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Abstract 

The Central Benguela inner shelf is characterised by hypoxic to anoxic sub­

thermocline water conditions on a semi-permanent basis. Historical understanding of 

the incidence of hypoxia is that the inner shelf area off Namibia is one of the main 

areas of formation of low oxygen water (LOW) in the Benguela upwelling system. 

Local biogeochemical remineralization of organic matter mostly related to the primary 

production in surface waters (Chapman and Shannon. 1985) is thought to drive 

seasonal variability in sediment oxygen demand. New understanding of the system 

suggests that shelf hypoxia is driven by a remotely forced equatorial hypoxic 

boundary condition thought to trigger anaerobic remineralization and increased 

sediment fluxes of reduced metabolites (Monteiro et. al. in press.). The study focused 

on seasonal variability of sediment oxygen demand on the Namibian inner shelf and 

its relation to particulate organic carbon and reduced metabolite fluxes. 

Seasonal variability of total sediment oxygen demand measurements were 

conducted from November 2002 - November 2003 on sediments from one station 

(23°S, 14°E) on the Namibian organic rich inner continental shelf. Total sediment 

oxygen demand (TSOO) was compared with vertical fluxes of POC and reduced 

metabolites at the sediment-water interface to assess their role as drivers of TSOO. 

A seasonal trend in sediment oxygen demand (TSOO) from the core incubations 

were observed, which peaked at 20.10 mmol 02.m·2.day"1 during austral winter/early 

spring (May to Sep 2003). Particulate OrganiC Carbon (POC) fluxes however peaked 

during austral summer months (Nov - Dec 2002 and Nov 2003) at 7 - 10 mmoIC.m-

2.d-1. During summer months a good stoichiometric agreement between POC flux and 
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TSOD were observed, however, TSOD increased beyond the oxidation of POC/PON 

during winter months. The anomaly in the austral winter period suggested that TSOD 

controls lie in a biogeochemical response of the sediment and not in POC forcing. It 

was expected that reduced metabolite fluxes govern sediment oxygen demand. 

Ammonium diffusive fluxes peaked during austral summer (Nov - Dec 2002) months 

at 3 - 5 mmoIN.m-2.d-1 in the direction of the water column indicating highest 

remineralization rates during these months. Small concentration gradients of 

hydrogen sulphide were observed with little seasonal variability in hydrogen sulphide 

fluxes with only a spike in July 2006 which was in agreement with the increased 

TSOD in austral winter. 

This study clarifies some of the important biogeochemical characteristics of seasonal 

variability in sediment oxygen demand on the Namibian inner shelf. Although POC 

and ammonium fluxes play a role in seasonal TSOD in austral summer months, 

neither of these fluxes explain the TSOD increase in winter. Increased 

biogeochemical activity, coupled to remote forcing signal are thought to be 

responsible for this. 
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Chapter 1 

Introduction and literature review 

1.1 Context: Fisheries and ecosystem services. 

Fisheries in Namibia is the second largest contributor to the country's GDP and 

therefore are of great importance to its economy (10% of the GDP in 2000, 

www.bclme.org). Fisheries habitats are largely constrained by the temporal and 

spatial variability of hypoxia and anoxia (Monteiro and Van der Plas 2004). Low 

oxygen water (LOW) characterises most of the Namibian inner shelf (Wattenberg 

1938, 1939; Copenhagen 1953; Hart and Currie 1960; Bubnov 1972; Chapman and 

Shannon 1985; Bailey 1985, 1991; Monteiro et. al. 2004) causing a significant 

problem for fisheries management. 

Ecosystem services include primary productivity and suitable habitat. High primary 

productivity supports abundant resources (Hutchings 1992; Hocutt and Verheye 

2001). Habitat suitability however, is influenced significantly by oxygen availability. 

The impacts of hypoxic/anoxic conditions include the periodic mortalities of fish 

(Copenhagen 1953) and the recruitment failures as observed near Walvis Bay in 

1992 and 1994 (Hamukuaya et. al., 1998; Woodhead et. al.1998). Avoiding hypoxic 

areas is a common response of marine organisms and may play an important role in 

determining their abundance, distribution, catchability and availability (Monteiro et. al. 

2004). Habitat modification due to hypoxia has also triggered adaptive behavioural 

and physiological responses in the local biota. Juvenile Cape hake Merluccius 

capensis, which inhabit the Walvis Bay inner shelf, tolerate low levels of dissolved 

oxygen (Woodhead et. al. 1998). Offshore spawning of Cape hake M. capensis just 
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above the bottom where oxygen concentrations are at a minimum, have been 

proposed to minimise egg predation (Sunby et. al. 2001). It was also shown that hake 

tolerate oxygen levels down to 44.6 IJmol 02X1 (1 ml,r1
) due to high haematocrit and 

relatively high haemoglobin concentrations in their blood (Woodhead et. al. 1998). 

Low oxygen water (LOW) terminology are used in this document are summarised in 

Table 1.1. 

Table 1.1: Low oxygen water (LOW) terminology, concentrations and impacts (Taken 

from Monteiro et. al. 2004): 

Oxygen State Oxygen Impacts 
concentration 

Super >100% Out-gassing to the atmosphere: typical in high 
Saturated saturation surface primary production 

Saturated 100% Equilibrium with the atmosphere 
saturation 

Under 30 - 100% Range over which biological responses should 
Saturated saturation be insignificant 

Depleted 89.2 - 133.8 Biological impacts at behavioural level 
IJmol,r1 

Critical Hypoxia 44.6 - 89.2 Organisms require physiological adaptation to 
IJmol.l-1 survive. 

Hypoxic 22.3 - 44.6 Extreme stress and mortality in organisms 
IJmol.l-1 (denitrification compete with aerobic respiration) 

Anoxic < 22.3 IJmol.l 1 Respiration dominated by anaerobes and 
sulphide/methane fluxes 

Two mechanisms are thought to drive the distribution of low oxygen water (LOW) in 

the Benguela marine ecosystem: 

• A remote forcing hypothesis based on the premise that wherever LOW events 

are observed, mostly on the shelf, they are forced by poleward advection of 
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low oxygen water from the eastern tropical South Atlantic system (Hart and 

Currie 1960; Bubnov 1972; Morholtz 2001). 

• Local generation of low oxygen water through the biogeochemical 

remineralization of organic matter mostly related to the primary production in 

the surface water (Visser 1970; Bailey 1979, 1987; Bruchert et. al. 2003). 

Monteiro et. al. (2004) proposed a coupling of these two mechanisms to understand 

and predict LOW variability in the Central Benguela Ecosystem. A conceptual 

summary of the main processes governing the distribution of low oxygen waters in 

the Benguela system in 1985 (Chapman and Shannon 1985) are depicted in Figure 

1.1. For the purposes of this work, only the biogeochemistry on the Namibian inner 

shelf will be considered. 
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1.2 Central Benguela shelf sediment characteristics. 

The Namibian shelf sediment characteristics are determined by factors such as wind 

driven coastal upwelling and nutrient enrichment of the euphotic zone, orientation of 

the coastline and the Coriolis Effect, topography with double shelf break, water body 

flow patterns, and the deposition of particulate organic carbon (POC) equatorward of 

upwelling centers. Upwelling of nutrient rich water provides a supply of nutrients such 

as nitrate and phosphate to the euphotic zone and leads to high primary productivity 

of organic matter in the overlying water column. It has been hypothesized previously 

that the depositional flux of particulate organic carbon (POC) over the Namibian inner 

shelf drives the formation of anoxic conditions (through remineralization) and low 

oxygen water (LOW) is linked to the seasonal primary production signal (Bailey 

1991 ). 

Globally, marine shelf areas (depth < 200m) have two salient biogeochemical 

characteristics: 

• 30% - 100% of particulate carbon export flux reaches the sediments 

(Middelburg et. al. 1993) over shelf areas, focussing most of the 

remineralization flux within the benthic environment rather than the 

water column. 

• Shelf areas have the greatest turnover of organic matter. Shelf systems 

occupy 9% of ocean surface area but account for 83% of carbon 

remineralization (Middelburg et. al. 1993). 

These two characteristics are also typical of the Namibian shelf when one considers 

the prevalent LOW overlying the sediments (Bailey 1991) and the high POC (up to 

25%) in the sediments (Bremner 1983; Monteiro et. al. 2005). Sediments with high 
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POC concentrations are distributed along three well-defined long shore belts atong 

the Namibian coast depicted in Figure 1,2 (Monteiro el ai, 2005), Favourable 

conditions exist for the observed banding effect of high organic mailer; a perennially 

active upwelling cell and associaled high productivity (Bailey 1991), Iltlle degradalion 

Ihrough the short water column, and the shelf topography (Monteiro e/. 1>1 2005) 

/v ~",:l<r 
[YO H ' 
_ D.Q_J !j');, 
_ 1.n_J !l'>o 

Figure 1,2: Depicts the spatia l distribution d: large-scale high- and low-POM bands along the 

Namibian shelf (taken jrOOl Monteiro eI. al. 2005). It shows ttoe toighest GOr>eefltrallOO tPOM 

up to 25%) at ttoe Inshore belt. The mid-shelf belt termi~ates just sOllth of 23°S where the 

double shelf break feature also ends, Ttoe insert shows the positio~ of Namibia reiative to 

Africa 
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Two views exist for the depositional fluxes of particulate matter observed on the 

Central Benguela continental shelf; the Ekman transport model (Bremner 1983; 

Giraudeau et. a/. 2000) and a turbulence-resuspension-deposition model (Monteiro 

et. a/. 2005). Bremner, (1983) and Giraudeau ef. a/. (2000) proposed that the three 

layered water column (surface Ekman/boundary layer, bottom Ekman layer and a 

return or compensatory flow layer which carry the water to be upwelled) structure 

dynamics, induced by upwelling to be responsible for the distribution of biogenic 

material on the shelf. The transfer processes for settling over the upper slope during 

the upwelling season requires aged biogenic material, advecting off-shore in the 

surface Ekman layer, and relict material is transported at depth from the outer shelf 

through the offshore bottom boundary layer down the slope, while fresh biogenic 

particles produced in the surface waters over the shelf-break and slope are deposited 

on the shelf (Giraudeau et. a/. 2000). 

The turbulence-resuspension model proposed that the inshore high pac mud belt is 

sustained by the combined effect of phytoplankton productivity and persistently low 

average benthic boundary layer current velocities (Monteiro et. al. 2005). It was 

shown that the deeper long shore high pac belts are outside the upwelling front from 

where new production is exported and the pac in the mid- and outer shelf belts have 

higher C:N ratio's (>9) (Monteiro ef. at. 2005). Re-suspension of biogenic material at 

the shelf break and deposition of relict detritus in adjacent areas are responsible for 

the observed pac distribution of the mid- and outer belts rather than from surface 

phytoplankton export production (Monteiro et. at. 2005). The paM banding effect is 

thus caused by surface productivity in the inshore zone, re-suspension of pac 

deposited in the shelf break zone and re-deposition in low turbulence areas adjacent 

to the shelf break zone. Because of the high organic content of the inshore high pac 

(up to 25% wt) belt and its remineraliztion activity it was chosen as the study area 

this work. 
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1 .3 Remineralization of organic matter. 

The composition of organic matter (OM) is governed by primary production and the 

remineralization thereof (Libes 1992). Particulate organic matter (PaM) is derived 

mainly from primary producing organisms namely phytoplankton through 

photosynthesis. During photosynthesis, inorganic compounds such as carbon dioxide 

and nitrate are transformed by light energy to form organic cell material and oxygen. 

The idealized stoichiometry of constituents for marine derived particulate organic 

matter is: 

This generic form of carbon serves as an electron donor available for heterotrophic 

microrganism to utilize as an energy source. The elemental ratio of carbon to 

nitrogen to phosphorus that is present in average phytoplankton is usually 106: 16: 1 

and is referred to as the Redfield ratio, (Redfield et al. 1963). The Redfield ratio 

specifies the stoichiometry of biogenic organic matter and is an important indicator of 

the trends in organic matter transformations in the marine environment. Formation 

and decomposition of organic matter influences the distribution of nutrients such as 

nitrate, ammonia and phosphate in the water column (Libes, 1992). During the 

process of photosynthesis, nutrients from the water column are assimilated into cell 

material while remineralization releases nutrients in their respective soluble forms. 

Heterotrophic microrganisms extract energy from organic matter for physiological 

functioning, via the remineralization of organic matter (Froelich et. al. 1979; Libes 

1992). Within the sediment environment, remineralization of organic matter proceeds 

via a series of chemical reactions, resulting in fluxes of dissolved species across the 

sediment-water interface. A continuum of redox states exists ranging from oxic to 

8 

Univ
ers

ity
 of

 C
ap

e T
ow

n



anoxic. Remineralization over the range of redox conditions contributes to sediment 

oxygen demand. Under aerobic conditions, aerobic organisms utilize oxygen as 

electron acceptor while under anaerobic conditions other oxidants such as nitrate, 

iron- and manganese oxides and sulphate are utilized (Berner 1980). Aerobic 

respiration continues until sufficient oxygen has been consumed to drive the redox 

potential low enough to favour the next most efficient oxidant. Reactions with 

different oxidants yield different metabolic energy and the reaction with most 

favourable energy yields occurs preferentially. Relative oxidation energies of other 

oxidants in seawater are presented in Figure 1.3 (taken from Stumm and Morgan 

1981) and their reaction stoichiometry in Table 1.2 and 1.3. These particulate organic 

matter breakdown reactions generally occur in the sequence indicated in Table 1.2, 

however, in nature, overlap in reactions are possible. 

