rapidly and above it the
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Figure 4: Variability of pore water concentrations of (a) ammonium

and (b) hydrogen sulphide with their respective POM C:N ratios

from the core sections of the sampling sites across the shelf at 22°S
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HS– flux was low. In the second experiment, the sensitivity

of the HS– flux to changes in the phytoplankton new

production flux under high and low oxygen was tested

(Figure 10). Two oxygen boundary condition scenarios were

chosen based on the critical threshold concentrations from

Experiment 1 (Figure 9): the low scenario (O2 = 1mg l–1 or

0.7ml l–1) and the high scenario (O2 = 5mg l–1 or 3.5ml l–1,

Figure 9). Both scenarios were run through varying new

production POC fluxes representing the lower and upper

extremes (300–600mg C m–2 day–1) of 15N-uptake based

observational fluxes (Probyn 1987, 1988). It shows that

above the critical oxygen concentration threshold conditions

(O2 > 2mg l–1 or 1.4ml l–1) the flux of organic matter as fresh

POC is unable to increase the HS– flux above the relatively

low value of 0.03mg S m–2 day–1 (Figure 10). With boundary

conditions below the critical threshold (O2 < 1.5mg l–1 or

1.05ml l–1) and POC flux in the same range as earlier, the

HS– flux increases by two orders of magnitude (0.015 and

1mg S m–2 day–1) and shifts from a non-linear to a linear

relationship (Figure 10).
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Figure 6: The NH4
+–PO4

3– stoichiometry for the inshore (a) and

offshore (b) benthic boundary layer constructed from nutrient data

collected on the 23°S monitoring line. The dashed line indicates

the Redfield ratio slope

&�4� �52�116�7���52�2
(��4��5����

�

��

��

��

��

��

��

� � �

�


��
��
�
��
�� 

� �

"�4���

&�4�15��1�6�7��15���
(��4��5�1�2

��

��

��

��

��

� � �
����������

 ��

"�4����

�/�

�3�
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collected on the 23°S monitoring line. The dashed line indicates

the Redfield ratio slope
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Discussion

Biogeochemical characteristics

The first part of this study investigated the benthic–pelagic

coupling over the Namibian shelf. The results have

provided an important basis for the interpretation of the vari-

ability of nitrate and oxygen in upwelling systems and other

productive shelf regions worldwide (Rowe et al. 1975,

Bailey 1991, Tyrrell and Lucas 2002). The incidence and

variability of hypoxia and denitrification over the Namibian

shelf and nitrification in the southern Benguela have been

linked to organic-rich mud belts through a benthic–pelagic

coupling mechanism (Bailey 1991, Monteiro and Roychoud-

hury 2005, Monteiro and van der Plas 2006). These POM-

rich zones are linked to upwelling-driven pelagic production

equatorwards of upwelling centres associated with long-term

depositional conditions, which give rise to contrasting particu-

late biogeochemical characteristics (Bailey 1991, Monteiro et
al. 2005, Monteiro and Roychoudhury 2005). Although there

are several such zones in the Benguela system, the spatially

most extensive (cross-shelf and longshore scales) zones are

located on the Namibian shelf (Bremner 1983, Rogers and

Bremner 1991, Monteiro et al. 2005). The question is how

each of these zones contributes similarly to modifying the

overlying benthic boundary layer? Recent work suggests that

all the organic-rich mud belts have a pelagic origin and

should behave biogeochemically in a similar way (Brüchert et
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Figure 8: (a) NH4
+–PO4

3– stoichiometry and (b) NO3
––PO4

3– stoi-

chiometry for pre-formed South Atlantic Central Water constructed

from 200m to 400m nutrient data at stations off the shelf along the

23°S monitoring line. The dashed line indicates the Redfield ratio

slope
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Figure 9: The HS– flux response to varying benthic boundary layer

conditions: dissolved oxygen concentrations (0–5mg O2 l–1) and

fixed POC flux (300mg m–2 day–1)
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Figure 10: The HS– flux response to varying new production fluxes

at both high (5mg O2 l–1) and low (1mg O2 l–1) benthic boundary

layer dissolved oxygen concentrations
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al. 2000, Monteiro et al. 2005, Monteiro and Roychoudhury

2005).

In this study, cross-shelf variability in the biogeochemical

characteristics of the benthic boundary layer suggests two

modes of sediment flux feedback, an inshore one associ-

ated predominantly with the mud belt (in <150m depth) and

an offshore one between 150m and 400m over the shelf.

Our study shows that, whereas the N:P (4.6:1) stoichiometry

of the inshore BBL is governed by the sediment fluxes of

NH4
+–N and PO4

3––P (Figure 6a), this does not extend to the

offshore sites where no comparable coherent stoichiometry

is apparent (Figure 6b). The non-Redfield character (N:P =

4.6:1) of the stoichiometry at the inshore BBL reflects the

combined impact of the elevated PO4
3– anoxic sediment

fluxes and both dissimilatory and anammox denitrification

(Nathan et al. 1993, Devol 2003, Brüchert et al. 2003). In

this regard, Schulz and Schulz (2005) showed that the

sulphide-oxidising bacterium Thiomargarita namibiensis,
which occurs mainly in the upper 30cm of the organic-rich

mud belt off the Namibian coast, releases phosphate into

the sediments during anoxic conditions, resulting in pore-

water phosphate concentrations reaching levels of up to

300µmol l–1, and stores NO3
–. This supports the phosphate

pumping mechanism proposed by Nathan et al. (1993). The

NO3
––N and PO4

3––P stoichiometries at inshore and offshore

location show converse relationships. Whereas the inshore

BBL is characterised by denitrification (Figure 7a), and prob-

ably nitrate removal by sulphide-oxidising bacteria, the

offshore BBL shows a coherent stoichiometry that is closer

to the expected Redfield ratio of pre-formed water, but

reflects the impact of nitrification (Figure 7b). The N:P stoi-

chiometry of pre-formed South Atlantic Central Water

reflects a NO3
––PO4

3– dominated Redfield relationship rather

than the NH4
+–PO4

3– one that is modulated by anaerobic

sediment fluxes (Figure 8). However, its relative NO3
–

depleted character of 11:1 vs 16:1 reflects the effect of deni-

trification in the equatorial oxygen minimum zone, which is

an important source-water domain (Monteiro and van der

Plas 2006, Monteiro et al. 2006). Overall, the impacts of

sediment fluxes on the biogeochemical characteristics of the

inshore BBL are the consumption of electron acceptors (O2,

NO3
–, SO4

2–) and production of reduced metabolites (NH4
+

and HS–). Coupled to a PO4
3– desorption flux, which would

be expected under anoxic conditions (Hart and Currie 1960),

and bacterial release of phosphate, the BBL N:P stoichiome-

try is low (<5). At the offshore stations, the impact of the

sediment fluxes on the BBL reflects the more aerobic char-

acteristics of nitrification.

These differences in benthic–pelagic coupling are

supported by the particulate and pore-water characteristics

within the inshore and offshore zones. Sediment biogeo-

chemical data show that there are comparable differences

between the characteristics of POC-rich sediments on the

inner shelf and those on the outer shelf and slope areas

(Figure 2). Although POC concentrations were high at all

the accumulation zones across the shelf (Stations 1, 3 and

5), the concentrations on the inner shelf (Station 1) were

nearly three times higher (14.5% vs 4.5%). The C:N ratio

varies from 7.2, which is characteristic of fresh plankton

detritus, to 10–11 offshore, which is consistent with relict

POM (Monteiro et al. 2005, Inthorn et al. 2006). Particle

flux-based studies suggest that the offshore POM accumu-

lations are linked to a pelagic origin (e.g. Brüchert et al.
2000). Those data reflected C:N ratios of 6–8, which are

close to relatively fresh phytoplankton detritus. Our results

concur with global syntheses that indicate that the settling

velocities of new production is high enough to minimise

losses of N and result in limited increases in C:N ratios

(Anderson and Sarmiento 1994). The offshore POM belts

are believed to be the result of ‘turbidity flows’ arising from

the high porosity inshore mud belt (Monteiro et al. 2005,

Inthorn et al. 2006). The spatial characteristics of the

elevated biogeochemical activity in the mud belt is thought

to be linked to a combination of a new-production derived

pelagic flux of POM and benthic boundary layer turbulence

(Monteiro et al. 2005). The relatively high availability of

fresh POC to provide the electron-donating capacity at the

inner shelf contrasts with the nitrogen-poor POM in the mid-

and outer-shelf environments. Results from a sediment trap

deployed at a site on the outer shelf break west of Walvis

Bay, close to the position of Station 5 (Giraudeau et al.
2000), similarly also concluded that the offshore POM is

likely to be relict POM originating from the inshore mud belt

and not from an overlying pelagic source.

This view is supported by the relationship found here

between NH4
+ and HS– concentrations in the pore water

and the C:N ratio in the corresponding sediment (Figure 4a,

b). Such relationships suggest that there is a biogeochemi-

cal activity boundary linked to the availability of certain key

organic carbon molecules to the microbial activity that

governs remineralisation in those shelf sediments. A sharp

decrease in HS– and NH4+ pore water concentrations

above the C:N ratios of 9 and 10 respectively suggest that,

whereas nitrogen (PON) may not be the actual limiting

factor, the C:N ratio of the POM may be a proxy for the

availability of an essential group of electron donors under

anaerobic conditions. Sulphate reduction activity, with a

boundary at C:N < 9, appears to be more sensitive to the

limiting compounds than the ammonium flux, which appears

to be active at C:N < 10 (Figure 4). A possible explanation

for a limitation in electron-donating capacity when POM

concentrations remain high is the mechanism of sulphi-

disation which increases the refractory character of POM

(Brüchert et al. 2000).