Organic matter such as phytoplankton or zooplankton varies in its elemental 

composition. The selective degradation of various groups of organic substances 

(such as phytoplankton or zooplankton) causes changes in the composition of 

organic matter and affects remineralization rates (Wang and Van Cappellen 1996, 

Anrosti and Homer 2003). Different groups of organic matter are oxidised in direct 

proportion to their reactivity and concentration (Berner 1980). Labile organic matter 

fractions are oxidised preferentially over less readily oxidizable organic matter 

leading to the sequential utilization of substrates (Middelburg et. al. 1993). A set of 

carbohydrates could be decomposed faster aerobically than say anaerobically 

through sulphate reduction. The total degradation rate of decomposable organic 

matter in the sediments is equal to the sum of the degradation rates of the individual 

groups ("one-G" model; Berner 1980). Experiments in which similar organic matter is 

mineralised under oxic and anoxic conditions indicated that aerobic and anaerobic 

remineralisation rates were not significantly different (Lee 1992). 
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Within the sediments on the Namibian shelf, it is expected that anaerobic 

remineralization dominate sediment OM breakdown processes as permanent anoxic 

conditions are observed (Chapman and Shannon 1985; Bruchert et. al. 2003). 

Sulphate reduction in particular is considered the major remineralization process 

(Fossing et. al. 1999; Ferdelman et. al. 1999; Bruchert et. al. 2003). The effect of the 

flux of reduced compounds on low oxygen variability is yet to be fully understood, 

particularly how the seasonal signal is related to the fluxes of reduced compounds. 
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Figure. 1.3. Sequence of microbially mediated redox reactions. Arrows point in the direction of 

the spontaneous redox reaction and no information is contained in the relative length of the 

arrow. (Taken from Aquatic Chemistry, Stumm and Morgan (1981) by John Wiley and Sons, 

Inc., New York) 
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Table 1.2 : Stoichiometric relationship between oxidant and organic matter (Taken from Froeliech et. al.1979) 

Oxidant Reaction llGO 
(kcal.mo[1 of glucose) 

- 762.4 (1 ) 

- 657.3 (2) 

- 697.9 (3) 

FeOOH - 317.9 (4) 

- 90.8 (5) 

- 83.7 (6) 

Reactions are not proton balanced 
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Table 1.3: Oxidation reactions of reduced inorganic compoundsa (Libes 1992) 

Description Reaction 

Sulphide oxidation H2S + 202 

Iron oxidation 4Fe2+ + O2 + 20H2O 

Nitrification 2NH/ + 302 
2N02- + O2 

Manganese oxidation 2 Mn2+ + O2 + H2O 

a Accomplished by chemoautotrophs, mostly autotrophs. 

Reactions are not proton balanced. 

~ sol- + 2H+ 

~ 4Fe(OHh(s) + 8H+ 

~ 2N02- + 2H20 + 4H+ 
~ 2N03-

~ 2 Mn02(s) + 4 H+ 

ilGo 
(kcal.mor 1

) 

- 23.5 (7) 

- 21.0 (8) 

- 10.8 (9) 
- 9.0 (10) 

- 7.2 (11 ) 
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1.4 Redox zonation within the sediment (oxic, suboxic and anoxic). 

Redox conditions within the sediments are controlled by the relative supply of organic 

matter and electron acceptors (Berner 1980). Oxygen is supplied through diffusion 

from the water overlying the sediment. In sediments where benthic remineralization is 

fast, suboxic and anoxic conditions occur within the sediment, and the redox 

interface could lie within the upper few millimetres at the sediment water interface but 

it also extends into the bottom waters due to high POM fluxes. A simple three layer 

conceptual model can be used to view the sediment whereby the top layer of the 

sediment is aerobic, a middle suboxic layer and the bottom layer is the anaerobic 

layer. An idealized illustration is presented in Figure 1.4 (adapted from Froelich 

et.al.1979). The depth of the aerobic layer is determined by the diffusive flux of 

oxygen into the sediment, which is dependent on the concentration gradient of 

oxygen between the water and sediment as well as the porosity of the sediment 

(Berner 1980). Reactions 1, and 7 - 10 (Table 1.2 and 1.3) occur in the oxic (aerobic) 

zone, reactions 2 - 4 and 11 occur in the suboxic zone while reactions 5 - 6 occur in 

the anoxic (anaerobic) zone. 

As the oxygen concentration in the sediments decreases, the concentration of nitrate 

increases to a maximum, then decreases to zero. The nitrate maximum result from 

the oxygen flux and ammonium flux from opposite directions. In this zone nitrification 

of ammonium with oxygen proceed via Eq. 9 (Table 1.3) (Berner 1980). In the 

absence of oxygen, anaerobic ammonium oxidation (Anammox) with nitrate/nitrite is 

also possible in this zone (Devol 2003; Kuypers et. al. 2003). Below the nitrate 

maximum, nitrate diffuses downward to be reduced to N2 through denitrification. If 

denitrification occurs via reaction 2 (Table1.2), some overlap in metabolic free energy 

yield of reactions 2 and 3 occur, depending on the Mn-phase being reduced, and it is 

expected that nitrate and manganese dioxide reduction might occur simultaneously 
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(Froelich 1979). After consumption of nitrate and manganese dioxide, reduction of 

iron proceeds, followed by sulphate reduction. Sulphate reduction does not proceed 

until oxygen is completely depleted because the energy yield form sulphate reduction 

is so low that sulphate cannot effectively compete for organic matter in the presence 

of oxygen (Berner 1980). Oxygen also appears to "poison" SUlphate-reducing 

enzymes (Libes 1992). The zone of sulphate reduction is much thicker than for other 

oxidants due to the abundance of sulphate in seawater and takes much longer to be 

completely consumed (Berner 1980). Eventually at sediment depths where all 

oxidants are consumed, organic matter is oxidized through a disproportionation 

reaction in which some of the carbon is oxidized to carbon dioxide and some reduced 

to methane. This is termed the methane fermentation or methanogenesis (Libes 

1992). 

The thermodynamic stratification model presented (Froelich 1979) is an idealised 

sequence of the remineralization reactions and is often not the case in the natural 

environment. As most of these reactions are microbially mediated and involves 

enzymes, microbial ecology could be adapted in such a way that lower energy 

yielding reactions could occur preferentially due to better adaptation. Sulphate 

reduction on the Namibian shelf was suggested to be more common than 

denitrification due to the relative abundance of sulphate as an electron acceptor 

(Tyrell and Lucas 2002). 

Anoxic sediments usually have well defined concentration gradients which provide 

valuable information regarding the diffusional fluxes of solutes that can be extracted 

from the shape of the pore-water profiles. The solute concentration is controlled by 

diffusion from the source depending on the direction of the gradient. A gradient that is 

convex (eg. the oxygen profile Figure 1.4) will result from the chemical removal or 

downward advection of the solute in the pore-water (Libes 1992). A gradient that is 
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conca~ leg HS-_ Mn2- and Fe2') will result from chemical productlOl1 or upward 

advec~on 0( the solute ,n ttle pore-waler A pore-water profile with a ma~imum such 

as MnOi mdlcates production al ttM! maximum_ and \lire V/N"sa_ 

} MelhanogenllSl'i 

Figure 1,4, Idealized representation of depth profiles of 0" NO,-, MnO, (~), Mnl ', 

Fel ', 50,1-, H5 and CH, In marine sediments (Adapte<i from Froe lich " I al 1979 

al'ld L,bes 1992) ReaC1IOnS generally occur in the sequence down the depth of the 

sediment. 
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1.5 Oxidation of reduced inorganic metabolites 

As the reduced sp€cies diffuse upw;ucl through pore-water along tM concentration 

gradient they are reQxidised in the oxic zone. Chemical equations 7 -1 1 (Tables 1.3) 

are possible reactior1s for the oxidation of reduced compounds formed through 1M 

oxidation of orgallic matter. For instance, ammonium is readily oxidised in oxic water 

to nitrite 81'lcl then to nitrate by marine bactena Nljrosomas and Nitrobader 

resp€ctively through nitrification (Stumm and Morgan 1981, Libes 1992). The re­

oxidation of reduced compounds such as Fe", Mn", HS-(H,S), NH: al'lcl CH" which 

are products of anaerobic remineralization in deeper parts of the sediments, can 

make a significant contribution to the low oxygen conditions in the water overlying the 

sediments (Ferdelman et al. 1999, Ogrinc et.al. 2003; Monteiro ef al. 2004; Bruch€rt 

el al. in press). It wa5 estimated that up to 55% of sulphide oxidation was mediated 

by large nitrate-storing sulphur bacteria Thiomargarita namlbmnsis In sulphidic 

ootlom water over th€ shelf (Brlichert e/. al. 2003) and sulphide OXidation to sulphate 

can account for up to 2/3 of oxygen consumption (Ogrinc e/ al. 2003). However, it is 

difficult to estimate the total contnbutlOn 01 these reactions to the sediment oxygen 

d€mand as the reduced species may participate in secondary redox reactions, be 

absorbed on sediment particles, or precipitate as authigenic hydroxides, carbonate o r 

sulphide minerals through precipitation and dissolution reactions (Wang and Van 

Cappellen 1900). 

1.6 Flux across the sediment-water interface. 

The boundary between water column and sediment plays an important role in 

determining the chemical composition 01 the overlying water column . It provides an 

environment whereby ch€mical species can interchange between the water column 
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and the sediment If d.agenetic chemical reactions (i.e. OM remineralization) occur 

close enough to the sediment water interface, fluxes of dissolved speG'teS between 

sediment and overlying water occur along concenlrah:m gradients between the 

sediment-water interface. Two types of flux occur between the sediment and water 

c~umn, namely diffusive and advection Diffusion is the net motion of dissolved 

species from a region of higher concentration to lower concentration in the absence 

of an external forGe while advection refers to the bulk unidirectional flow of porewaler 

relative to an adopted re[ereroce frame at the sediment-water interface due to an 

impressed force such as pressure (Berner 1980). The generalised expression 

depictirlg the two fl ux components is' 

where 

,X' 
J = -D-' +mC , ~ , 

u 
(12 ) 

J, is the total (diffUSive and advective) flux of component I (mmol.m 

>,day-'); 

D, is the molecular diffusion coefficient of I (m' .day-' ): 

C.,S the solute concentratIOn and (mmol.L ' ); 

z is the direction of maximum concentration gradient (m). 

'" is the veloc ity of flow relative to the sediment-water interface 

In the sediment environment the advective component arises from the loss of water 

due to the compression as a result of deposition of sediment The effect of 

compaction on flux in fine-gra ined muds IS very Slow, and the advection term In 

equation 12. thereby. IS usual ly om itted (Berner 1980), The diffusion term can be 

divided into loll' categories: molecular diffusion, dispersion, eddy diffusion and 

bioturbation, Dispersion due to fiow IS negligible, and one can assume that once 

depths below zones of bioturbation and current stirring are reached, oxidants and 

remineralization flux of solutes are mainty controlled th rough the process of 
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molecular diffusion (Serner 1980). Fluxes of solutes across the sediment water 

interface can there/om be calculated from the concentrati on gradient according to 

Fick's first law of diffusion (Stumm and Morgan 1981, Berntlr 1980): 

ac 
.Ji= -Di~ ' 

C< 
(13) 

Before ap~ying Fick's law of diffusion directly (0 sediments, severa l modifications 

must 00 made. For instance, for charge effects. because major sp€cles that undergo 

diffusion in the porewaters are ions. An ion migrates in response to its own 

concentration gradient, as well as the el€ctrical potential gradient brought about by 

concentration gradients of other ions (Berner 1980). Ion flux cannot result in a pile up 

of charge, so the electroneutrali\y relation has to be considered Th€ molecular 

diffusion coefficient therefore is made up of two components, one depending on 

mobility and temperatun!, and the other on electrical effects due to other ions 

Additionally, inter-ion effects brought about by ion pairing influences diffusion. When 

a diffusing ion is considered , generally the sum of all the major species conta ining 

the ion is included , For the sulphate IOn in seawater th is would Include sulphate as 

well as the ion pairs MgSa" CaSa" NaSa,- and KSO, 

Appreciable changes in diffusion coefficients of ions can be brought about by 

electrical effects, but an even greater effect arises in the sediment due to tortuosity, 

resulting from the presence of solid particles, In the sediment, an ion is not free to 

diffuse in any direcl'lon. but it is hindered by collision "";th the particles as 'It follows a 

tortuous path (Berner 1980 , Boudreau 1996). TortUOSity is deflfled as: 

(14) 

where () "tortuosity: 

dl" leng th of the actual sinuous path over depth intel'lal dz, 
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The relation used to calculate tortuos ity from measurements of electrical resistivity 

and on natural sediments and porewaters separately (Berner 1980), is given by: 

0' = ¢F. (15) 

where F "formation lactor" RlRo; 

R "electrical resistivity of the sediment; 

Ro" electrical resistivity of the pore water alone 

A simple relation between RlRo and porosity for a wide variety of sediment 

is F " 

1974} 

When n " 2 , this equation is known as Arch ie's law (Li and Gregory 

The diffusion coeffiCient for sed iment is corrected for tortuosity as follows ' 

D 
D, =-" 

O~ 
(16 ) 

where D, = whole sediment diffusion coefficient in terms of area of sediment 

per unit time. 

When applying values of D, to the sediments, an additionallactor, sediment porosity 

(if!) must be included Ficks First Law for sediments IS thus: 

J = -'"D. DC, , Y' , ,,- , 
c,~ 

(17) 

Where J , = diffusion flux in sediments in terms of mass per unit area of 

sediment per unit time 

Temperature also affects molecular diffusion (Berner 1980), Higher temperature 

causes greater molecular motion and there/ore higher diffusion coefficients 
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Corrections for tempsrature should be made. Th€ temperature dependency of 

viscosity and self-diffusion of water in the temperature range of 0 - 100ue is 

adequately described by the Stokes-Einstein relation, (li and Gregory 1974) namely' 

'D"U"' -ID","] 1-- 1 -
\Th"T T, 

( 18) 

wh€re 'I"" the viscosity of water. 