In summary, the results show that the spatial extent of the

benthic–pelagic coupling link to formation of low-oxygen

bottom waters is limited to the inner-shelf mud-belt system on

the Namibian shelf at depths of between 80m and 140m.

This finding provides some clarity on the spatial scale of the

sediment-water feedback on hypoxia variability. If sediments

play a role in hypoxia variability, then that role is limited to the

inner shelf organic-rich mud belt and does not extend to the

deeper organic-rich zones. The debate on the dynamics of

low-oxygen water in the Benguela upwelling system has

been contested around two views: remote and local forcing.

Our findings indicate that, whereas local forcing clearly plays

a role, it is restricted to the inner shelf. This concurs with

recent findings by Monteiro et al. (2006), which show that

biogeochemical fluxes are a response to changes in advec-

tion of hypoxic boundary conditions.
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Dynamics of hypoxia: a sensitivity analysis

The coupling between carbon export flux and hypoxia is

based on the view that a high flux of POM can result in

dissolved metabolite fluxes that can alter the redox condi-

tions in the overlying water. The extent of this shift depends

largely on the magnitude and balance of the rates in the

supply of both electron donors (POM) and electron accep-

tors (O2 in this case; Monteiro et al. 2006). This benthic–

pelagic model typically focuses mainly on the rates of POM

supply (Brüchert et al. 2000, Weeks et al. 2004). However,

decadal datasets of oxygen variability in both the central

and southern Benguela indicate that the role of remote forc-

ing may be of greater importance than that which is

assumed by the benthic–pelagic coupling model (Monteiro

and van der Plas 2006).

The present sensitivity analyses aimed to examine the

relative importance of these two views and to investigate

the possibility that they may be coupled. In these analyses,

changes in the flux of HS– at steady state were used as an

indicator of the tendency of the benthic boundary layer

water to become anoxic because of the sediment-water

feedback on hypoxia variability.

The first experiment (Figure 9) indicates that the sulphide

flux from the sediments is low and relatively insensitive to

boundary conditions as long as oxygen concentrations at

the boundary remain above 1.5–2mg l–1. Below this poten-

tially important threshold, the sensitivity of the dependence

of anoxic conditions with oxygen boundary conditions

increases sharply. This is consistent with the understanding

that, above a certain concentration threshold, the oxygen

flux will meet the sediment demand.

This outcome is further supported by the second sensitiv-

ity experiment (Figure 10) in which the impact of varying

fluxes of new production derived POC on fixed oxygen

boundary conditions is examined. The response of the HS–

sediment water flux to the POC fluxes under high- and low-

oxygen boundary conditions differs not only by two orders

of magnitude but also in a shift from a non-linear to a linear

relationship (Figure 10). The non-linear variability reflects

the changing relative impact of a number of competing

reactions such as oxygen and nitrate (DiToro 2001). This

also explains why POC export fluxes are seasonally un-

coupled from peak sediment oxygen demand in the central

Benguela (Joubert 2006). 

These sensitivity analyses show that, although the flux of

POM from new production is a requirement to drive an

oxygen demand in the sediments, the onset and persist-

ence of anoxia depends critically on a low-oxygen boundary

condition threshold. This is thought to be a key differentiat-

ing factor between systems where, despite comparable

carbon export fluxes, the dynamics of hypoxia or anoxia are

characterised by a persistent seasonal–interannual signal

and those where it is characterised by episodic short period

events (Monteiro and Roychoudhury 2005). This outcome

supports the more general result that HS– and CH4 fluxes

are a response to changes in the seasonal–interannual–

decadal characteristics of oxygen boundary conditions

rather than in changes of upwelling-driven new production

carbon fluxes (Monteiro and van der Plas 2006, Monteiro et
al. 2006). This outcome points to an important role of physics

in modulating hypoxia.

Summary

This study shows that, whereas the BBL biogeochemistry

on the Namibian shelf is strongly modulated by the underly-

ing sediment fluxes, this effect is largely limited to the

inshore mud belt and does not extend offshore to the

deeper POM-rich zones. The inshore mud belt is the main

area where the primary deposition of the carbon and nitro-

gen new production export flux occurs. The offshore POM-

rich zones are thought to be relict POM, originating from the

inshore mud belt and not from an overlying pelagic source.

The modelling-based sensitivity analyses support the

view that fluxes of reduced metabolites from the inshore

POM-rich mud belt are not the drivers but rather a response

to low-oxygen boundary conditions.  It is not the locally

forced new production export flux that drives the system

from aerobic to anaerobic modes but the remotely forced

low-oxygen water boundary condition. However, once the

system is in anoxic mode, this flux will then increase

oxygen demand. This finding suggests that the methane

fluxes that drive a wide scale of sulphide fluxes, including

the so-called ‘eruptions’, are a response to seasonal

changes in the oxygen boundary conditions.
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