T = the absolute temperature 

Bioturbation is the process of sediment mixing through the activity of benthic 

organism, such as macrofauna crawling th rough lh€ sediments or po lychaete worms 

burrowing into th€ sediments (Libes 1992) and is commonly described as a diffusive 

process (Boudreau 1996). A "box model" approach is adopted to describe such fast 

mlx'i ng process. Over a certain depth. all sediment properties afe uniform from the 

sediment-water interface to this fixed depth (Berner 1980). Changes in properties of 

sediment added at the sediment water interface are immediately sensed at the 

bottom of the "box" (Figure 1 5) MathematICally th is box model is represented by 

equation (19): 

dC J(i)- wC, 
J, L 

(19) 

where C" is the concentration in the zone of bIOturbation (box) of solid 

substance under study (sotids + porewater): 

J(f) is the depositional flux to the sediment ' 

(jJ is the rate of deposi tional burial of totat sediment; 

L is the thickness (depth) of the box. 
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F(t) 

Sed-wqter interface 

L Constant Cs 
~ ~ Bioturbation 
~-

mcs 
Limit of bioturootion : 

Cs varies 
No bioturbati 

with depth 

Figure 1 5' Schematic representation of box model normally used to depict 

bioturbation. Within the box there is perfect mixirlg and UIllformity of concentratkln 

(Adapted from Berner 1980). 

The effect of bioturbation OIl total oxygen uptake rates measured in situ and 

calculated diffusive uptake rates in South East Atlantic sediment (Z ral19 lrlg between 

400 and 4000m) indicated that in situ oxygen uptake rates were amays higher than 

diffusive uptake rates (Glud e/. ai, 1994), A strong correlation between lotal oxygen 

uptake rates and dry we ight macrofauna in the sediment was observed in that study. 

and when macrofau.-.a were absent total and diffUSive oxygen uptake rates were in 

good agreement. The authors concluded that the alxmdance of benthic forami~fera 

increased the total oxygen uptake rate by a factor of up to 3 and even at Z" 3095m, 

the preserlCe of macrofauna (dominated by polychaeta) doubled the rate of sediment 

oxygen demand (Glud fit al. 1994). 
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1.7 Summary of processes affecting sediment oxygen demand. 

The processes affectil'lg &ediment oxygen demand and essentially the distribut ion of 

water column constituents described in the previous secti0ll5 are conceptua lly 

sllI11marised as follows (see Figure 1.6): 

• Organic matter depositional flux, 

• Reminera lizatioo of organic matter (aerobic and anaerobic). 

• Fluxes of constituents between the sediment and the water column, 

• Physical enwonmental corldilions 

POM flux 

v 

Aerobic diaaenesis 

Anaerobic diagenesis: 

Fluxes of dissolved 
species 

NO"~ NH: 
MnO, )Mn"' 
FeOOH ---> Fe2

< 

SO, ---> HS 
CH, product ion 

1 POM burial 

Water 
Column 

Oxic Sediment 

Anox ic 
Sediment 

Figure 1.6: Conceptual model of processes affecting SOD. 
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1.8 The aim 01 this project. 

The variability in water colum n oxygen conc€ntralion over th€ Namibian inn€r shelf is 

thought to be influenced by biogeochemical remineralisation of Qrganic rich 

sediments. High primary productivity rales and particulate organic matter fluxes . high 

organic content (up to 25% wI) of the sediments, high remineralisation rates and 

accompanied fluxes of reduced compounds all contribute to the observed hypoxia 

variability. This project focussed on understanding the dynamiCs of hypoxia linked to 

biogeochemical fluxes, specif ically on seasonal characteristics in sediment oxygen 

demand over the Namib<an inr1€r shell. Secondly, the relation of sediment oxygen 

demand to water column particulate f luxes and fluxes of products of primary 

biodegradation processes near the sediment water interface Two key quesbons are 

articulated as follows: 

• What are the characterist ics of seasonal variability of sediment oxygen 

demand on the Namibian inner shelf mud belt? 

• How is seasonal variability in sediment oxygen demand related to the vertical 

sediment biogeochemica l fluxes? 

1.9 Approach. 

A quaSI-monthly observalional programme was adopted to address the research 

questions posed above, to determine seasonal variability In sediment oxygen 

demand, through a series of incubated sediment cores co llected on the Namibian 

inner shelf . This was achieved through: 
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• Undertaking a yearlong quasi-monthly col lection of sediment cores on the 

NamiDian inner shelf at 23"S, 14'E, 

• Determining the total oxygen demand from core incubations, 

• Measuring particulate fl uxes through moored sediment traps, 

o Measuring interstitial water concentrations of nutrients (n itrate, ammonium, 

sulphate, hydrogen sulphide, phosphate and &ilicate) with sed iment depth and 

calculating sediment diffusional fl uxes, 

• Quantifying the observed sediment oxygen demand fluxes with diffusional 

fluxes of reduced constituents through their sto ichiometric rela tionships 
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Chapter 2 

Materials and sampling methods 

2.1 Introduction. 

One site on the Namibian Inner shell (23°$, 14"E -130m water depth) was chosen 

for the investigation within one of the main areas of oxygen deficient water in the 

Benguela system (Figure 2. 1). Sampling COincided with the monthly oceanographic 

monitoring programme on the research vessel RV Welwitschia conducted by 

National Marine Information and Research, (NatMIRC) Ministry of Fisheries and 

Marine Resources, NamiOia and extended from November 2002 to November 2003 

2.2 Site description. 

2.2. 1 Geog raphic setting and main characteristi cs 

The Namibian coastline runs In a general SSE - NNW direction (F igure 2.1). The 

continental shelf IS 100 - 160km wide, with a double shelf break between 21°00S 

and 23' 30S in central Namibia. The Inner shell has a gent ly sloping surface from the 

ooasllo rough ly 13'5E With the l irst shelf break at Z: -160m and a steeply sloping 

outer shelf break at 13"OE (Z: - 350m) , separating the continental margin to an inner 

(Z: 50 - 140m), mid-shelf (Z: 200 - 300m) and outer shelf (Z: 500 - 1400m) reg ions 

(Bremner 1983 Shannon and Nelson 1996). The inner shelf break feature ends just 

south 01 23'S. 
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Figure 2.1 Depicts the sample location at Station A as wel l as the spatial distribution 

of the large-scale high- and low POM bancJs along the Namibian shelf (In Monteiro, 

et al 21)05, adapted from Bremner 1983). It shows two paral lel POM rich belts the 

highest concentration (POM up to 25%) at the inshore belt 

The shelf area is rich in diatomaceous detritus (three bands indicated in Figure 2.1) 

and exceptionally rich in organic matter (up to 20% organic carbon) mainly of 

planktonic origin (Bremner 1983; Chapman and Shannon 1985; Bailey 1991 Van der 

Plas and Monteiro, in press) . Copenhagen (1953) described this as the azoic zone; 
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"extremely fluid, olive green muds containing hydrogen sulphide and lacking 

benthos". The shelf break indicates the boundary for sulphidic bottom water (Bruchert 

et. a/. 2003). Three parallel bands (measuring between 500 - 800km in length) of 

alternating high and low POM appear between 19°5 and 26°S, with the highest 

concentration inshore near Walvis Bay (Figure. 2.1) (Bremner 1983; Monteiro et. a/., 

2005). Water below the thermocline over the inner shelf off Walvis Bay water 

contains dissolved oxygen concentrations of less than 20 IJM (or <0.5mI.L-1
) 

throughout the year and are often completely anoxic (Chapman and Shannon 1985; 

Bailey 1991). 

The continental margin is overlain by the Benguela Current, which is a sluggish 

northward to north-westward flowing body of water with average surface velocities of 

10 - 20cm.s-1
. The main current flows westward away from the coast at WalvisBay 

(23°S) then split into three narrow ancillary branches parallel to the coast named the 

Benguela Coastal Current (BCC) (Shannon and Nelson 1996). In the northern part of 

Namibian continental margin, the southward flowing warmer-water Angola current 

(AC) converges with the eastern branch of the Benguela current (BCC) to form the 

Angola-Benguela Front (ABF) located between 14°S and 17°S which is also the 

northern boundary of the coastal upwelling system. The location of the ABF shifts 

between these latitudes on a seasonal basis. Southward movement of the front is 

usually associated with austral summer conditions when longshore wind stress and 

upwelling in the Northern Benguela are reduced (Shannon and Nelson 1996). The 

southward flowing Angola current continues poleward below the thermocline over the 

central Benguela shelf (Shannon and Nelson 1996). 

Three perennial upwelling cells are located on the Namibian coast. These are located 

around Cape Frio in the north, WalvisBay (23 OS) in the middle and Luderitz (26°S -

27°S) which is also the largest. The Luderitz upwelling cell effectively divides the 
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Benguela system into the southern and northern Benguela sUb-systems. Periods of 

peak upwelling in these two sUb-systems are out of phase, with maximum upwelling 

occurring during late winterlearly spring in the northern Benguela and in the summer 

in the southern Benguela (Bailey 1991). 

2.3 Sediment sample collection. 

The sampling position, Station A (23°S, 14°E; Z -130m water depth) depicted in 

Figure 2.1 is well within the upwelled waters generated by the Walvis Bay cell. 

Sampling dates, water depth and water properties in the benthic boundary layer 

during the sampling exercise are summarised in Table 2.1. 

Table 2.1: Summary of sampling schedule, positions, water depth and water column 

properties in the bottom boundary layer (BBL; <5m overlying the sediment) determined with 

Seabird 911plus CTD-O (courtesy NATMIRC). 

Date Position Depth Temp Salinity DO 

(m) (0C) (ppt) (IJmol.l-1 
) 

01/10/2002 22°58.96'S, 14°02.65'E 125 11.3 35.01 14.4 

29/10/2002 22°59.96'S, 14°02.65'E 129 11.2 34.98 2.6 

05/12/2002 23°00.00'S, 14°04.40'E 123 11.6 35.05 12.7 

01/02/2003 22°59.80'S, 14°02.50'E 127 12.4 35.13 2.0 

04/03/2003 22°59.80'S, 14°02.50'E 129 12.8 35.18 6.6 

13/05/2003 22°59.80'S, 14°02.42'E 124 12.3 35.14 5.8 

02/07/2003 23°00.00'S, 14°02.43'E 126 11.9 35.10 5.0 

04/09/2003 22°59.80'S, 14°02.42'E 125 11.6 35.05 21.6 

01/10/2003 22°59.80'S, 14°02.42'E 122 11.5 35.02 4.5 

Sediment samples were collected for core incubations for determination of total 

sediment oxygen uptake rates, diffusional fluxes of nitrate, ammonium, sulphate, 

hydrogen sulphide, phosphate and silicate at the sediment-water interface. Sediment 
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traps were anchored at 60m and 80m from the sea surface for determining 

particulate organic matter export flux. Diffusional fluxes were determined from 

porewater profiles as well as incubated sediment cores. 

Sediment coring was conducted with an Ocean Instrument (MC-200) multicorer 

device (Figure. 2.2). This method has been used extensively by various authors 

(Bailey et. al. 1987, Glud et. a/. 1994, Fossing et. al. 2000, Bruchert et. al. 2003). 

Polycarbonate core tubes (30 cm length, 7cm i.d) were inserted into the multicorer 

device (Figure 2.2). The multicorer was lowered to the bottom and allowed to settle 

on the sediment surface. A gravity mechanism then extruded the open core tubes 

into the sediment which also triggered a closing of the core tubes (foot and top). 

Sediment samples were then retrieved with roughly 20 cm sediment and 10 cm 

overlying water. Immediately after the sediment cores were recovered, they were 

closed with rubber stoppers and stored in a portable temperature regulated 

refrigerator at in situ temperature (10 - 12°C). The cores were allowed to settle over 

24hrs and transported to a land based laboratory for further processing. The 

sediment cores with overlying water intact were used mainly for oxygen incubations. 

Core tubes with the least overlying water, were used to determine the interstitial 

water profiles. It was noted that the September 2003 interstitial water core were 

completely filled with sediment. Here it was assumed that the top of the core was the 

sediment-water interface. Completely filled sediment cores were also used for nitrate, 

ammonium, sulphate, hydrogen sulphide, phosphate and silicate incubations. To 

prepare the cores for incubations, some sediment was released from the bottom of 

the core tube and carefully filled with replacement water. The replacement water was 

collected in Niskin bottles from the bottom boundary layer water overlying, < 5m 

above the sediment, transferred to 2.5L plastic screwtop bottles and siphoned into 

the cores using Tygon tubing. 
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Figure 2.2; Multicarer devo;e deployed over th e side 01 til e RV W"lwilschi~ dLKlng a sampling 

cruISe 

2.4 Sediment oxygen demand measurements. 

Sed,ment oxygen demand has been widely used to measwre the total rate of benthic 

remineralization . It is done by enclosing an area of sediment and measuring the 

change in oxygen coocentration in the overlying water (Bailey, 1991; Glud, 1994) 

Th,s gives an indication of the to tal sediment oxygen demand. There are generally 3 

methods of determining sediment oxygen demand: 

• laboratory incubations of recovered intact sediment cores. 

• In sifu measurements with benthic flux chambers placed over the sediment 

eod 

• Estimation by diffusive oxygen fluxes calculated from vertical profiles of 

dissolved oxygen on sub-thermoGiine waters. 

30 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Diffusive oxygen flux calculations are generally lower than laboratory and in situ 

incubations because it excludes the impact of bioturbation on the oxygen uptake rate 

(Glud et. al. 1994). Little or no bioturbation are expected for the inner shelf mud belt 

as the anoxic conditions makes it devoid of benthic infauna. SOD measured in situ 

have the advantage of measuring oxygen and nutrient fluxes simultaneously from the 

same core. In the present study, laboratory incubations were used to determine the 

total sediment oxygen demand (TSOD). No such data is currently available for the 

study area. 

The change in oxygen concentration over time was measured in the water volume 

overlying the sediment. An air-tight bung was manufactured with three holes; one for 

a microelectrode oxygen sensor (YSI model 56), one for a mechanical stirrer and a 

small bleed hole. 

In situ waters overlying the sediments generally contained dissolved oxygen 

concentrations less than 22 !-1M and in order to measure an oxygen consumption rate 

in the overlying water, dissolved oxygen is required in this water. To overcome this, 

the oxygen deficient water overlying was partially aerated by leaving the cores open 

to the atmosphere for 10 - 15 minutes prior to incubations. This would elevate the 

oxygen concentration to roughly 100 !-1M. After a 2 point calibration, the oxygen 

electrode was inserted into the bung and the whole bung-probe assembly was 

inserted into the overlying water volume of the reactor (Figure.2.3). The reactor was 

stirred at a constant speed (3 % rpm) whilst maintaining in situ temperature (1 0-12°C) 

and light conditions. The oxygen concentration was logged every minute for a period 

of 24 hours and the total SOD rate was determined. Three cores per site were 

analysed sequentially and the average was used in the results. 
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Data 
Logger 

Shrrer paddle 

~=;j;::=l --;; Microeleclroc!e oxygen 'I sensor 

Overl ying water 

Sediment-water Interface 

Sedmanl 

Figure 2 3' Schematic cllagfsm of sediment core o JO:ygen incubatIOn measurements 

Oxygen concentratoons were monitOled in the overlying water over a period of 24 

hours. The diagram Is !lOt to scale. 
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2.5 Interstitial water. 

Sediment cores designated for interstitial water profiles were frozen and sectioned 

into 2 cm slices (for the top 10 em) and 4 em slices thereafter. The frozen sediment 

cores Were sliced under nitrogen atmosphere (to avoid the air-oxidation of H,S). The 

sections were placed in pre-labelled sample bags. The interstitial water was then 

squeezed out of the sediments uSi ng positive pressure applied through an inert gas 

(N,; 5.0 instrument grade)) in a Teflon squeezing apparatus (see Figure 2.4). The 

inert gas was applied onto a latex diaphragm placed on the sediment forcing the 

interstitial water through a f ilter directly into a syringe to minimise the exposure to 

oxygen. 

Figure 2 4 ReebLXgh Teflon squeezing apparatus (Rheeburgh. 1967) 
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The interstitial water was then immediately sub-sampled for nutrients and sulphate 

and hydrogen sulphide analysis. These samples were frozen until analysed (using 

standard methods described in Appendix A.) for solute concentration within 2 weeks 

of collection. Profiles were used for calculating sediment fluxes at the sediment­

water. 

2.6 Diffusive fluxes at the sediment water interface. 

Diffusive fluxes of solutes at the sediment water interface were calculated using 

Fick's 1st law of diffusion. Sediment porosity was approximated from weight loss after 

heating the sediment at 80°C until for 12 hours. Porosity values of -0.95 were 

obtained from this procedure similar to values reported by Glud et. al. (1994). 

Fossing et. al. (1999) reported average values of 0.85 for Namibian slope sediments. 

For the diffusive flux calculations, porosity was chosen as 0.9. Sediment diffusivity 

(Dsed) was calculated from molecular diffusion coefficients (Do) after Li and Gregory, 

(1974) using eq. (17), with tortuosity equal to 1.1 (Berner 1980). Sediment 

diffusivities were corrected for in situ temperature, salinity and pressure using the 

Stokes-Einstein relationship (eq. 19). Concentration gradients for ammonium, nitrate, 

sulphate, phosphate and silicate were calculated between the solute concentration in 

the benthic boundary layer and the concentration at 1 cm below the interface. 

Hydrogen sulphide concentration gradients were calculated using the gradient down 

the length of the core up to where the concentration gradient changed, as these gave 

a better reflection of fluxes from the sediment to the water column. The top few 

centimetres of hydrogen sulphide profiles appeared to have mixed layer with low 

concentrations characteristics, and an increase in sulphide concentration was 

observed below this depth. The lack of benthic infauna observed in this study and by 

others (Copenhagen 1953, Bailey 1991), rules out advection caused by bioturbation. 
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However, methane bubbling from the sediments is suggested to cause enhancedl 

advective flux of solutes to the water column. The effect of methane at the sediment­

interface is acknowledged but was not explicitly measured in this study. 

2.7 Sediment core incubations. 

Incubations of nutrient fluxes were also monitored in the sediments. The nutrient 

cores were treated similarly to the cores used for oxygen incubations (in situ 

temperature, no light and air-tight). Here, three cores (with overlying water intact) 

fitted with a bung and stirrer (3 % rpm) and two holes; one for extracting sample and 

the other for replacing water. Nutrient sub-samples (60 mL aliquots) were extracted 

at 3 hour intervals for a period of 24 hours. To compensate for pressure, as the 

sample was extracted, replacement water (collected in Niskin bottles before the 

collection of the sediment) was replaced into the reactor using a double plunger 

mechanism. A time series of nutrient fluxes were determined, taking into account a 

correction factor for the addition of the replace water. 

2.8 Brief description of analytical methods used for determining 

solute concentrations. 

Oxygen concentrations were measured in the overlying water using a YSI membrane 

electrode after a two point calibration. Samples prepared for nitrate, ammounium, 

sulphate, hydrogen sulphide, phosphate and silicate samples were filtered through 

0.451Jm membrane filters and stored frozen until analysis. Nutrient concentrations 

were determined colourimetrically using methods described by Grasshoff et. al. 

(1983) and the hydrogen sulphide were determined using the method described by 

Cline (1969). Organic content was determined through elemental analysis. Quality 
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control was performed by using the appropriate reference standards as well as 

comparing results for samples analysed independently by NatMIRC. A detailed 

description of methods used is provided in Appendix A. 

2.9 Particulate Organic Carbon (POC) and Particulate Organic 

Nitrogen (PON). 

Particulate organic carbon (POC) and nitrogen (PON) were determined in each of the 

core sections. For POC analysis, roughly one gram of sample was oven-dried and 

acidified with - 5 mL organic-free 1 M HCI to remove the inorganic carbon fraction in 

the sediment. After acidification the samples were rinsed with de-ionised water and 

oven dried at 100°C. No acidification was carried out for PON samples, as 

acidification would remove the ammonia associated with the organic fraction of the 

sediment. POC and PON were analysed with a Euro CHN Elemental Analyser 

instrument. A standard reference material (MBSS-1) was treated exactly as the 

samples as quality control for the analysis. 

2.10 Sediment traps. 

Two sediment traps, each containing four tubular units of internal diameter 69mm 

and length 620mm (Figure 2.5) were deployed at the sample station A to determine 

the flux of particulate organic matter at every two month interval. A 1 mm2 mesh at the 

top of the sediment trap tubes prevented entry by large nekton. The traps were 

suspended in the water column at 60m and 80m depth by means of a subsurface 

float at Station A. Each unit contained a 1 % formalin solution for sample 

preservation. Retrieved sediment traps were filtered through pre-ashed Microsep 
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GFfF roltOfs and the s\J$~nded malenal was oven dn(!(j at 100"C arld organic carbon 

and nitrogen content were delermined as per Secfion 2 11 aad corrected lor lI1e 

small loiter blank. 

F09ure 2.5 Retne~al of sediment traps deployed at Statoon A 
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Chapter 3 

Results 

Results obtained from the 2003 yearlong sampling programme are presented in this 

chapter. It comprises of the following parts; 

• sediment interstitial water profiles, 

• the diffusive fluxes of dissolved species, 

• particulate organic carbon fluxes and 

• total sediment oxygen demand. 

3.1 Sediment interstitial water profiles. 

Vertical profiles of biogeochemical solute concentrations in interstitial water give 

valuable insight into remineralization pathways, fluxes and redox zones within the 

sediment. Interstitial water concentration profiles for ammonium, nitrate, sulphate, 

sulphide, phosphate and silicate from the top 30cm of surface sediments collected at 

Station A over the investigation period are presented here (Figure 3.1 - Figure 3.6). 

Concentrations are given in IJM, and the bottom boundary layer water concentrations 

(Table 3.1) were chosen as the concentration at the sediment-water interface (Z = 

Ocm). 
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Table 3.1: Concentration of oxygen, ammonia, nitrate, sulphate and sulphide in the 

bottom boundary layer (BBL; <5m above sediment) collected with Niskin bottles 

during each sampling interval. 

O2 NH4-N N03-N 504-5 H25-5 P04-P 5i04-5i 

Month iJM iJM iJM mM iJM iJM ·iJM 

Oct-02 14.4 1.8 23.9 - - 1.7 33.8 
Nov-02 2.6 0.0 24.5 - - 1.3 54.0 
Oec-02 12.7 1.2 13.5 - - 1.6 23.1 
Feb-03 2.0 0.7 17.1 26.4 44.4 2.0 21.2 
Mar-03 6.6 8.0 20.8 - 44.7 2.7 31.3 
May-03 5.8 21.0 10.6 30.4 45.9 2.1 31.1 
Jut-03 5.0 3.5 24.1 29.1 57.6 5.9 34.5 
Sep-03 21.6 2.9 6.1 27.7 31.8 2.3 39.1 
Nov-03 4.5 16.2 - 24.9 16.2 0.0 35.4 

- indicate months when concentrations were not measured 
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Figure 3.1· Interstitial water profiles of dissolved ammoolum in sediment cores collected at Station A betwBer"< Oct 2002 and Nov 2003 
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3.1 .1 Ammonium porewater profiles. 

Ammonium (NH4 +) concentrations profiles for the period Nov 2002 - Nov 2003 are 

depicted in Figure 3.1. Down the length of the core, ammonium concentrations varied 

between 1-2 mM NH/. In all cases, a marked difference (up to 1000 times greater) 

occurred at the sediment-water interface, stabilising below Z = 1 cm in the sediment. 

The concentration gradient at the sediment-water interface reflected remineralization 

within the sediment and a net diffusional flux in the direction of the water column. 

3.1.2 Nitrate porewater profiles. 

As expected for anoxic sediments, Nitrate (N03-) profiles (Figure 3.2) showed 

elevated concentrations up to 5 cm below the sediment-water interface throughout 

the whole year. Nitrate concentration profiles increased and peaked in the top 5 cm 

at levels of up to 200 !-1M N03-. Below 5 cm in the sediment, the nitrate 

concentrations were below detection levels. Between Z = 0 cm and Z = 5 cm most 

nitrate profiles showed a maximum which were unexpectedly high during November 

2002, December 2002 and July 2003 given the anoxic nature of the sediment. 

3.1.3 Sulphate porewater profiles. 

Sulphate (SO/-) porewater profiles varied over a broad range of concentrations (10 -

30 mM SO/-) in the top 30 cm of the cores (Figure. 3.3). The sediment-water 

gradient in the upper 1 cm indicated sulphate flux into the sediment, possibly resulting 

from the removal of sulphate via sulphate reduction within the sediments. Below the 

sediment-water interface sulphate concentrations gradients were small, except for 

Feb. 2003, which showed unexpected variability with depth. The absence of benthic 

fauna from the sediment evidenced by the lack of burrows ruled out bioturbation for 
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the observed variation during Feb 2003 (Berner 1980). Analytical errors are proposed 

as a possible explanation for the Feb 2003 anomaly. 

3.1.4 Hydrogen sulphide porewater profiles. 

Hydrogen sulphide (H2S) concentration profiles (in ~M H2S) are depicted in Figure 

3.4. Concentrations of H2S were comparable in the bottom water and at the 

sediment interface reaching up to 50 ~M. Below the sediment-water interface 

concentrations increased with sediment depth indicating diffusion of hydrogen 

sulphide from deeper parts of the sediment. In July 2003 however, concentrations 

increased up to 5cm sediment depth and decreased below this depth. February to 

May 2003 concentrations reached up to 750 ~M in the deeper layers. No significant 

increase in hydrogen sulphide concentrations was observed with depth during 

September and November 2003. 

3.1.5 Ortho phosphate porewater profiles. 

Dissolved phosphate (P04
3
-) profiles are depicted in Figure 3.5. On all occassions 

concentrations ranged between 100 and 300 ~M P04-P. Dissolved phosphate 

concentrations at the sediment-water interface (Z = Ocm) were low and increased 

sharply at Z = 1 cm resulting in steep gradients at the sediment-water interface and 

indicating dissolved phosphate fluxes are in the direction of the water column. Below 

Z = 1 cm all phosphate profiles remained constant or decreased slowly towards the 

bottom of the core. 
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3.1.6 Ortho silicate porewater profiles. 

Dissolved silicate (Si02) profiles are depicted in Figure 3.6. Silicate concentrations 

ranged between 100 and 500 IJM Si02. Similar to phosphate, silicate concentrations 

at Z = 0 cm were low, typical of seawater, causing a steep concentration gradient at 

the sediment-water interface which indicated fluxes of dissolved silicate into the 

water column. Below Z =1 cm silicate concentrations stabilised and indicated small 

gradients towards the bottom of the cores. 

3.2 Particulate Organic Carbon (POC) and Particulate Organic 

Nitrogen (PON). 

Particulate organic carbon (POC) and nitrogen (PON) profiles of the sediment cores 

collected over the time period are depicted in Figure 3.7 - Figure 3.12. POC and 

PON (wt%) showed a steady decrease towards the bottom of the sediment cores. 

Concentration ranged between 9 - 12 %Corg and 1 - 2 %Norg for POC and PON 

respectively. The lower POC and PON concentration in the deeper parts of the cores 

indicated that longer exposure to bacterial breakdown during burial caused lower Corg 

and Norg concentrations. C:N ratios (Table 3.2) ranged between 7 and 10 and tended 

to increase with depth. Higher C:N ratios (>7) indicate POC that has undergone early 

diagenesis of the most labile fraction rather than the input of fresh phytoplankton 

origin (Redfield ratio of 106: 16). The observed seasonal C:N variability is coherent 

with the observed ammonium diffusive fluxes which peaked during summer months 

(see section 3.3.1). The lowest C:N ratios (-7) which indicated the input of fresh 

organic matter, were observed during Feb 03 and Mar 03 (late austral summer), 

slightly out of phase with the highest POM fluxes observed in Nov 02 and Dec 02 

(late spring/early summer) (see section 3.4). 
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Table 3.2: C:N molar ratios down the depth of the sediment cores over the course of 

the year (Nov 2002 - Nov 2003). Highest ratios (>9), observed during summer 

months (Nov 2002 and Nov 2003), indicated relict organic matter. 

Month Nov-02 Feb-03 Mar-03 May-03 Jul-03 Nov-03 
Depth(cm) C:N C:N C:N C:N C:N C:N 

2 9.18 8.16 7.53 7.59 8.16 9.46 
4 9.32 7.27 7.19 7.66 8.17 9.43 
6 9.52 7.24 7.51 8.07 8.27 9.85 
8 10.08 7.27 7.54 8.13 8.40 10.04 
10 10.40 7.59 7.65 8.27 8.39 9.74 
14 10.51 7.53 7.55 8.34 8.53 10.39 
16 10.42 7.47 7.97 8.46 8.66 10.01 
20 9.98 7.61 8.37 8.28 8.36 10.21 
24 10.21 - 7.60 8.15 - 9.50 
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Average 
porosity (0) 

Dsed 

(cm 2/d)* 

dC/dx 

Month 
Oct-02 
Nov-02 
Oec-02 
Feb-03 
Mar-03 
May-03 
Jut-03 
Sep-03 
Nov-03 

3.3 Calculated diffusive fluxes of dissolved species. 

Diffusive fluxes at the sediment-water interface were calculated using Fick's 1 st law of 

diffusion (Eq. 11). Diffusive fluxes of oxidants and reduced species at the sediment-

water interface were calculated using the concentration gradient between Z = 0 cm 

and Z = 1 cm unless stated otherwise. A summary of parameters, concentration 

gradients and calculated diffusive fluxes are presented in Table 3.3. 

Table 3.3: Summary of calculated diffusive fluxes calculated using Fick's 1st Law. For 

concentration gradients (dC/dx), interface indicated gradients calculated from the 

difference between Z = 0 cm and Z =1cm while for the gradient the linear slope down 

the length of the core were used. Negative flux rates refered to diffusive flux in the 

direction of the water column while positive values implied flux in the direction of the 

sediment. 

NH4 flux N03 flux S04 flux H2S flux P04 flux Si04 flux 
(mmol N 
Im 2/day) 

(mmol N 
Im 2/day) 

(mmol 
S/m 2/day) 

(mmol 
S/m 2/day) 

(mmol 
P/m 2/day) 

(mmol 
Silm 2/day) 

0.9 0.9 0.9 0.9 0.9 0.9 

0.75 0.73 0.39 0.71 0.22 0.39 

interface interface interface gradient interface interface 

-3.29 -0.21 - - -0.24 -0.36 
-5.30 -0.49 - - -0.27 -0.27 
-2.96 -0.58 - - -0.11 -0.51 
-1.70 -0.08 55.67 -0.10 -0.11 -0.19 
-1.29 0.04 - -0.04 -0.11 -
-3.37 - 39.31 -0.18 -0.20 -0.19 
-0.68 -0.61 5.63 -0.86 -0.03 -0.21 
-2.04 -0.11 16.27 -0.03 -0.15 -0.24 
-3.79 - 19.01 -0.04 -0.21 -0.66 

* Calculated for 11°C based on the data from Boudreau (1996). 
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3.3.1 Ammonium diffusive fluxes. 

Seasonal diffusive f luxes of ammonium are depicted in Figure 313 and ranged 

between -0.68 and - 5.30 mmolN moo d-' Corocentration gradients of ammonium at 

the sediment water Interface always indicated a flux in the direction of the water 

column. The highest flux was observed in Nov 2002 (. 5.30 mmolN,m '.d ' ) and the 

lowest flux was observed in July 2003 (-0 ,68 mmoINm-' d"). Seasonally during the 

study period. ammonium diffusive fl ux peaked during the austral summer months 

(Nov 2002 and Nov 2003) and was lower during winter. This fo llowed the observed 

fluxes of poe and PON (see secbon 34) 

.Ammonium diffusive fluxes: Oct02 - Nov03 
00 

• 
> '" • • 
1 • _2 .Q • 
~ '" • , • • • E ~. 

" " _5.Q 

" • 
z ,. 

_7.Q 

~ ~ " 0 0 0 0 " " " ~ 8 ~ ~ 5 5 5 5 5 5 • • 
i t , i 

5 

0 5 , 5 • 5 • , , ~ • • • 0 0 D 0 " 
, , • 0 

Months 

Figure 3.13- Piot of diffusive ammonium flux on the Namibian inmn shelf sediments 

from Oct 2M2 to Nov 2M3. Diffusive fluxes are expressed in mmoIN.m".d-1 Data 

suggests highest ammonium flux in summer months (Nov 2003 and Nov 2003) and 

lowest ammonium f lux in winter months (Mar 2003 and Jul 2003). Negative scale 

indicated flux towards the water column. 
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3.3.2 Nitrate diffusive fluxes. 

Nitrate diffusive fluxes are depicted in Figure 3.14 and ranged bet\oVeen + 0,04 and-

0.61 mmol N,m-2,d ' . Most of the diffusional nitrate Huxes were in the direction of the 

water column, except March 2004, where fiux was in the direction of the sediment. 

The flux of nitrate from the sediment into the water column was unexpected in an 

anoxic sediment environment. f lux of nitrate into the water column would indicate 

that nitrate is being formed within the sediments. possibly through the oxidation of 

ammonium with oxygen . Due to the anoxic env',ronment of the sediment, oxidation of 

ammonium wit h oxygen was unlikely. The unexpected high subsurface nitrate 

concentrations could poSSib ly be a natural phenomenon, or during sample handling, 

oxygen was introduced to the sediments , T his paradox is revisited in the discussion 

section_ 

Nitrate diffusive fluxes: Oct02.Sep03 
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Figure 3.14' Plot of diffusive nitrate flux on the Namibian Inner shelf sediments from 

Oct 2002 to Nov 2003 Diffusive fluxes are expressed 'In mmolN m-2 d- ' _ The data 

show no clear seasonal trend in nitrate flux. Negative scale irnJicated flux to the water 

column which was unexpected In the anoxic environment. 
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3.3.3 S ulphate diffus ive fluxes. 

Diffusive sulphate fluxes are depicted in Figure 3.15 and ranged between 5.6 and 

55.7 mmol Sm" d-' at the sediment wa ter interface. Sulphate concentrati on 

gradients indicated fluxes from the water co lum n into the sediment. Although 

sam,"ing started in October 2002. sulphate and sulphide concentrations were only 

measured from February 2003 onwards. Highes t ca lculated sulphate fluxes were 

observed in Feb 2003 ard May 2003, and the lowest fl ux in July 2003 

Sulphate diffisive fluxes: FebOl - NovOl 
" ,------------------------------------------

• 

• 

• • 
• 

" 
, , , , 0 0 0 , ~ 

, , , 9 , 9 9 0 9 , , 

! , , , , , > , & ; i , c ; < ; , < 0 

Months 

Figure 3.15: Plot of diffusive sulphate flux on the Namibian inner shelf sediments 

from Feb 2003 to Nov 2003. Diffusive fluxes are expressed in mmolS m-' d-' Highest 

fluxes were observed f rom May 2003 - Sep 2003. POSitive scale indicates fl ux into 

the sediment. 
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3,3.4 Hydrogen sulphide diffusive fluxes, 

Hydrogen sulphide cOr>Gentration gradients were calclllated using the section of the 

concentration profiles where the concentration gradient changed, as there was 

seldom any concentration gradient at the sediment-water in teliace and sulphide 

concentrations increased at greater sediment depths. Diffusive hydrogen sulphide 

fluxes depicted in Figure 3,16 ranged between - 0,03 and - 0,66 mmol S,m''',d-' an-d 

were always from the sediment irlto the wa ter cojlKTln, Diffusive hydrogen sulphide 

remained low throughout the year fluxes and only a spike irl the diffusive flux of 

sulphide was observed in July 2003 (- 0,86 mmol S.m-',d") 

Hydrogen sulphide diffusive fluxes: Feb03 - Nov03 
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Figure 3,16: Plot of diffusive hydlogen sulphide flux on the Namibian inner shelf 

sediments from Feb 2003 to Nov 2003, Diffusive fluxes are expressed in mmolS.m' 

',d" . No seasooal trend was observed irl hydrogen sulphide fluxes only a spike was 

of elevated sulphide lIu~ In July 2003 The negative scale indicated fluxes toward the 

water column 

Univ
ers

ity
 of

 C
ap

e T
ow

n



3,35 Phosphate diffusive f luxes 

Diffusive pl10sphate fluxes are depicted in Figure 3.17 and ranged between - 0.03 

and - 0,27 mmol Pm"d" . Concentrations of phosphate at the sediment-water 

interface were always less than GOOcentrations at Z = lcm and below, indicated 

phosphate flux in too direction of too water column The highest diffusional flux rates 

were observed during austral summer months when too highest POM ftuxes were 

also observed 

.--. 
Phosphate diffusive fluxe s: Oct02 · Nov-03 
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Figure 3,17' Plot of diffusive phosphate flux on the Namibian inner shelf sediments 

If~ Oct 2003 10 Nov 2003, Diffusive f luxes expressed '" mmolP.m".d". Tho 

negative scale Indicated fluxes toward the water column 
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3,3.6 DissoJved silicate diffusive fluxes. 

Diffusive silicate fluxes are depicted in Figure 3.18 and ranged between -0,19 and-

0.66 mmoISi,m" .d', Coocentrations of silicate at Z = 0 were always less than 

concentrations at Z" 1ern and below, indicated that silicate flux in the direction of the 

water ccHumn. The h>ghest flux was observed during the summer months, 

Silicate diffusive fluxes: Octo2 - Nov03 
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Figure 3,18: Piot of diffusive silicate ftux on the Namibian inner shelf sediments from 
. , 

Oct 2003 to Nov 2003. Diffusive ftuxes are expressed in mmoISi ,m' ,d , The negative 

scale irJdicated fluxes toward the water column 
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3.4 Sedimentation fluxes of particulate organic carbon (PaC) 

and nitrogen (PaN). 

The fluxes of both particulate organic carbon and nitrogen pac and paN from 

sediment traps moored at the sampling station are shown in Figure. 3.19. pac and 

paN fluxes for Station A were at a maximum during summer months (Nov - Feb). 

Throughout the year pac ranged between 1.95 - 7.37 mmol Cm-2day"1, while paN 

ranged between 0.22 - 1.18 mmol N m-2day"1. pac flux concentrations observed in 

this study are comparable with flux concentrations at the Walvis Ridge (200 S, 09°E), 

Wefer and Fischer (1992) observed pac flux up to 9.2 mmoIC.m-2.d-1. 

Observed pac fluxes indicated higher primary production rates in the water column 

during the austral summer (Nov 2002 - Dec 2002 and Nov 2003). C:N ratios of the < 

200 IJm fraction, the detrital particles which exclude the mezo- and macro 

zooplankton, are presented in Table 3.4. The C:N ratios ranged between 5.2 - 8.7 

with an average C:N ratio of 7.1 (std dev =1.16). Highest ratios were observed from 

late summer till spring (Feb 2003 - Aug 2003). The lowest C:N ratios were observed 

in Nov 02 and Nov 03. 
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poe and PON flux (2003) 
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Figure 319 Plot of depositional C"" and N"", flux on the Namibian inner shelf from 

Nov 2002 to Nov 2003. Fluxes of both C" " and N"", peaked during summer months. 

Rates are expressed in mmol Cm 'day' 

Table 3.4: Quasi-monthly depositional flux (total suspend solids. POC flux and PON 

flux) from sediment traps moored at Station A (22"59'S 14'03'E), The "'200 !-1m 

fraction results are presented in both mg ,m"' d' and mmol.m '.d· 

TSS«2fXilJm) poe flux paN flux C.N 
Month im'!da mmdlm ' !d mc:)'m'!d mm d irn'id rnrJ/rn'id 
Nov-02 0788 569 68.32 0.92 12.89 6.18 
Oec-02 1.007 &00 71.48 '" 15.99 '" Feb-03 0.348 '" 62.60 0,64 9,02 8.1 0 
Mar-OJ 0227 4.45 53.41 062 8.71 7.15 
May--OJ 0.116 1,97 23,60 0,22 3 t 5 8.74 
Aug·03 0"" 3,71 4451 '" 6.61 7.85 
Oct-03 0,403 , "& 2343 on 3.74 7.31 
Nov-03 0,416 '" 88.48 "" 16.49 6.26 

3,5 Total sediment oxygen demand . 

Sediment oxygen uptake fluxes from sediment cores collected quasi-monthly from 

Nov 2002 to Nov 2003 are depicted In Figure 3.20, A clear seasonal trend in oxygen 

consumphon was observed which peaks in May to Sep 2003, The plot shows that the 

total sediment oxygen demand (TSOD; aerobic + anaerobic) ranged from 4,27 -

2010 mmol 0, m-2day"' 
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As was described in the sampling methods, oxygen concentrations in the overlying 

water of the incubated cores were artificially elevated and do not necessarily reflect 

the in situ water column oxygen concentrations. The actual water column oxygen 

concentrations from a CTD oxygen profile are shown in Figure 3.21. The plot show 

water column dissolved oxygen concentrations of less than 22.3 IJM overlying the 

sediment throughout the year. 

During the oxygen incubations, oxygen concentrations were measured in the water 

overlying the sediment over a period of 24 hrs. A volumetric oxygen consumption 

rate was observed, which was converted to an areal oxygen consumption rate by 

using the area of sediment in contact with the overlying water during core 

incubations. The calculation was done as follows using May2003: 

Volumetric TSOD rate: 210.38 IJmol 02.dm-3.day-1 

Volume of water overlying sediment: 0.33 L 

Area of sediment in contact with water: 31.17 cm2 

The volumetric rate was converted to a molar rate of consumption by multiplication 

with the overlying water volume and thereafter it was converted to an areal rate 

through division by the sediment area. 

Molar rate: 69.43 IJmol.day-1 

Areal oxygen consumption rate: 22.27 mmol 02.m-2.day-1. 

Where multiple core incubations were measured, the average of the areal rates is 

presented. A summary table of all the calculations are presented in Appendix B. 
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Total sediment oxygen demand: Nov02 - Nov03 
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Figure 3.20 Plol of total o~ygen consumption on the Namibian inner shelf between 

Nov 2002 and Nov 2003 TSOD peaked between May 2003 am Sep 2003 

Water column 0, at Statioo A: Oc102 - NoVOJ 

.'" 

11< 

a,t. 

Figure 3.21, Water column dissolved oxygen prof~e time series at sample Station A 

from Oct 2002 - Nov 2003 Water depth (m) is plaUed on the y-axis and oxygen 

concentration p!3r ind ividua l month on the x-axis . It shows that anoxic conditions 

peaked between Feb 2002 and Jut 2003 while hypoxic Gonditioos prevailed during 

summer months (Data courtesy of NATMIRC) 
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Month 

Nov-02 
Oec-02 
Feb-03 
Mar-03 
May-03 
Jut-03 
Sep-03 
Nov-03 

3.6 Fluxes of dissolved species measured in incubation 

experiments. 

Initially the biogeochemical fluxes were measured via incubations of species 

concentrations in sediment cores. Due to uncertainties from sample handling of core 

incubations, it was decided that calculated diffusive fluxes from porewater 

concentration gradients (presented in Section 3.3) would be used for comparison 

purposes instead of the measured fluxes from incubation experiments. Nonetheless, 

results obtained from measured incubations of biogeochemical species fluxes are 

presented here but were not used in the discussion due to poor reproducibility 

evidenced by standard deviations in brackets. Incubation fluxes of ammonium, 

nitrate, sulphate, hydrogen sulphide, phosphate and silicate are summarised in Table 

3.5. 

Table 3.5: Areal flux of ammonium, nitrate, sulphate, hydrogen sulphide, phosphate 

and silicate measured in sediment cores collected on the Namibian inner shelf 

sediments from Nov 2002 till Nov 2003. Negative rates indicate decrease in 

concentration while positive rates indicate increase. Standard deviations in brackets 

suggest that the replicate samples were not reproducible. 

NH4 flux N03 flux 504 flux H2S flux P04 flux 5i04 flux 
mmol N mmolN mmolS mmolS mmol P mmolSi 
Im 2/day Im 2/day Im 2/day Im 2/day Im 2/day Im 2/day 

-2.92 (2.30) - - - -1.05 (0.83) -16.71 (13.5) 
- - - - - -3.44 (3.7) 

-3.70 (3.08) -0.12 (0.01) 118.04 (28.8) -0.40 -0.02 (0.001) -

-3.85 (2.64) 0.08 (0.10) -88.20 (23.9) -1.95 (0.3) -0.09 (0.10) -
-3.99 (0.89) -0.09 (0.002) -32.87 (31.3) -2.53 (1.08) -0.08 (0.10) -1.88 (0.9) 
-1.88 (0.48) -0.09 -73.42 (36.8) -1.20 (0.25) -0.24 (0.07) -0.83 (0.8) 

-2.33 - 33.63 (33.8) -0.44 (0.18) -0.34 -0.92 
-2.80 (0.39) -0.05 (0.02) 136.20 (78.4) -2.45 (0.16) -0.35 (0.12) -2.30 (0.7) 
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Chapter 4 

Discussion 

Temporal variability in sediment oxygen 
demand and biogeochemical fluxes 

Historically, the Namibian shelf is seen as one of the main areas of formation of low 

oxygen water (LOW) conditions in the Benguela system (Chapman and Shannon 

1985). This study focussed on the role of biogeochemical fluxes on seasonal 

variability of total sediment oxygen demand (TSOO) in the Central Benguela inner 

shelf. The approach adopted was to measure quasi-monthly TSOO through 

incubated sediment cores and balance it with the export flux of particulate organic 

carbon (POC) as well as calculated diffusional sediment fluxes of the main dissolved 

species (NOt, NH/, P04
3
-, Si04

4
-, SO/- and HS} This chapter discusses the 

seasonal variability of TSOO observations and the role of the main biogeochemical 

drivers affecting TSOO. 

4.1 Seasonal oxygen and oxygen flux variability. 

A seasonal trend in TSOO was observed during the study period (Nov 2002 - Nov 

2003) which peaked in austral winter (May 2003 to September 2003) (Figure 4.1 a). 

During this period, TSOO was up to four times greater than the austral summer 

months (Nov 2002 - Dec 2002). Throughout the study period, water column oxygen 

profile indicated that DO concentration remained below 22.3~M (Figure 4.1b) in the 

bottom boundary layer (BBL; 0 - 20m off the seafloor) consistent with the semi-

permanent anoxic water over the shelf sediments (Bailey 1991). In austral winter 
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months, increased TSOD ca.used the anoxic boltom boundilry Iilyer wilter with DO 

<22 , 3~M to extend up to 30m further into the water column_ 

Toto I .. ~im .. t OJ<Y\je .......... : NaY02 . No>03 

• 

• 

". ,_ _~ '" '" ". "~ or· -" ,.~ ". '" ,,, 

" " . 0"", ..-nc<.r' 

Figure 4. t :a) Plot 01 tot'" o~ygoo demand 00 the Namib<an inner shelf between Nov 2002 and 

Nov 2003. TSOD peaked betweell May 2003 and Sep 2003. Rates are expressed 11 mmol 

O,.m-'da{ ; b) Water column dlss~ved oxygell profile time series at sample Statioll A Irem 

Oc1 2002 - Nov 2003, II SllO\YI'l(j tile mJ<imum ano<ia is in winter months. 

The historicill view on the biogeochemiCill basIs for hypoxialano~la WilS thilt SOD 

follows primary productivi ty in line With maximum upwell ing activity mid to late 

summer in the Benguela (Bailey 1991). Due to the persistent intensity of upwelling at 

the Luderitz cell (Shannoo arJd Nelson 1996), some authors hilve suggested iI 

constilnt flux of pac arJd related TSOO (Bailey 1991) however this I10t confirmed 

with data. The data presented in the current study exhibits seasonal variability in 

TSOD_ The discussions that follow will examine the possible role of POC fluxes as 

wel l as reduced metabolite fluxes 00 the variabi lity 01 TSOD. 

4,2 Seasonal POC/PON fluxes. 

High primary product ivity in the Centra l Benguela continental shelf area is 

responsible for the high sedimentation rates of organic detritus (Bremner 1983' 

Probyn 1992; Mooterro eta!. 2005). POC fluxes in the current study peaked during 

austral summer months (Nov - Feb) rang ing between 5 - 7 mmol.m ' .d ' , The POC 
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fluxes from this study were higher than fluxes of 1,16 mmoIC,m'.d 1 observed by 

Giraudeau el al. (2000) Sep1989 and Jan 1990 OIl the upper slope off Walvis Bay 

(23'S. 13''E; 595m water depth) during active upwelling. The authors observed a 

maximum POC flux and proposed a direct re lationship of POC flux to the seaward 

extensIon of new1y upwelled waters. The higher fluxes from the current study were 

expected as the sampling station from the current work was closer inshore and less 

water column degradation of POC occurs in the shallower water column 

The average C:N ratio of 7.1 (range 5.2 - 8.7; sId dev 1 16) is typical of fresh marine 

derived phytoplankton (Libes 1992) according to Redfield stoichiometry. Seasonally, 

the C:N molar ratios show that highest C:N ratios (>8) in sediment trap samples were 

observed during the austral winter period (Feb 2003 - May 2003) although the higher 

fl uxes of POCIPON were observed during austral summer months (Nov 2002 and 

Nov 2003) (Figure 4_2)_ Higher eN rEtios observed during winter months indicate a 

loss of the most labile nitrogen fraction of OM (Montei ro at. al. 2005), It indicates that 

during the summer hig her product ivity period a higher port ion of nitrogen is exported 

from the euphobc zone to the sediment. 

Seasonal POe flux vs C:N ratio (2003) ~ · " 
" ---------, 10 

• • • • • , • • • , • • • • , • , • • ! , • , • , 
" • 0 , , • • , 

, - "' ------ , , , " 
, , , , • " 1 

, 
~ 

, 
j ! , , • , • 1 , , i , , 

Months 

Figure 4.2: Plot of &easoMI relation&hip between POC eXpOrt flux and C;N molar ratios; 2002 

- 2003, It sto:>ws l'M9'1es t inp<Jt oIlre&h POC fluxes (C'N -7) wr ing . "mmer month. , wh'lie 

winter months showed the slowest POC fkJxes with hig'1er C:N ratios , POM with I'gher C:N 

ratios i. and indICatIOn 01 'okter re lict POM 
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A seasonal scale comparison of th€ POC fluxes and T500 measurements during 

2003 are illustrated In Figure, 4,3, During austral summer months. (Nov 2002 - Feb 

2003 and Nov 2003) T500 and POC fluxes were comparable, However, during 

winter and early spring (May(l3 - 5ep(3) pac fluxes remained low while increased 

T500 fluxes were observed The stoichiometric relationship for aerobic respiration is 

illustrated by the following simplified equation: 

CH,O + 0, CO2 + H20 (20) 

During summer months the good agreement between POC flux and T500 flux 

(almost 1:1) suggested that pac flux is the major driver of TSOD during this part of 

th€ year. During austral winter months however, T50D were not related directly to 

POM flux, and reduced metabolites are hypoth€sised to playa more significant role. 

Seasonal TSOD vs POC flux (2003) 

" 
" • 

" , , 
~ " • , 
0 " 0 
0 w • • 0 , • , , • , • • • , , • • • • • 

• • , , 
N N N N N 0 N N N N N 0 N 
0 0 0 0 0 0 9 9 9 0 0 D 0 

> D 0 • , , > 0 , " 
, 

> 
0 • • • • 0 • 0 

0 0 0 N 0 • z 0 > " > • > > < 9 0 Z ."00 
Months .= 

Figure 43 Plot comparing T500 and POC flux during 2002 - 2003. It shows that 

peak POC fluxes during summer months (Nov 2002 -!Ii1ar 2003) do not coincide with 

peak T500 during winter to eany spring (May 2003 - Sep 2003) 
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4.3 Reduced metabolite diffusional fluxes. 

Reduced metabolites playa significant role in sediment oxygen demand processes, 

particularly in anoxic sediments (Froelich et. al. 1979; Berner 1980; Ferdelman et. al. 

1999). In this section the fluxes of ammonium resulting from de-ami nation and 

hydrogen sulphide resulting from sulphate reduction are compared with TSOD fluxes 

measurements for 2003. 

4.3.1 Diffusive ammonium fluxes. 

Ammonium is a product of aerobic and anaerobic remineralization (hydrolysis) of 

organic matter through deamination, as well as a byproduct of nitrate reduction (only 

seldom) (Berner 1980; Stumm and Morgan 1981). High concentrations of ammonium 

(up to 2.5 mM) were observed in the porewater profiles starting 1 cm below the 

sediment-water interface. At the sediment water interface (Z = Ocm) ammonium 

concentrations were always low, but typical of seawater. High concentrations below 

the sediment-water interface indicated high rates of ammonium production within the 

sediments through anaerobic remineralization of organic matter. 

Large concentration gradients at the sediment water interface indicated high 

calculated diffusional fluxes in the direction of the water column. Ammonium fluxes to 

the water column peaked during austral summer months (Figure 3.13) coinciding with 

peak POC fluxes (Figure 3.19). The seasonal trend of ammonium diffusive flux 

however did not follow the seasonal TSOD measurements. This suggested that 

sediment fluxes of ammonium alone cannot explain the seasonal TSOD variability 

observed on Namibian inner shelf sediments, particularly the winter inverse in POC 

and TSOD. The stoichiometric relationship for nitrification is 1 NH/: 2 O2 via Eq 21. 
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1/8 NH/ + '!I.I O2 (21 ) 

If all the ammonium is oxidised via this reaction, then in November 2002, when the 

diffusional flux of ammonium was -2.74 mmol N.m-2.d-\ it would require an oxygen 

supply of 5.48 mmol 02.m-2.d-1 (see Table 4.1 for a summary). The oxygen supply 

required for nitrification is higher than the measured TSOD for November 2002 (4.61 

mmol 02.m-2.d-1) indicating that nitrification of ammonium could play a role in 

sediment oxygen demand within these sediments during the summer. However, the 

fact that seasonal ammonium diffusive fluxes cannot account for the increased TSOD 

in winter months, when ammonium flux is at a minimum, suggests that ammonium 

also does not govern SOD. 

Remineralised ammonium in the sediment is a direct result of the hydrolysis of the 

PON flux. However, the observed flux of PON (-0.6 mmol N.m-2.dat1) was 

significantly less than the diffusional ammonium flux (1 - 6 mmol N.m-2.dat1) at the 

sediment-water interface (Figure 4.4). Two processes could explain this anomaly. 

Adsorbed ammonium in the particulate phase, which is in equilibrium with the 

interstitial water phase, could account for more than 90% of the total ammonium 

concentration (Monteiro pers. commun.). Through equilibrium it could maintain, in the 

short term, a high porewater concentration. Alternatively, ammonium could be 

recycled near the sediment-water interface; the water-column ammonium 

concentrations and the gradient calculations would then result in an overestimation of 

calculated diffusive ammonium fluxes. The latter model would explain why 

ammonium plays a minimal role in oxygen demand and eliminate the problem of 

replacing the losses that would follow from the first model. 
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Figure 4.4: Comparison of PON flux and NH. flux at the sediment water interface It 

shows that PON fluxes are smaller than NH, fluxes. 

4,3.2 Diffusive hydrogen sulphide fluxes 

Hydrogen sulphide (H2S) f lux from the sediment diffuses to too overlying water 

column and has been shown to playa ro le in maintaining low dissolved oxygen via its 

oxidation (Ferdelman et. al. 1999: Bruchert c/. al. 2003: Van der pjas c/. at in press). 

Ferdelman et. a/. (1999) found thaI too oxidallon of sulphide oxidation may account 

for 20 - 9£ % of tota l oxygen uptake and proposed thaI the high volumetric rates of 

oxygen consumption at the sediment-water interface reflect too kifl€lics of SUlphide 

oxidation. Hydrogen sulphide oxidation via Eq 22 has a stoichiometric relationship to 

oxygen of 2:1. 

118 H,S + Yo 0 , 118 SO/- + Yo H' (22) 

Hydrogen sulphide concentrations reached 57 ~M in the BBl and up to 1000 jJM in 

th€ porewater in July 2003. Th€ profiles show low H"S concentrations in the top 5cm. 

with a gradient increase below this depth indicating flux from deeper sediment layers 
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from Feb 2003 - July 2003). The highest diffusional flux of hydrogen sulphide from 

the sediment into the water column was calculated for July 2003 (-1.30 mmol S.m-2.d-

1). Although increased hydrogen sulphide fluxes were expected during winter months, 

little seasonal variability was observed, only a spike in hydrogen sulphide flux in July 

2003 which coincided with the winter maxima in TSOD. Data aliasing is proposed for 

the observed H2S flux variability. H2S flux data therefore also do not agree with 

seasonal TSOD variability on the Namibian inner shelf sediments, and it is still 

expected that increased H2S fluxes playa more important role in TSOD during winter 

months. 

BrOchert et. a/. (2003) observed spatial distribution of H2S fluxes ranging between 1.2 

-7.7 mmoIS.m-2.d-1 along a 100m isobath on the Namibian shelf. The lowest H2S flux 

in the BrOchert et. a/. (2003) study were comparable with the highest flux (July 2003) 

of the current study. All the remaining months showed H2S fluxes were an order of 

magnitude lower than those observed by BrOchert et. al. (2003). Also, the calculated 

H2S fluxes were an order of magnitude lower than ammonium diffusive fluxes. It is 

possible that H2S fluxes were underestimated as a result of the following three 

reasons: 

• Difficulty in determining the hydrogen sulphide fluxes due to outgassing 

during sampling of sediments and porewater extraction could lead to an 

underestimation of these fluxes. 

• Precipitation of hydrogen sulphide as iron or organic sulphides (Bailey, 1979; 

Fossing et. al. 1999). However, low reactive iron content in these sediments 

limit iron sulphide precipitation and sulphide oxidation by iron (Schultz et. a/. 

1994; BrOchert et. a/. 2003). 
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• Anaerobic oxidation of hydrogen sulphide with nitrate by Thiomargarita spp 

which potentially remove up to 90% of the sulphide flux (Bruchert et. al. 

2003). 

Both POM fluxes and reduced metabolite fluxes play a role in sediment oxygen 

demand processes. However, seasonal variability in TSOD could not be related 

directly to either seasonality in POC flux or the flux of reduced metabolites. Some 

other possibilities influencing TSOD, not considered in this study, are the role of 

methane fluxes and its effect on sulphide fluxes. High rates of methane ebullition 

could contribute not only to accelerated transport and losses of hydrogen sulphide, 

but also weak residual gradients. 

Monteiro et. al. (in press) investigated a high temporal resolution biogeochemical 

mooring data set for in situ oxygen, methane, temperature and salinity situated at 

Station A at 80m water depth from Oct 2002 - Nov 2003. The study found increased 

methane concentrations in the bottom boundary layer (BBL) from May 2003 - Aug 

2003. The increased concentrations in the BBL were proposed to be linked to 

increased methanogenic activity and methane ebullition and diffusion. Increased 

methane activity was first observed when the system switches from hypoxic to 

anoxic. The periods of increased in situ methane concentrations observed at the 

mooring coincided with increased TSOD measured in core incubations. It is 

hypothesised that CH4 bubbles increase the mass transfer rate of hydrogen sulphide. 

TSOD fluxes would therefore respond to increased fluxes of reduced compounds 

from the sediments. 
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4.3.3 Diffusive Sulphate flux . 

Sulphate reduction is cOIlsldered to be the dominant remlneralization process on the 

Namibian inner shell (Ferdelman et. at. 1 gOO; Fosslng et. a/. 1999; 8ri.lchert e/. al. 

2(03), Sulphate fluxes calculated at the sediment-water interface, in all instances 

indicated flu)( into the sediment, and ranged between 5.6 - 55.7 mmol S,m-' ,d ' . This 

is comparable to areal sulphate f luxes ranging between 9 - 52 mmol S.m-'day-', along 

the 100m isobath of the Namibian continental shelf (Briichert el. al. 20(3), The 

available sulphate flux data show that the highest sulphate fluxes were observed in 

Feb and Mar 2003, however, sulphate fluxes showed little correlation with hydrogen 

sulphide fluxes (Figure 4.5). Hydrogen sulphide is a direct result of sulphate 

reductfon, related 1:1 in its stoichiometry (Eq 23) 

CH, O + Y, SO, + Y, H' co, + 'At HS- + H,O (23) 

The discrepancy between sulphate and hydrogen sulphide fluxes further supports the 

argument that analyt ical problems with the hydrogen sulphide data set were 

encountered. possibly during preseNatioll of hydrogen sulphide samples or exposure 

to air during sampling . 
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Fyure 4.b: Fi e>! sI1Cl1'>ing lhe hydrogen sulph >:Je aoJ su {J hate di rrusi ye nu.e, (in mme>! S . m-'.~- · ) 

betweoo Feb 2003 '"'" Noy 200 3. It ,hows th allhe h ~ hesl sulph >:Js flu>es into th e wats r colu mn (Jul 

2003) had little r~l~tion 10 su lph "l~ fluxe~ ov~ r the p,,,io<f 
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4.4 Fluxes of other metabolites. 

Diffusional fluxes of nitrate, phosphate and silicate that do not contribute directly to 

the sediment oxygen demand were also measured in this study and are they will be 

discussed in the following section. 

4.4.1 Diffusive nitrate flux. 

From the porewater concentration profiles, a zone of unexpectedly high nitrate 

concentrations (up to 400 !-1M) were observed in the top 5 cm of sediments (Figure 

3.2) and nitrate concentrations below detection thereafter. The high nitrate 

concentrations in this zone could indicate the formation of nitrate possibly through 

nitrification. Because of the anoxic redox environment, dissimilatory nitrate reduction 

is expected within the sediments and it is unlikely that nitrate would form through 

nitrification of ammonium. Water column nitrate concentrations within the BBL 

seldom reached concentrations >20 !-1M (Van der Plas et. al. in press; Tyrell and 

Lucas, 1997). The highest nitrate concentration observed in the BBL in the current 

study was 25 !-1M (See Table 3.1 for a summary). Nitrification of ammonium with 

oxygen is only possible if oxygen was introduced to the sediment as a result of 

sample handling or some other mechanism for the high nitrate concentrations 

observed. 

Schultz et. al. (1999) identified giant nitrate storing sulphur bacteria (Thiomargarita 

namibiensis) on the Namibian inner shelf. Most cells have diameters of 100 - 300 !-1m 

and 98% of its biovolume consisted of a liquid vacuole. Each cell had nitrate 

accumulated in its vacuole of 0.1 - 0.8 M and was only present in the top 10 cm of 

the sediment. It was proposed that these specialised bacteria utilized the stored 

nitrate for the oxidation of sulphide, coupling the sulphur and the nitrogen cycles 
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Schultz et. al. (1999). It is possible that the high nitrate concentrations observed in 

the upper 5 cm of the sediment could be released from the rupturing of these 

bacteria during the porewater squeezing method of sampling. 

4.4.2 Diffusive phosphate flux. 

Phosphate is a by product of remineralization and in many ways similar to that of 

ammonia. It is liberated into solution during decomposition of organic matter by 

bacteria, however unlike ammonia, it does not undergo oxidation in the presence of 

oxygen (Berner 1980). Its Redfield stoichiometric relationship (C:N:P) in organic 

matter is 106: 16: 1. Phosphate is strongly adsorbed to on ferric oxides, therefore 

upon removal of oxygen and reduction of iron, phosphate is liberated to the water 

column (Berner 1980). The major processes controlling phosphate concentrations in 

unbioturbated, anoxic sediment are; diffusion, deposition, adsorption, OM 

remineralization and authigenic mineral precipitation. 

The dissolved phosphate concentrations within the sediment were several orders 

higher than that observed at the sediment-water interface, due to high anaerobic 

mineralization organic matter within the sediments. As a result, fluxes at the 

sediment-water interface were in the direction of the water column with the highest 

fluxes observed during the austral summer months and in May 2003. This trend is 

similar to that observed for ammonium diffusive fluxes result. The average NH4:P04 

ratio of fluxes was calculated as 17.5 (stdev 4.7), showing typical Redfield behaviour. 

Figure 4.6 shows the linear relationship between ammonium and phosphate flux 

which result from remineralization of organic matter in the sediments. 
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Figure 4.6: Plot of phosphate diffusive flux vs ammonium diffusive flux II shows the 

linear relationship between ammonium and phosphate. The lirJe represents the 16:1 

N:P Redfield stoichiQlllelry_ Il shows the linear relationship between ammonium ar.d 

phosphate flux and its typ ical Redfield behaviour 

4.4.3 Diffusive silicate flux. 

At the pH and ionic strength of seawater, the dominant dissolved species of silicon is 

silicic acid (H,Si0.,). Planktonic diatoms and radio laria living in surface waters 

proouce skeletons consisting of opaline silica (or opal) thrGUgh the polymerization of 

silicic acid molecules Dissolved silicon concentrations are highest in regions subject 

to upwelling (libes 1992). When these si liceous tests die arxt settle on the 

sediments. they undergo dissolution rather than reminemlization Elevated 

concentrations of dissolved silica in the sediment P<lrewaters relative to the overlying 

water are evkJence of dissolution. 

The sediments on the Nam ibian inner shelf are mainly diatom ooze (Bremner 1983; 

Bailey 1991, Monteiro el. al. 2005) typical of upl'llelling act ive coastal areas Similar to 

phosphate, sil icate profi les showed a steep gradient between the sediment and the 

water column which irxticated diffusive flu~es of dissolved silicate to the water 
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column. Little evidence of seasonal variability was apparent from calculated 

diffusional silicate fluxes. Silicate concentrations in the BBL ranged between 20 - 55 

IJM Si over the study period consistent with observations from Dittmar and Birkicht, 

(2001) and Van der Plas et .al. (in press). Biogenic opal contributes between 10 and 

20% of the total particulate flux on the Namibian slope sediments (Giraudeau et. al. 

2000). 
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Chapter 5 

Findings and Conclusions 

This study focused on the role of sediment fluxes on the seasonal variability of 

dissolved oxygen on the Namibian inner shelf sediments. Using the findings from this 

study, proposed answers to the two key questions posed in the Introduction are 

presented in this chapter. 

1.) What are the characteristics of seasonal variability of sediment oxygen 

demand on the Namibian inner shelf mud belt? 

Sediment oxygen demand (TSOD) from the core incubations peaks during austral 

winter/early spring (May to Sep 2003). The maximum TSOD of 20.10 mmol 02.m-

2.dav-1 observed in May 2003 (austral winter) was roughly five times higher than SOD 

measurements during the austral summer months (Nov - Feb). The seasonal pattern 

observed in this study was found to be different to the previous understanding of the 

Benguela coastal system, which links local formation of low oxygen water (LOW) to 

primary productivity (Chapman and Shannon 1985; Bailey 1991). New production 

derived pariculate organic carbon (POC) fluxes peaked during early austral summer 

months (Nov - Dec) at 7 - 10 mmoIC.m-2.d-1
. During summer months a good 

stoichiometric agreement between POC flux and TSOD was observed, however 

during winter months, TSOD increased beyond the oxidation of POC/PON (Figure 

5.1). It was concluded that the link between POC and TSOD is limited under aerobic 

conditions to the austral summer period. The anomaly in the austral winter period 

suggested that SOD controls lie in a biogeochemical response of the sediment and 

not in POC forcing. 
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Seasornl l T500 VI poe flux (2003) 
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Flgu.e 5.1. Plot companng T500 and POe fiu~ dunog 2002 - 2003. It shows tha! 

peak TSoo (Wlnter to early spring.: Mar - Sep) does not coincide Wllh peak POC 

f l u~es (during summer monlhs: Nov - Feb). 

2.) How are the vertic .. 1 sediment biogeochemical fluxes relatGd to th.e 

variabi lity in sediment oxygen clGr'nand? 

The nu~es of reduced compounds resulting. from anaerobic rem;nerahza"on were 

Ihen oonsidefed as an altemal lve mllJOf dover of sediment oxyg.en demllnd 

Ammonium diffusive nuxes also peaked during. austra l summer (Nov - Dec) months 

at 3 - 5 mmolN.m-'.d-1 in the dir&ction Of 100 water co lumn Indica ti ng. highest 

,emlnerali18hon riltes during these months Seasonal ammonIum flu~es follO' .... ed 

POC/PON IIwces rather than seasonal SOD vanabilily. It was concluded lhal 

although ammon urn Quxes contnbuted 10 SOD it IS nol the major driver duru'iQ Wlnter 

months. 

Small concentration gradients of hydrogen sulphide were observed WIth little 

season'l l variability in hydrogen sulphide fluxes G,ven that sulphate redUCtion is 
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considered the dominant organic matter remineralization process in these sediments 

(Ferdelman et. al. 1999) and the high sulphate fluxes into the sediment observed, the 

data suggested an underestimation of sulphide fluxes. Aeration of hydrogen sulphide 

samples during sampling and in situ ebullition with methane from sediments were 

suggested as possible explanations for the low sulphide fluxes. They remain open 

questions. 

This study clarifies some of the important biogeochemical characteristics of seasonal 

variability in sediment oxygen demand on the Namibian inner shelf. Although poe 

flux and fluxes of reduced metabolites playa role in maintaining hypoxia/anoxia on 

the Namibian inner shelf in austral summer months, neither of these fluxes drive the 

observed seasonal characteristics of TSOD. During the winter months, it is proposed 

that the biogeochemical response of the sediments to remotely forced hypoxic water 

(Monteiro, et. al. in press), controls TSOD variability. 
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Appendix A - Description of analytical methods 

• Dissolved Oxygen. 

Dissolved oxygen was measured in-situ using the instrumentation described in 

Section 3.5. The membrane electrode method (field measurement) from Standard 

Methods for the examination of Water and Wastewate was used. Oxygen diffuses 

through a permeable membrane on a polarographic oxygen electrode. The diffusion 

current produced by the electrode is linearly proportional to the concentration of 

molecular oxygen. The instrument is calibrated according to manufacturer's 

specifications using the air saturation method. The calibrated electrode is used to 

measure the dissolved oxygen concentration in the ovelying water column. 

• Dissolved Nitrate. 

In the absence of a suitable reaction for the direct colourimetric determination of 

nitrate, nitrate is reduced to nitrite by passing the standards and samples through a 

cadmium reduction column. The resulting nitrite produced is reacted with a diazo­

coupled colour reagent and measured at 540nm. This treatment of the sample 

determines both nitrate and nitrite together and nitrite has to be determined 

separately and subtracted from this total amount to obtain the nitrate. An 

AutoAnalyser II (AAII) instrument was used in the procedure (method by Grasshoff et. 

al. 1983 based on the method described by Kirkwood, 1994). 

• Dissolved Total Ammonium. 

Under alkaline conditions ammonia reacts with hypochlorite and forms 

monochloramine, which, in the presence of phenol and excess hypochlorite, forms 

indo-phenol blue. This colourometric method measures the total ammonia nitrogen 

i.e. unionised NH3-N as well as NH4-N. A citrate buffer solution is added to the 
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samples and standards respectively, mixed, and then a phenol solution is added and 

mixed and finally the alkaline oxidant solution is added and mixed. The resulting 

turquoise-blue solution is passed through a photometer (630nm; Mil) and the 

sample absorbances are compared to the standard solution absorbances (method by 

Grasshoff et. a/. 1983 based on the method described by Kirkwood, 1994). 

• Dissolved Reactive Phosphate. 

The automated colourometric determination of dissolved inorganic phosphate is 

based on the reaction of ortho-phosphate and acidified molybdate reagent to form a 

dodecaheteropoly acid, which is subsequently reduced to an intense blue compound. 

An ascorbic acid solution is added to the samples and standards respectively, mixed, 

and then a molybdate reagent solution is added and mixed. The resulting blue 

coloured solution is passed through a photometer (880nm; Mil) and the sample 

absorbances are compared to the standard solution absorbances absorbances 

(method by Grasshoff et. a/. 1983 based on the method described by Kirkwood, 

1994). 

• Dissolved Reactive Silicate. 

The automated colourometric determination of dissolved silicate is based on the 

reaction of reactive silicate and acidified molybdate reagent to form a silicomolybdic 

acid, which is subsequently reduced with methol to form an intense blue heteropoly 

silicate compound. The resulting blue coloured complex solution is passed through a 

photometer (810nm; Mil) and the sample absorbances are compared to the 

standard solution absorbances absorbances (method by Grasshoff et. al. 1983 based 

on the method described by Strickland and Parsons 1972). 
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• Sulphate. 

A turbidimetric Method was used to determine sulphate (SO/) concentrations. 

Sulphate ion (SO/·) is precipitated in an acidic medium with barium chloride (BaCb) 

so as to form barium sulphate crystals. An AutoAnalyser II (Mil) instrument was used 

in the procedure. A buffer solution is added to the samples and standards 

respectively, mixed, and then the barium chloride solution is added and mixed. The 

resulting turbid solution is passed through a spectrophotometer (420nm; Mil) and 

the sample absorbances are compared to the standard solution absorbances. Method 

described in Standard Methods for the examination of Water and Wastewater. 

• Hydrogen sulphide. 

A spectrophotometric method with methylene blue as colour reagent was used for 

determination of hydrogen sulphide. Hydrogen sulphide samples were preserved with 

20% Zinc acetate solution. After acidification with 6N HCI, hydrogen sulphide was 

condensed with di-methyl-p-phenylenediamine with lron(ll/) chloride as the oxidant. 

Absorbances of colour development was mearured with UVNis spectrophotometer 

(670nm, 1cm cuvette) and the sample absorbances were compared to the standard 

solution absorbances (method by Grasshoff et. al. 1983 based on the method 

described by Cline 1969). 
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Appendix B - Raw data for Chapter 3. 

Table B.1: Porewater concentrations of sediment cores collected in 2003. 

NH4-N (!.1M) Date 

Depth (em) Oct-02 Nov-02 Oec-02 Feb-02 Mar-02 May-02 Ju/-02 Sep-02 Nov-03 

0 2 0 0 1 10 42 4 3 16 
1 978 1569 879 559 390 1020 - 607 1138 
3 1105 1387 1275 975 1092 1020 404 1495 1571 
5 1318 1523 1425 962 1309 896 833 1121 1174 
7 1457 1434 1871 1044 1188 882 1098 1786 1536 
9 1469 1565 1617 590 1351 1036 939 1561 1548 
12 1438 1470 1875 1113 1423 1232 899 1035 1571 
16 930 1789 1645 1223 1285 952 1204 727 1814 
20 1190 1779 1878 1291 1152 1050 1177 1909 1404 
24 1496 1851 2756 - 1375 812 - 2131 1223 
28 - - 2380 - - - - 2118 -

N03-N (!.1M) 
0 23.9 26.7 18.2 13.1 18.7 10.1 27.2 6.1 -
1 86.7 185.4 190.7 40.0 9.3 20.0 - 7.5 -
3 15.9 76.6 127.0 20.9 7.1 10.0 396.2 38.4 -
5 8.6 47.7 16.4 16.0 1.9 5.1 45.6 5.6 -
7 1.8 13.8 8.4 16.4 0.9 3.7 16.3 5.4 -
9 7.8 9.7 10.1 5.3 0.5 0.0 22.4 5.2 -
12 0.9 14.2 5.9 17.5 0.4 9.7 8.0 4.6 -
16 0.9 19.7 10.5 16.5 0.0 7.5 5.0 4.2 -
20 1.7 27.4 2.4 - 0.0 4.0 7.1 4.8 -
24 2.8 6.4 2.6 3.8 0.5 5.3 - 5.0 -

28 - - 2.8 - 0.7 - - - -
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Table B.1: Continued from previous page. 

504-5 (mM) Date 

Depth (em) Oct-02 Nov-02 Oec-02 Feb-02 Mar-02 May-02 Ju/-02 Sep-02 Nov-03 

0 - - - 26.4 - 30.4 29.1 27.7 24.9 

1 - - - 4.0 - 14.5 - 21.1 17.2 

3 - - - 6.5 - 19.4 24.5 22.2 20.6 

5 - - - 20.9 - 19.4 19.1 18.8 21.7 

7 - - - 22.4 - 21.2 7.0 26.9 22.8 

9 - - - 12.1 - 16.6 17.2 17.6 18.8 

12 - - - 19.7 - 21.5 8.5 17.2 -
16 - - - 9.0 - 9.4 16.0 14.6 -
20 - - - 20.9 - 12.3 13.3 16.2 18.0 

24 - - - 15.7 - 14.8 - - 15.8 

H25-5 (IJM) 
0 - - - 44.4 44.7 45.9 57.6 31.8 16.2 
1 - - - 100.0 40.0 46.5 - 4.6 11.7 

3 - - - 126.5 39.4 48.8 861.1 2.4 75.5 

5 - - - 148.2 40.0 24.7 1044.4 5.4 56.1 
7 - - - 214.1 42.4 51.2 972.2 5.5 72.7 
9 - - - - 72.4 102.4 511.1 6.1 58.3 
12 - - - 214.1 90.0 194.4 505.6 52.9 34.9 
16 - - - 350.0 161.8 388.9 327.8 52.2 42.8 
20 - - - - 37.1 550.0 128.2 109.0 62.2 
24 - - - - 40.6 705.6 - - 66.9 
28 - - - - - - - - -
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Table B.1. Continued from previous page 

P04-P(IJM) Date 
Depth (em) Oct-02 Nov-02 Oec-02 Feb-02 Mar-02 May-02 Ju/-02 Sep-02 Nov-03 

0 1.7 1.2 1.6 1.8 1.2 1.3 2.6 2.3 0.0 

1 249.2 171.8 116.3 111.8 115.0 207.9 - 154.0 207.4 

3 212.4 185.0 177.6 139.3 174.0 179.2 36.1 154.0 230.4 

5 233.7 193.0 191.9 143.0 169.8 180.6 59.6 110.0 180.5 

7 267.5 156.8 419.3 152.1 237.7 182.8 78.9 188.2 180.5 

9 286.5 152.1 201.4 133.8 178.3 247.3 45.6 192.0 139.3 

12 308.8 146.6 193.5 139.3 169.8 172.1 38.2 106.3 139.3 

16 70.2 133.5 146.0 97.1 123.4 112.2 45.6 110.0 124.6 

20 78.8 123.5 143.5 128.3 - 87.7 45.6 135.6 73.0 

24 77.1 89.6 128.2 - 94.0 52.4 - 135.6 53.8 

28 - - 92.9 - - - - - -

Si04-Si(IJM) 

0 33.8 35.8 29.4 21.2 - 31.1 34.5 39.1 35.4 

1 236.0 251.2 313.3 130.5 - 138.0 - 174.5 -

3 317.3 248.6 234.9 140.4 - 140.0 268.2 192.0 462.1 

5 319.6 226.9 205.1 138.4 - 283.2 187.8 349.0 359.4 

7 268.7 284.0 482.1 162.2 - 299.4 258.5 226.9 564.8 

9 237.8 297.4 352.2 166.1 - 90.0 421.9 909.8 479.2 

12 290.7 339.7 319.4 187.9 - 205.0 453.6 453.7 667.5 

16 304.0 268.2 429.4 144.4 - 110.0 292.6 122.2 804.4 

20 287.6 318.1 383.8 150.3 - 80.0 307.2 628.2 513.5 

24 274.1 257.1 416.0 - - 86.0 - - 547.7 

28 - - 500.6 - - - - - -

Indicate months for which no data are available. 
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Table B.2: Areal oxygen uptake rates calculated from raw data. 

Length(cm) L(meters) volume (dm3
) measured gradient mmol/min jJmol/m 2/m in TSOD Ave TSOD 

(mmol/dm3/min) mmol/m 2/day 

Nov-02 9.0 0.090 0.28 -0.0000356 -9.99E-06 -3.20 -4.61 4.61 

Dec-02 9.0 0.090 0.28 -0.0000430 -1.21 E-05 -3.87 -5.57 6.70 

9.0 0.090 0.28 -0.0000604 -1.69E-05 -5.43 -7.82 

Feb-03 8.4 0.084 0.26 -0.0000446 -1.17E-05 -3.74 -5.39 4.93 
9.2 0.092 0.29 -0.0000338 -9.70E-06 -3.11 -4.48 

Mar-03 8.4 0.084 0.26 -0.0000392 -1.03E-05 -3.30 -4.75 4.27 

6.2 0.062 0.19 -0.0000426 -8.22E-06 -2.64 -3.80 

May-03 8.6 0.086 0.27 -0.0001463 -3.92E-05 -12.58 -18.12 20.10 
10.5 0.105 0.33 -0.0001461 -4.78E-05 -15.34 -22.09 

Jul-03 9.2 0.092 0.29 -0.0000937 -2.69E-05 -8.62 -12.41 10.89 
8.9 0.089 0.28 -0.0001026 -2.85E-05 -9.13 -13.15 
9.2 0.092 0.29 -0.0000536 -1.54E-05 -4.93 -7.10 

Sep-03 12.7 0.127 0.40 -0.0001118 -4.43E-05 -14.20 -20.45 13.82 
10.3 0.103 0.32 -0.0001209 -3.88E-05 -12.45 -17.93 
6.5 0.065 0.20 -0.0000329 -6.67E-06 -2.14 -3.08 

Nov-03 9.4 0.094 0.29 -0.0000653 -1.91 E-05 -6.14 -8.84 6.12 
6.8 0.068 0.21 -0.0000347 -7.35E-06 -2.36 -3.40 
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Table B.3: Particulate organic carbon (POC) and particulate organic nitrogen (PON) concentration profiles with sediment depth 

from November 2002 to November 2003. 

Month Nov-02 Feb-03 Mar-03 May-03 Jul-03 Nov-03 
Depth(cm) %POC %PON %POC %PON %POC %PON %POC %PON %POC %PON %POC %PON 

2 13.68 1.74 10.52 1.50 10.96 1.70 13.10 2.01 10.91 1.56 5.46 0.78 
4 13.81 1.73 10.92 1.75 11.11 1.80 12.20 1.86 11.47 1.64 12.16 1.50 
6 13.35 1.64 11.26 1.81 11.32 1.76 12.43 1.80 10.30 1.45 12.95 1.53 
8 13.98 1.62 11.24 1.80 11.08 1.71 12.74 1.83 8.10 1.12 8.14 0.95 
10 13.76 1.54 10.15 1.56 9.59 1.46 12.66 1.79 8.06 1.12 7.88 0.94 
14 12.37 1.37 9.32 1.44 9.20 1.42 12.17 1.70 6.51 0.89 8.70 0.98 
16 10.99 1.23 8.91 1.39 8.83 1.29 10.98 1.51 - - 10.66 1.24 
20 11.42 1.33 9.03 1.38 7.21 1.00 10.65 1.50 11.09 1.55 9.28 1.06 
24 8.80 1.01 - - 7.03 1.08 8.25 1.18 - - 0.73 0.09 
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